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ABSTRACT 

The Raman spectra of five [4]B-bearing tourmalines of different composition 

synthesized at 700°C/4.0 GPa (including first-time synthesis of Na-Li-[4]B-tourmaline,  Ca-Li-

[4]B-tourmaline and Ca-bearing �-[4]B-tourmaline), reveal a strong correlation between the 

tetrahedral boron content and the summed relative intensity of all OH-stretching bands between 

3300 – 3430 cm-1. The band shift to low wavenumbers is explained by strong O3-H…O5 

hydrogen bridge bonding. Applying the regression equation to natural [4]B-bearing tourmaline 

from the Koralpe (Austria) reproduces the EMPA-derived value perfectly [EMPA: 0.67(12) 

[4]B pfu vs. Raman: 0.66(13) [4]B pfu]. This demonstrates that Raman spectroscopy provides a 

fast and easy-to-use tool for the quantification of tetrahedral boron in tourmaline. The 

knowledge of the amount of tetrahedral boron in tourmaline has important implications for the 

better understanding and modeling of B-isotope fractionation between tourmaline and 

fluid/melt, widely used as tracer of mass transfer processes. 
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INTRODUCTION 

Tourmaline is considered an ideal indicator of the temperature, pressure, element- and 

isotope chemistry of its host environment. This is owed to its stability over a wide P-T-X range 

and the fact that it maintains its composition due to very low volume diffusion (Henry and 

Dutrow 1996). Tourmaline is the most important and widespread borosilicate in Earth’s crust 

and hence its boron isotope composition is frequently used to reconstruct the temperature and 

fluid evolution of the hydrothermal system in which it crystallizes.  

In recent publications the boron isotope record of tourmaline has been successfully 

applied as a thermometer in magmatic-hydrothermal W-Sn deposits (Codeço et al. 2019), as a 

tracer of fluid sources and pathways during alpine metamorphism of a sedimentary suite 

(Berryman et al. 2017) or to reveal the provenance of fluids associated with high-pressure 

metamorphism in subduction zones (Guo et al. 2019). Other examples include the work of 

Nakano and Nakamura (2001), Trumbull et al. (2009) or Bast et al. (2014).   

In all these studies knowledge of the partitioning of the two stable boron isotopes 11B 

and 10B between tourmaline and fluid is crucial and it has been shown that it is mainly 

dependent on temperature and boron speciation in tourmaline (Meyer et al. 2008; Kutzschbach 

et al. 2017a). The boron speciation in the fluid has a minor effect, because tourmaline is only 

stable in near-neutral to acidic crustal fluids and under these pH conditions trigonal B(OH)3 is 

considered the only relevant B-species (Schmidt et al. 2005). 

It is now generally accepted that beyond the regular amount of three B atoms per 

formula unit (pfu) in trigonal coordination ([3]B), tourmaline can incorporate significant 

amounts of excess boron at the tetrahedral site ([4]B) by substituting for Si. Natural tourmaline 

with total B-contents ([3]B + [4]B) up to 4.23 B pfu have been described from numerous 

locations, mostly from high-P environments and for Al-rich stoichiometries (e.g., Ertl et al. 

1997; Ertl et al. 2018). In accordance to the natural findings, [4]B-bearing tourmalines have been 
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synthesized with olenitic (Schreyer et al. 2000; Kutzschbach et al. 2016) and rossmanitic1 

(Kutzschbach et al. 2017b) compositions up to a maximum of 5.53 B pfu.  

Experiments have shown that the boron isotope fractionation between tourmaline and 

fluid is affected by the tetrahedral boron content, such that it increases tourmaline´s affinity for 

the light 10B (Kutzschbach et al. 2017a). This is owed to the longer [4]B-O bond compared to 

the [3]B-O and had already been predicted by ab initio calculations (Kowalski et al. 2013). 

Consequently, in B-isotope studies involving tourmaline, the tetrahedral boron content in 

tourmaline must be considered in order to apply the correct fractionation factor. Unfortunately, 

the quantification of tetrahedral boron is not an easy task and many of the available methods, 

such as electron-microprobe analysis (EMPA), single crystal X-ray structure refinement 

(SREF), nuclear magnetic resonance spectroscopy (NMR), and secondary ion mass 

spectroscopy (SIMS) are very demanding in terms of sample preparation, data processing and 

often require the availability of suitable reference materials. By evalulating the Raman spectra 

of synthetic [4]B-bearing olenite [olenite: NaAl3Al6Si6O18(BO3)3O3(OH)] and rossmanitic 

tourmaline [rossmanite: �(LiAl2)Al6Si6O18(BO3)3O3(OH)], Raman bands associated with 

tetrahedral boron have been detected on the low wave-number side of the OH-stretching 

frequency region (Kutzschbach et al. 2016; Kutzschbach et al. 2017b).  

Herein, three new syntheses of Na-Li-[4]B-, Ca-Li-[4]B- and Ca-bearing �-[4]B-

tourmaline with varying amounts of tetrahedral boron are presented. For simplicity, in the 

following we name these synthetic tourmalines elbaitic, liddicoatitic and Ca-olenitic 

tourmaline, respectively. A detailed characterization of the different proportions of end-

members, following the IMA Commision classification (Henry et al. 2011), is given later in the 

chapter “EMP- and SIMS-analyses”.  

 
1This tourmaline is best described as solid solution between “o-Li-O root name” 
oLi0.5Al2.5Al6Si6O18(BO3)3(OH)3O (Henry et al. 2011) and the hypothetical end member 
LiAl3Al6(B3Si3O18)(BO3)3(OH)4 
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In conjunction with the previously synthesized [4]B-bearing tourmalines, it is shown that 

the summed integrated Raman intensity of bands between 3300-3430 cm-1 and the [4]B-content 

form a well-defined trend, which is used to calculate the tetrahedral boron content of natural 

tourmaline with an accuracy and precision comparable to the accuracy and precision of electron 

microscope analysis. Our results demonstrate the feasibility of Raman spectroscopy for the 

rapid and non-destructive quantification of tetrahedral boron in tourmaline without the need for 

standards or special sample preparation. 

 

EXPERIMENTAL METHODS 

Tourmaline synthesis 

Experiments on the synthesis of three [4]B-bearing tourmaline of various compositions 

were all performed at 700°C and 4.0 GPa in an end-loaded piston-cylinder press. Elbaitic 

tourmaline was synthesized in the system Na2O-Li2O-Al2O3-SiO2-B2O3-H2O (NLASBH), 

liddicoatitic tourmaline in the system CaO-Li2O-Al2O3-SiO2-B2O3-H2O (CLASBH), both in 7-

days-runs, and Ca-olenitic tourmaline in the system CaO-Al2O3-SiO2-B2O3-H2O (CASBH) in 

a 6-days-run. The starting materials in all three experiments consisted of g-Al2O3, H3BO3 and 

SiO2; as additional solid component for the experiments in the NLASBH- and CLASBH- 

systems we used Li2O. For the experiment in the NLABSH-system, the solid starting bulk 

composition corresponds to the stoichiometric proportions of ideal elbaite end-member 

[Na(Li1.5Al1.5)Al6(Si6O18)(BO3)3(OH)4], but with an excess of 100 mol % H3BO3 and 60 mol 

% Li2O. 15 mg of the homogeneously mixed starting material was added together with 2 ml of 

6.1 mol/l saturated NaCl-solution into a gold capsules of about 10 mm length and 3 mm in 

diameter. For the experiment in the CLASBH-system the solid mixture was in the proportions 

of ideal liddicoatite end-member [Ca(Li2Al)Al6(Si6O18)(BO3)3(OH)4], with identical H3BO3 

and Li2O in excess and a 6.8 mol/l saturated CaCl2-solution. Solid to fluid proportions given to 

the Au-capsule were the same as in the NLABSH-experiment. The bulk composition of the 
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CASBH-experiment corresponds to the stoichiometric proportions of a hypothetic Ca-olenite 

end-member [Ca(Al3)Al6(Si6O18)(BO3)3O4], but with an excess of 300 mol % H3BO3, 150 mol 

% of CaCl2 and a deficiency of 5 mol % SiO2. 13.05 mg of the solid mixture were loaded 

together with 5.51 mg of a fluid containing 44 wt% CaCl2 in solution to the gold capsule of the 

same dimensions. After loading, the capsules were welded shut. The capsules were placed into 

high-pressure cells consisting of a steel furnace with fired pyrophyllite and rock salt as pressure 

media. The pressure uncertainty of this assembly is approximately 1%, calibrated according to 

the quartz-coesite transition (Mirwald and Massonne 1980). Pressure was maintained constant 

within 50 MPa throughout the experiments. The temperature was monitored using a Ni-CrNi 

thermocouple, with an uncertainty estimated to be ±10°C. At the end of the experiments, the 

samples were quenched isobarically to below 200°C in less than 15 seconds and subsequently 

the pressure was released slowly. The capsules were then cleaned and reweighed to check for 

leakage. The solid products were removed, washed in pure water and prepared for powder X-

ray diffraction, electron microprobe analyses and single-crystal Raman spectroscopy. 

 

Powder X-ray diffraction (XRD) 

Powder XRD analyses of solid products of the three experiments were performed with 

a fully automated STOE STADI P diffractometer at the GFZ Potsdam. It operated at 40 kV and 

40 mA using CuKα1 radiation and intensities were collected in the 2θ range 5 to 125° with a 

detector step size of 0.05°, a 2θ resolution of 0.01°, and counting times of 20 s per step. The 

powder XRD patterns were recorded in transmission mode (Bragg-Brentano geometry), using 

a MYTHEN-detector. An areal germanium-monochromator (Ge111) filters the Cu Kb-

radiation. Quantitative phase analysis, determination of the cell-dimensions and other structural 

parameters were refined using the GSAS software package for Rietveld refinement (Larson and 

Von Dreele 1987). The peak shape was defined as pseudo-Voigt with variable Gaussian and 

Lorentzian character. The peak full width at half height (FWHH) was varied as a function of 
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2θ using the parameters U, V, W of Caglioti et al. (1958); for the Lorentzian character the 

parameters X and Y were used. Background was fitted through a polynomial Chebyshev 

function, which is capable of modelling the diffuse background from the amorphous foil and 

glue used for sample preparation. Initial crystal structures were taken from the Inorganic Crystal 

Structure Database (ICSD, FIZ Karlsruhe). For tourmaline we used the structural input 

parameters of synthetic olenite (Marler et al. 2002), modified according to the EMP- and SIMS-

determined site occupancies. Structural data for coesite and AlBO3 were taken from Geisinger 

et al. (1987) and Vegas et al. (1977), respectively. The refinements were done in the following 

sequence: scale factor, background, zero-point correction, phase fractions, Caglioti W, lattice 

parameters, preferred orientation, atomic positions (except hydrogen), individual isotropic 

temperature deplacement factors, Caglioti U and V, Lorentz X and Y. 

 

Electron microprobe analyses (EMPA) 

The synthetic tourmaline composition (except hydrogen and lithium) was determined 

on a carbon-coated, polished grain mount by wavelength-dispersive X-ray spectroscopy 

(WDX) using a JEOL Hyperprobe JXA-8500F equipped with a thermal field emission gun and 

5 spectrometers at the GFZ Potsdam. We used a low-beam current of 5 nA, accelerating 

voltages of 10 kV, and a beam diameter of 2-5 µm. A liquid nitrogen cold trap was used to 

reduce effects of hydrocarbon contamination. The following standards were used: Harvard 

112566 (Schorl) for Si (Kα), Fe (Kα), Al (Kα) and B (Kα), wollastonite for Ca (Kα) and 

tugtupite for Na (Kα). The acquisition times were 40s for Na, B, Ca and Fe and 20s for Si and 

Al. The acquisition time to collect the background level on both sides of the corresponding peak 

was half of the peak acquisition time. Raw data were processed applying a φ(ρZ) correction 

scheme (CITZAF; Armstrong 1995). Measuring conditions resulted in analytical errors 

(1sigma) of ~0.5 % for Al, ~0.7 % for Si, ~0.1 % for Ca and Na  and ~1 % for B. For formula 

calculations the EMP data were normalized to 18 cations at the Y, Z, T, and B sites. For the 
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two Li-bearing tourmalines, the Li2O content (determined by SIMS) is included in the 

normalization scheme with all Li  assigned to the Y site (see results and discussion for further 

information). 

 

Secondary ion mass spectrometry (SIMS) 
 
 

Lithium concentrations in synthetic tourmaline obtained from the NLASBH- and 

CLASBH-experiments were determined by SIMS analysis at the Helmholtz Center Potsdam, 

GFZ Potsdam, using a CAMECA 1280-HR instrument. Tourmaline crystals were embedded in 

two round 1-inch epoxi mounts, which were polished, ultrasonically cleaned in high-purity 

ethanol and coated with a 35 nm layer of high-purity gold. The mass resolution of the instrument 

was set to around 2500. Because the small crystal sizes of the analyzed tourmalines (Fig. 1) 

required small analytical spots, the primary 16O- ion beam was set to 0.04 nA and focussed to a 

~ 3-4 µm diameter on the sample surface. Each analysis was preceded by a 120 second pre-

sputter using a 20 µm raster to remove gold coating, suppress any surface contamination and 

establish stable sputter conditions. Secondary positively charged ions were extracted by means 

of a +10 kV potential with no offset voltage being applied. 

The two isotopes of interest (7Li, 28Si) were measured dynamically, i.e. in peak-jumping 

mode using a single electron multiplier. A single analysis comprised 10 measurements of 7Li 

and 28Si each, with integration times of 4 s each. Dwell times between the peak jumps were 3 s 

(7Li to 28Si) and 5 s (28Si to 7Li), respectively. After preburn and before data acquisition, an 

automatic centering routine of the secondary beam was performed on the x and y axis, ensuring 

optimum alignment of the secondary ions into the mass spectrometer. Secondary ions were then 

energy filtered through a 50eV wide energy window by scanning of the extraction high voltage, 

followed by a 5eV shift relative to the value found. Finally, the mass calibration was checked 
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by scanning and tracking the 28Si peak before analysis started. Thus, the total analysis time for 

a single point, including presputtering and centering routine, amounted to around 5 min.  

The liddicoatite and elbaite crystals were analyzed 9 and 13 times, respectively. In order 

to control data quality and to correct for possible instrumental drift, the sample analyses were 

bracketed by repeated measurements of tourmaline reference materials 98144 (elbaite) 

characterized for its Li contents by Dyar et al. (2001). The in-run precision of the 7Li/28Si ratio 

was around 0.4 % (1 SD) for RM 98144 and 1.5 % (1 SD) for the two synthetic tourmalines. 

The relatively high analytical uncertainties reflect the low 7Li counting rates due to the reduced 

primary beam. The repeatability of the 7Li/28Si ratio ranged between 5 % (RM 98144; 1 SD, n 

= 23), 12 % (elbaite, 1 SD) and 19 % (liddicoatite, 1 SD). The lower repeatibality of the 

experimental products as compared to RM 98144 is probably due to both lower 7Li counting 

rates and possible sample heterogeneities. Data calibration and thus the determination of Li 

concentrations is based on the chemical composition and analytical data for RM 98144 and 

outlined in detail in Kutzschbach et al. (2017).  

 
 
Raman spectroscopy 

The Raman spectrum of Ca-olenitic tourmaline was recorded at room temperature using 

a HORIBA Jobin Yvon LabRAM HR800 UV-VIS spectrometer with a grating of 1800 

grooves/mm located at the GFZ Potsdam. The 488 nm line of a coherent Ar+ laser model Innova 

70-3 with a power of 220 mW was used for excitation, which corresponds to about 30 mW on 

the sample. By using an Olympus objective (100×) with a numerical aperture of 0.8, the spot 

sizes were 3-5 µm. Parallel polarized spectra have been acquired in -y(zz)y and -y(xx)y 

scattering geometries referring to Porto´s notation ki(EiEs)ks with ki  and ks being the wavevector 

and Ei and Es the polarization of incident and scattered light, respetively. The axes x,y, z of the 

cartesian reference system are oriented such that z is parallel to the crystallographic c- axis of 

tourmaline applying the hexagonal setting. Tourmaline´s a axis is either parallel to x or y and 
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either orientation yields the same Raman spectrum (Watenphul et al., 2016).    

Energy of the scattered photons was determined with a Peltier-cooled CCD detector at 

a resolution of about 1 cm-1. Acquisition time for each spectrum was 30 s and 30 accumulations 

were performed for noise reduction. The region of the OH-stretching vibration was monitored 

between 3000 and 3800 cm-1.  

Raman spectra of elbaitic and liddcoatitic tourmalines have been recorded at the GFZ 

Potsdam using a HORIBA Jobin Yvon LabRAM HR800 VIS spectrometer with a grating of 

1800 grooves/mm. For excitation the 473 nm line of a diode-pumped solid-state laser and a 10x 

Olympus objective was used. Measurements had to be performed on aggregates of randomly 

oriented crystals, because the crystals were simply too small and agglomerated to isolate a 

single crystal. Energy of the scattered photons was determined with a Peltier-cooled CCD 

detector at a resolution of about 1 cm-1. Acquisition time for each spectrum was 60 s and 10 

accumulations were performed for noise reduction. The Raman spectrum of sassolite (H3BO3) 

was recorded using the same instrument, but a 100x Olympus objective, 3s acquisition time and 

10 accumulations.  

Different combinations of acquisition time and number of accumulations for 

measurements of elbaitic tourmaline, liddicoatitic tourmaline and sassolite where chosen in 

order to achive a convenient compromise between total intensity, signal/noise ratio and 

measurement time. For data reduction, all spectra were fitted with the program PeakFit by 

Jandel Scientific after background subtraction using a cubic spline function. Band shapes were 

approximated with pseudo-Voigt functions and the criterion for the maximum number of 

functions included in the fit was DI £ I×0.5, where I is the integrated intensity of a particular 

band in counts and DI its uncertainty. Standard deviations (1 SD) for band position, integrated 

intensity (I) and full width at half maximum (FWHM) result from the fit itself. Error for the 

relative integrated intensity (Irel) is calculated by error propagation. The r2 value (goodness) of 

each individual fit is better then 0.999.  
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RESULTS 

Powder X-ray diffraction 

Results from the powder XRD Rietveld refinement are summarized in Table 1. The 

quantitative phase analyses indicates that tourmaline was the main phase in all three synthesis 

experiments with contents between 60-90 wt %. Besides, coesite (10-24 wt%) has formed in all 

runs, whereas only in the CASBH-experiment AlBO3 (16 wt%) has been found. Traces of 

sassolite (H3BO3) were also identified by the Raman measurements in the sample of the 

NLASBH-experiment (Fig. 2a). 

The refined cell-dimensions of tourmaline from the three syntheses are the following: 

tourmaline from the NLASBH-experiment a = 15.681(1) Å, c = 7.054(1) Å, V = 1502.2(2) Å3; 

tourmaline from the CLASBH-experiment a = 15.604(2) Å, c = 7.016(1) Å, V = 1479.4(4) Å3; 

tourmaline from the CASBH-experiment a = 15.635(5) Å, c = 7.027(3) Å, V = 1488(1) Å3. The 

cell-dimensions of the Li-bearing tourmalines are significantly smaller than those of natural 

elbaite and liddicoatite (e.g., Ertl et al. 2006; Lussier et al. 2011). Additionally, cell-

dimensitions of the synthetic CASBH tourmaline are smaller than that of [4]B-bearing natural 

olenite (Ertl et al. 1997). Applying the formula [4]B = (V -1542) / (-29.242) for correlating the 

unit-cell volume with the tetrahedral B content after Ertl et al. (2018), yields 1.36(1) [4]B pfu 

(NLASBH-experiment), 2.14(1) [4]B pfu (CLASBH-experiment) and 1.85(4) [4]B pfu (CASBH-

experiment).  

 

EMP and SIMS analyses  

Tourmaline from the experiments are idiomorphic and large enough for reliable EMP 

and SIMS-analyses (Fig. 1a-c). Dimensions of tourmaline from the two Li-bearing experiments 
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(up to 5 µm in diameter, 20 µm in length) are significantly smaller than those of the CASBH-

experiment (up to 20 µm in diameter, 100 µm in length). From the SIMS- and EMPA-analyses, 

summarized in Table 2, we have no indication of any compositional zoning of the synthetic 

tourmaline. 

For tourmaline of the NLASBH-system 13 individual SIMS-analyses resulted in 0.70(8) 

wt.% Li2O (Table 2). We have no indication of Li at the X-site from the Raman-analyses (see 

below), therefore all Li is assigned to the Y-site. Together with the 30 individual EMP-analyses 

the calculated structural formula is: 

X(Na0.74(5)�0.26(5))Y(Al2.55(1)Li0.45(1))Z(Al5.94(7)Si0.06(7))T(Si4.67(25)B1.31(25)Al0.01(3))(BO3)3 

V+W(OH3.41(24)O0.59(24)).  

Thus, the synthetic tourmaline is best described as a solid solution between the end member 

“�-Li-O root name” (Henry et al. 2011) and „Na-Al-Al-B root name” (Henry et al. 2011, 

Schreyer et al. 2000). We decided to avoid using these rather unusual designations to help the 

reader to better comprehend the paper and instead use the term „elbaitic tourmaline” as similar 

to the NLASBH tourmaline, Na and Li are found at the X and Y sites in elbaite, respectively.  

 For tourmaline of the CLASBH-system 9 SIMS-analyses resulted in 0.58(11) wt.% 

Li2O (Table 2). Assigning all Li to the Y site, the combined SIMS- and 20 EMP-analyses 

resulted in the structural formula: 

X(Ca0.80(3)�0.20(3))Y(Al2.63(0)Li0.37(0))Z(Al5.83(9)Si0.17(9))T(Si3.80(18)B2.20(19)Al0.01(3))(BO3)3 

V+W(OH3.17(12)O0.83(12)).  

Thus, the tourmaline seems to represent a solid solution of the end members “�-Li-O root name” 

(Henry et al. 2011) and the hypothetical end-member CaAl3Al6(B3Si3O18)(BO3)3(OH)3O. Again for 

the sake of readability, we decided to use the more generic term “liddicoatitic tourmaline” for this 

synthetic tourmaline as like liddicoatite it contains both Ca at the X site and Li at the Y site.   

An average of 14 EMP-analyses of tourmaline from the  CASBH-experiment gave the 

structural formula: 
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X(Ca0.39(8) �0.61(8))Y(Al.3.00(0))Al.Al5.86(8)Si0.14(8))T(Si4.43(25)B1.57(25)Al0.00(1))(BO3)3 

V+W(OH2.65(10)O1.35(10)),  

which is a solid solution between the hypothetical end members 

�Al3Al6(B2Si4O18)(BO3)3(OH)4 and CaAl3Al6(Si6O18)(BO3)3O4. Due to the latter being a 

variety of olenite with Ca substituting for Na at the X site, we term this hypthetical end member 

“Ca-olenite” and thus the synthetic tourmaline from the CASBH experiment “Ca-olenitic 

tourmaline”.  

 All three tourmalines show a small, but significant amount of Si at the octahedral Z 

site, which has already been observed for other synthetic tourmaline from high-pressure 

syntheses (Schreyer et al. 2000; Wunder et al. 2015). 

 

Raman spectra between 3000-3800 cm-1  

Raman spectra have been recorded between 3000-3800 cm-1 corresponding to the 

frequency region of the O-H stretching vibration. Individual spectra of the three synthetic 

tourmalines are deconvoluted using 6-8 bands (Fig. 2), which in each spectrum have been 

arbitrarily numbered ν1- ν8 with ν1 denoting the band at the lowest wavenumber. On the basis 

of their location, FWHM and relative integrated intensity (data compiled in Table 3) the Raman 

bands can be roughly separated in two groups. As opposed to the highest frequency bands (> 

3550 cm-1), which are generally of lower intensity and appear rather sharp, Raman bands in the 

lower frequency region (<3550 cm-1) are of higher intensity and become increasingly broader 

with decreasing wavenumber. Whereas some bands are recognized in all three Raman spectra 

(e.g. band between 3451-3469 cm-1 and 3564-3584 cm-1), additional similarities are found 

comparing either lithian tourmalines (e.g. band between 3601-3623 cm-1 in elbaitic and 

liddicoatitic tourmaline) or calcic tourmalines (e.g. band between 3423-3430 cm-1 and 3528-

3533 in liddicoatitic and Ca-olenitic tourmalines). However, in the case where Raman bands 
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have been identified at roughly the same position, their integrated intensity may differ 

significantly among the three tourmalines (Fig. 2, Table 3). 

In the Raman spectrum of elbaitic tourmaline two bands appear at 3171 and 3250 cm-1, 

which have not been found in any of the other samples (Fig. 2, top). By comparing their location 

and intensity ratio to the Raman spectra of sassolite, it became evident that these bands stem 

from solid H3BO3, which is interpreted as a quench phase. The absence of sassolite in the other 

experimental run products is due to their having been washed with distilled water after opening 

the capsule, which effectively removed the highly soluble H3BO3. Hence, bands at 3171 and 

3250 cm-1 in elbaitic tourmaline are excluded in the following discussion.  

 

DISCUSSION 

Raman band assignments 

The Raman spectra of all synthetic tourmaline show a multitude of bands in the OH-

stretching frequency region (Fig. 2). A part of the diversity arises from the two different oxygen 

sites in tourmaline (O1 and O3) where protonation occurs (Fig. 3). Due to pronounced hydrogen 

bridge bonding between the protonated O3 site and the acceptor oxygen O5 (Gatta et al. 2014, 

see also Fig. 3), O3-H bands always occur at lower wavenumbers (Fig. 2), roughly  

corresponding to the lower frequency region (< 3550 cm-1) defined in the results section. The 

strength of the hydrogen O3-H…O5 bridge bonding is affected by the T-site occupancy, with 

[4]B3+ instead of [4]Si4+ increasing the hydrogen bridge bonding and hence causing a low-

wavenumber shift of the O3-H bands. This effect is even more pronounced if the X site is left 

vacant (Kutzschbach et al. 2016; Fig. 3). The X-site occupancy also influences O1-H stretching 

frequencies, in that cations of higher valence and larger size cause a shift of the associated O1-

H bands to higher frequencies (Berryman et al. 2015).  

Further complexity is added because the O1-H and O3-H sites are surrounded by cation 

triplets, namely YYY and YZZ (Fig. 3). While in the synthetic tourmalines under 
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investigations, Al is the only relavant Z occupant (>97 % Al on Z), a significant portion (12-

15%) of the Al on the Y site is substituted by Li. Depending on the total positive charge of the 

cation triplets, the corresponding Raman bands are shifted, with the higher charged triplets 

being located at lower wavenumber. Based on these considerations a consistent Raman band 

assigments is established, which is compiled in Table 3 and Fig. 2.  

 

Verifying band assignments by calculating site occupancies from Raman spectra 

In order to test the correctness of the cation configurations assigned to the O3-H and 

O1-H bands, cation occupancies at X, Y and T sites are calculated applying the procedure 

described in Kutzschbach et al. (2017b). The calculation involves transferring the relative 

integrated intensities into probabilities for the occurrence of a certain cation arrangement by 

normalizing the relative integrated intensities of individual O3-H and O1-H bands to the sum 

of relative intensities of all bands belonging to either O3-H or O1-H stretching vibrations. This 

internal normalization scheme has the advantage that the results are independent of the 

analytical conditions (e.g., laser power, acquisition time, accumulations). Still, a bias might be 

caused by the polarization of the laser, but this will be addressed later. To derive the probability 

(P) of the configuration Z(AlAl)Y(Li)T(B,Si)XNa around O3-H in elbaitic tourmaline for 

example, the relative integrated intensity of the according band ν2 is divided by the summed 

relative integrated intensities of ν1, ν2, ν3, ν4 and ν6 to obtain the probability with Pν2 = 0.475. 

The cation occupancy at a specific site (in atoms pfu) is then calculated by multiplying the sum 

of the probability (P) weighted partial cluster occupancies (x) by the site multiplicity (M). The 

partial cluster occupancies for the configuration Z(AlAl)Y(Li)T(B,Si) are for example, xYLi = 1, 

xZAl = 1 and xTB = xTSi = 0.5; the partial cluster occupancy for Li in X�Y(LiAlAl) is 0.33. 

Finally, the amount of B at the T site based on O3-H vibrations is calculated with: 

 

TB (pfu) = MT × [(xTB)ν1 × Pν1 + (xTB)ν2 × Pν2 + (xTB)ν3 × Pν3 + (xTB)ν4 × Pν4 + (xTB)ν6 × Pν6] 
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    = 6 × [(0.5 × 0.024 + 0.5 × 0.475 + 0 × 0.125 + 0 × 0.331 + 0 × 0.045] 

   = 1.497 ≈ 1.50  
 

X- and Y-site occupancies are calculated by analogous equations (see also additional formulae 

presented in Kutzschbach et al. 2017b).  

A simplified calculation scheme has been applied in cases where relevant bands are 

missed due to superposition of more intense bands. An example is the calculation of the XNa 

content in elbaitic tourmaline based on O1-H vibrations. Here, the relative integrated intensity 

of the band related to the configuration XNaY(AlAlAl) would be needed. However, this band 

could not be detected as it is probably superimposed by band n6 referring to the 

Z(AlAl)Y(Li)T(Si)XNa configuration around the O3-H bond. Hence, the XNa content is estimated 

by calculating the ratio Irel(n8) /[Irel(n7) + Irel(n8)] = 0.67 XNa (pfu) , with n8 and n7 referring to 

the XNaY(LiAlAl) and X�Y(LiAlAl) bands respectively. Analogue cases are labelled in 

Table  4. 

Special care has to be taken, because V and W sites are partially deprotonated and hydrogen 

atoms might not be equally distributed among different cation arrangements. It is likely that a 

hydrogen will prefer to attach to an oxygen that is surrounded by the lower positive charge, i.e., 

has the least incident positive valence. For example, an O3-H band is more likely to appear 

within a configuration including a vacant X site and B at the T site compared to configuration 

with an occupied X site and tetrahedral Si only. This might influence to some extent the cation 

occupancies derived from the Raman band assignment.   

Calculating Li concentrations from O3-H vibrations is difficult due to the low Li 

concentrations which complicate the unambiguous detection of bands involving Y(Li)Z(AlAl) 

triplets. These bands are most likely hidden underneath other more intense bands. An example 

would be the intense band Z(AlAl)Y(Al)T(Si,B)X(Na) in elbaitic tourmaline (n2), which is likely 

superimposing the low intensity band Z(AlAl)Y(Li)T(Si,B)X�. Conversely, the influence of 
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bands related to Li on Y site in YZZ is negligible for the other cation assignments derived from 

the O3-H vibrations.  

Calculating XCa contents from O1-H bands in liddicoatitic tourmaline is not possible as 

no O1-H band  related to Ca at the X site is detected. This might be because the highly positively 

charged Ca2+ deprotonates the O1 position, an effect that has also been found in other synthetic 

Ca-bearing tourmalines such as magnesio-lucchesiite (Berryman et al. 2015). However, in Ca-

olenite, Ca at the X site is obviously stable together with an O1-H group.  

All cation occupancies, which have been calculated from the Raman specta are compiled 

in Table 4 and Fig. 4 and are, within errors, in agreement to the EMP/SIMS measurements and 

the results obtained by powder-XRD, thus supporting the choice of Raman band assignments. 

 

Effect of O-H bond orientation on site occupancies derived from Raman spectra 

Because Raman spectra have been obtained using polarized light, the crystallographic 

orientation of the O-H vector has to be considered. Previous spectroscopic studies agree that 

the O1-H1 vector is aligned parallel to the crystallographic c- axis or is displaced off-axis at an 

angle O1-H1 Ð [0001] ~15.6(5)° (Gatta et al. 2014 and references therein). The exact angle is 

thought to be variable among different tourmaline species responding to the occupation of the 

YYY cation triplet, with a more pronounced displacement for YYY triplets that show a more 

asymmetrical charge distribution (Gonzalez-Carreño et al. 1988; Gatta et al. 2014). For the 

tourmaline species investigated in this study only Y(AlAlAl) or Y(LiAlAl) are present, with the 

latter being expected to have a greater O1-H1 Ð [0001] angle.  

Consequently, in Raman spectra, which have been acquired in -y(zz)y scattering 

geometry, the probability of configurations involving Y(LiAlAl) configurations and cation 

occupancies deduced from them might be underestimated. In principle this would only be 

relevant for the rossmanite spectra of Kutzschbach et al. (2017b). Olenite and Ca-olenitic 

tourmaline do not contain Li and hence only Y(AlAlAl) configurations are present and the other 
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Li-bearing tourmalines (elbaitic and liddocoatitic tourmaline) were measured as aggregates of 

randomly oriented crystals and hence the resulting probabilities and cation configurations are 

independent of orientation of the O1-H1 vector. However, as shown in Fig. 4 the cation 

occupancies derived from rossmanite are in very good agreement with the EMP/SIMS derived 

data and it is therefore reasonable to exclude a significant effect of the orientation of O1-H1 

groups on the site occupancies calculated from the Raman spectra in this study. 

For the O3-H3 stretching vibrations an effect of orientation is also excluded, as it has 

been shown that the angle O3-H3 Ð [0001] is small and rather constant across different 

tourmaline species [e.g., ~3.4° in oxy-dravite (Gatta et al. 2014); 1.3° in fluor-buergerite (Tippe 

and Hamilton 1971); and 5.4° in fluor-elbaite (Gatta et al. 2012)].  

Given that the orientation of O-H groups is negligible for the tourmaline species under 

investigation, it makes no difference whether site occupancies have been obtained from 

randomly oriented aggregates (liddicoatitic and elbaitic tourmaline) or oriented single crystals 

(Ca-olenitic tourmaline, olenite, rossmanite). This is also supported by the constant intensity 

ratios for -y(zz)y versus -y(xx)y scattering geometries of all O3-H3 bands of the Ca-olenitic 

tourmaline ( Fig. 2c, Fig. 5, Table 5).  

 

Alternative band assignment based on Watenphul et al. (2016) 

The approach that has been used for the assignment of the Raman bands relies on the 

idea that each of the three O3-H3 groups within the unit cell produces a distinct Raman band. 

Considering for example end-member elbaite Na(Li1.5Al1.5)Al6Si6O18(BO3)3(OH)4 with Al-only 

at the Z site and mixed Li and Al occupancy at the Y site, two distinct bands would appear for 

each of the possible YZZ triplets surrounding the O3-H3 group, one for the LiAlAl 

configuration and one for the AlAlAl configuration. This assignment model was first used by 

Gonzalez-Carreño et al. (1988) and has been successfully adopted by many other 

spectroscopists and crystallographers over the past decades to link vibrational spectra of 
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tourmaline to its crystal chemistry (e.g. Castañeda 2000; Veličkov 2002; Bosi et al. 2012; Bosi 

et al. 2015  Skogby et al. 2012; Fantini et al. 2014; Berryman et al. 2015; Kutzschbach et al. 

2016; Kutzschbach et al. 2017b).  

Recently, Watenphul et al. (2016) introduced a new way to assign Raman spectra of 

tourmaline based on group theory and the fundamental work of Chang and Mitra (1971). They 

argue that the H3 cations (from the O3-H3 groups) in tourmalines occupy the 3b Wyckoff 

position in space group R3m and therefore all three H3 cations participate in a single phonon 

mode producing a discinct band in the vibrational spectrum. Hence, all atomic sorroundings of 

all three O3-H3 groups, i.e. YZZ-YZZ-YZZ units, have to be considered when analyzing the 

effect of chemistry. For the case of elbaite this would lead to a maximum of 4 possible bands 

corresponding to the AlAlAl-AlAlAl-AlAlAl, LiAlAl-AlAlAl-AlAlAl, LiAlAl-LiAlAl-

AlAlAl and LiAlAl-LiAlAl-LiAlAl configurations. Watenphul et al. (2016) were able to apply 

this concept to a large number of tourmaline chemistries, e.g. natural F-liddicoatite whose 

spectra contains all of the four “elbaite” bands mentioned above (see Fig. 5f in Watenphul et 

al. 2016). A consistent band assignment according to the approach of Watenphul et al. (2016)  

After a thorough review of an earlier version of the Manuscript (see acknowledgments), 

we became aware of this problem and could establish a consistent band assignment based on 

the approach of Watenphul et al. (2016) in Table 5. For the sake of completeness, Table 5 also 

includes a re-assignment of two spectra of synthetic [4]B-bearing olenite and rossmanitic 

tourmaline, that have been published earlier in Kutzschbach et al. (2016) and Kutzschbach et 

al. (2017b), respectively. A good agreement is obtained for most assignments in the synthetic 

high-[4]B tourmalines and the natural [4]B-free, Al-rich tourmalines in Watenphul et al. (2016), 

e.g. for the (☐-AlAlAl-AlAlAl-AlAlAl)(Si) configuration which has been ascribed to a band at 

3455 cm-1 in natural olenite in Watenphul et al. (2016, their Table 3) and to bands between 

3451-3469 cm-1 in the five synthetic tourmalines (Table 6). However, for the synthetic elbaitic 

tourmaline, the O1-H1 bands occur at 20-60 cm-1 lower wavenumbers compared to the results 
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of Watenphul et al. (2016). This might be caused by the high amount of trivalent B substituting 

for Si at the tetrahedral site, which increases the negative charge at O4 and O5 in the T6O18 

ring, lowers the effective positive charge of the X-site cation and hence enables longer O1-H1 

bands, ultimately appearing at lower wavenumbers as compared to [4]B absent configurations 

(see also Fig. 3).  

 

Calculation of tetrahedral boron content from Raman spectra 

Evaluation of the Raman spectra shows that the assignment of Raman bands and 

subsequent deduction of tourmaline composition is not trivial due to (1) the superposition of 

different cation configurations leading to an identical Raman shift (2) variations in frequency 

shifts of identical configurations in tourmalines with different composition (3) different off-

axis displacements of O-H vectors in the case oriented single crystal measurements and (4) the 

multitude of major elements that are incorporated at X,Y,Z and T sites in natural tourmaline 

(e.g., Henry et al. 2011). Another complication is the existence of the two competing ways to 

assign Raman bands. It has been mentioned earlier, that the biggest difference between the 

Gonzalez-Carreño et al. (1988) and the Watenphul et al. (2016) approach is the group-

theoretical view of the structural units. However, both models agree on the position of the bands 

related to tetrahedral boron and share a common crystal chemical explanation for their 

occurrence, i.e. a shift to lower wavenumbers caused by increased strength of O3-H…O5 

hydrogen bonding due to the lower charged B3+ substituting for Si4+ which is neighbouring the 

O5.  

This is the reason that regardless of the assignment model used a solid linear trend is 

obtained between the T-site boron derived from EMPA and the summed relative intergrated 

intensity of all bands associated with tetrahedral boron, i.e., bands in the frequency region 

between 3300-3430 cm-1 (Fig. 6). The correlation is described by the following regression 

equation: 
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(1) 𝐵	[𝑝𝑓𝑢] = 0.030(3) ∙ ∑ 𝐼123	4546	789:

;<4466	789: (𝜈)[5] [%], 

with [4]B being the tetrahedrally-coordinated boron content per formula unit, n the wavenumber 

of the Raman band and Irel its relative integrated intensity in percent. This equation represents 

a simplified but accurate way to calculate the tetrahedral boron content from intensities of OH- 

stretching bands. It does not require in depth knowledge of vibrational spectroscopy, group 

theory and band assignments and works equally well for powders and single crystals. For the 

latter, to obtain the most accurate results, the scattering geometry must be chosen in a way that 

the polarization of incidient and scattered light are parallel to the crystallographic c-axis, i.e. -

y(zz)y applying Porto´s notation (an orientation which is recognized by yielding maximum 

intensity upon rotation of the sample about the y axis of the reference coordinate system; see 

section “Raman spectroscopy”). This is due to the fact that in equation (1) the Raman bands 

related to tetrahedral B are normalized to the intensity of O1-H1 and O3-H3 bands and not to 

the summed intensity of O3-H3 bands only as it has been described in the discussion “Verifying 

band assignments by calculating site occupancies from Raman spectra”. However, for single 

crystal spectra obtained in -y(zz)y scattering geometry and for spectra obtained from randomly 

oriented powdered samples the summed relative intensity of O1-H1 bands is negligible (< 8 %) 

and hence for the sake of simplicity they can be included in the normalization procedure. Only 

for -y(xx)y scattering geometries tetrahedral boron contents are likely to be underestimated due 

to the decreasing intensity ratio of O3-H3 and O1-H1 bands (see Raman spectrum of Ca-

olentitic tourmaline obtained in -y(xx)y  scattering geometry; Fig. 5, Table 5) 

  As distinct from occupancies at Y, Z and X sites equation (1) is expected to also hold 

for natural tourmalines without any corrections because Raman bands associated with tetrahdral 

boron occur in the lowest frequency region and here interferences from other cation 

configuration are absent. This conclusion is supported when the tetrahedral boron content of 

natural excess boron-bearing tourmaline from the Koralpe is calculated using equation (1). The 

EMPA derived value of 0.67(12) [4]B (Kutzschbach et al. 2016) is in perfect agreement with 
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the result obtained by Raman spectroscopy [0.66(13) [4]B pfu].  This example also illustrates 

that the accuracy and precision obtained by the Raman-method are as good as for the EMPA 

data. However, the measurement of light elements such as B by electron microprobe is 

generally challenging (e.g., Bastin and Heijligers 1990) and requires besides a careful sample 

preparation (e.g., perfectly polished surface, equal thickness of graphite coating for reference 

material and sample) and data evaluation method, the availability of suitable reference materials 

(e.g., Harvard tourmalines, Dyar et al. 2001) and multi-layer monochromator crystals (e.g., 

LDEB for JEOL or PC2 for CAMECA electron microprobes). In contrast, the Raman spectra 

of tourmaline can be acquired in a short time span (<< 1 hour) and without any special sample 

preparation making the analyses of tetrahedral boron in tourmaline accessible for a wide-range 

of laboratories, which lack advanced electron microprobes and experienced analytical personel.   

If powder XRD is used for the quantification of [4]B by applying the unit cell volumes, 

the tetrahedral boron content overlaps within one 1 SD with the EMPA and Raman data (Table 

4). The good agreement can be attributed to the homogeneity of the tourmalines under 

investigation in this study and larger deviations between results from powder XRD and 

EMPA/Raman are likely for zoned crystals.  

Despite the strength of the established Raman correlation (Fig. 6), deviations could 

appear due to tetrahedral boron that is associated with Mg substituting for Al in YZZ triplets 

coordinating O3 sites, as this would shift the relevant Raman band to higher frequencies then 

observed for tourmalines with Al-only at Y and Z (e.g., Gonzalez-Carreño et al. 1988; Fantini 

et al. 2014; Watenphul et al. 2016). However, natural Mg-tourmalines with excess boron are 

rare and in fact only one example of [4]B-bearing dravite has been reported (~0.26 [4]B pfu, 

Marschall et al. 2004).  

Another potential pitfall is the incorporation of trivalent Al at the T site as this might 

cause a similar low wavenumber shift as observed for tetrahedral boron. To date, [4]Al3+ contents 

of up to 0.85 pfu [4]Al3+ have been reported (Nishio-Hamane et al. 2014), but such high 
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tetrahedral Al contents are restricted to Mg- and/or Fe2+-rich compositions (Ertl et al. 2018). In 

Al-rich tourmalines, which are the most relevant host for tetrahedral boron, [4]Al3+ does not 

exceed 0.27 pfu (Ertl et al. 2007). If intensity related to tetrahedral Al would contribute to the 

frequency region 3300-3430 cm-1, the tetrahedral boron content calculated by equation (1) 

would be overestimated. However, this seems not to be the case given that there is perfect 

agreement between the EMPA and Raman derived [4]B-values of the Koralpe tourmaline, which 

also contains 0.27 [4]Al. This might be explained by the larger size of [4]Al3+ compared to [4]B3+ 

(0.53 vs 0.25; Shannon 1976), which leads to a less pronounced Raman shift leaving the low 

frequency region free of interference. 

 

Li-site occupancy 

Applying the lattice-strain theory (Blundy and Wood 2003) on experimental data of 

trace-element partitioning between tourmaline and melt, van Hinsberg (2011) argued that 

beside its incorporation at the Y site, Li might also occur at the X site in tourmaline. This is 

supported by a study on synthetic rossmanitic tourmaline, in which evidence is provided that a 

significant portion of Li occurs at the X site (Kutzschbach et al. 2017b). Here, Raman bands 

associated with XLi have been found at 3648 cm-1 [XLiY(AlAlAl) configuration around O1-H] 

and 3706 cm-1 [XLiY(LiAlAl) configuration around O1-H], with the former being of higher 

intensity due to the higher Al content at the Y-site. While no band at 3706 cm-1 has been 

detected in the liddicoatitic and elbaitic tourmalines, bands in the proximity of 3648 cm-1 are 

present (Fig. 2, Table 3). However, these bands have been assigned to configurations, which do 

not involve Li at the X site [band XNaY(LiAlAl) at 3657 cm-1 in elbaitic and band X�Y(LiAlAl) 

at 3648 cm-1 in liddicoatitic tourmaline]. Variations of some 10 cm-1 can occur for a particular 

cation configuration across different tourmalines, so that the location of XLi bands observed in 

rossmanitic tourmaline might not necessarily be constant. Even if so, superposition of the other 

Raman bands in the lithian tourmalines prevents an unambiguous assignment of Li at the X site 
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in liddicoatitic and elbaitic tourmalines, which can neither be confirmed nor excluded on the 

basis of their Raman spectra.  

 

IMPLICATIONS 

Geologic mass-transfer processes are effectively traceable by deciphering the boron 

isotope record of tourmaline imprinted by its host fluid. Recently, it has been shown that the 

associated isotope fractionation correlates with the amount of tetrahedral boron in tourmaline 

(Kutzschbach et al. 2017a). Boron isotope studies should therefore include estimates of 

tourmaline´s T site occupancy. In this study we demonstrate that Raman spectroscopy provides 

a fast and easy-to-use tool for the quantification of tetrahedral boron in tourmaline. We could 

show, that for the determination of the [4]B-contents in tourmaline EMPA and Raman-

spectroscopy yield consistent results. We also demonstrate that Raman spectroscopy offers a 

reliable method for a fast, non-destructive chemical characterization and thus classification of 

precious tourmalines, supporting gemological appraisals. 

In this study for the first time syntheses of elbaitic, liddicoatitic and Ca-olentic 

tourmaline from seed-free starting materials are decribed. In contrast to natural tourmaline 

which are nearly always solid solutions of multiple components, the tourmaline presented here 

were synthesized in chemically simple systems. Chemical and physical properties of end-

member tourmaline are prerequisite to calculate for example phase equilibria that involve 

tourmaline and cannot be provided from chemically complex natural tourmaline. The 

advantages of using synthetic near-endmember tourmalines in constraining thermodynamic 

parameters has already been demonstrated by Berryman et al. (2019), who successfully deduced 

the compressibility of Mg-Al tourmalines. The newly synthesized tourmalines enable an 

extension of similar datasets especially with respect to lithian tourmalines, which commonly 

occur in evolved granites and pegmatites.   

The assignment of the Raman spectra also has important crystal-chemical implications. 
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This includes the stability of Y(AlAlAl) triplets sourrounding protonated O1 sites, a 

configuration which had thought to be unstable  (Hawthorne 2002). Moreover, in the Ca-

olenitic tourmaline, Ca at the X site does not lead to deprotonation at the O1 oxygen, which is 

otherwise a common phenomena (Berryman et al. 2015). Although these special crystal-

chemical configurations seem to be a unique feature of tetrahedral B-rich tourmalines, the 

newly synthesized tourmalines further underline the immense chemical flexibility of the 

tourmaline structure, which is still not yet fully explored. 
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Table captions 

 

Table 1. Results from Rietveld refinement of powder XRD data of elbaitic, liddicoatitic and 
Ca-olenitic tourmaline. 
 
 
Table 2. Compositions of synthetic elbaitic, liddicoatitic and Ca-olenitic tourmaline 
from EMP and SIMS-analyses. 
 

Table 3. Fitting parameters and band assignment of powder Raman spectra of elbaitic and 
liddicoatitic tourmaline and oriented single crystal spectra of Ca-olenitic tourmaline in -y(zz)y 
scattering geometry using the approach of Gonzalez-Carreño et al. (1988) 
 
Table 4. Comparison of site occupancies derived from EMP/SIMS, Raman and powder XRD. 
 

Table 5. Raman intensities, Raman shifts and -y(zz)y / -y(xx)y intensity ratios of O-H bands 
occurring in parallel polarized single crystal spectra of Ca-olenitic tourmaline. 
 
 
Table 6. Fitting parameters and band assignment of powder Raman spectra of elbaitic and 
liddicoatitic tourmaline and oriented single crystal spectra of Ca-olenitic, olenite and 
rossmanitic tourmaline in -y(zz)y scattering geometry using the approach of Watenphul et al. 
(2016) 
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Figure captions 

 

Figure 1. Scanning electron microscope image of (a) elbaitic (b) liddicoatitic and (c) Ca- 
olenitic tourmaline.   
 
 
Figure 2. Raman spectra of synthetic elbaitic, liddicoatitic and Ca-olenitic tourmaline. For 
elbaitic and liddicoatitic tourmaline, Raman spectra have been obtained from unoriented 
crystal aggregates, whereas for Ca-olenitic tourmaline a single crystal is probed in -y(zz)y 
scattering geometry. Wave numbers and assignments of bands related to O1-H vibrations are 
in blue font and those related to O3-H vibrations are in black font. 
 
 
Figure 3. Topology of the tourmaline structure with focus on the cation configuration around  
O3 and O1 sites (V and W sites, respectively). For the cation occupancy indicated with an  
arrow typical bond distances are given. These are from a single crystal structure refinement of  
synthetic olenite presented in Kutzschbach et al. (2016). 
 
 
Figure 4. Cation occupancies at X, Y and T sites in tourmaline as derived by Raman   
spectroscopy vs. results from EMP data. For all crystallographic sites, elements and  
tourmaline species under investigation, the data plot close to the 1:1 line, confirming the  
the Raman band assignment and the calculation procedure described in  
Kutzschbach et al. (2017b) and in the text. 
 
 
Figure 5. Raman spectra of synthetic Ca-olenitic tourmaline obtained from an oriented single  
crystal in -y(xx)y scattering geometry probing the same spot as for the -y(zz)y spectrum  
presented in Fig. 2c under the same analytical conditions. For band assignment see Tables 3 
and 6. For fitting parameters and -y(zz)y / -y(xx)y intensity ratios see Table 5. Wave numbers  
of bands related to O1-H vibrations are in blue font and those related to O3-H vibrations are  
in black font. The r2 value (goodness of the fit) is 0.95. 
 
Figure 6. Correlation of the tetrahedral B content in synthetic tourmaline determined by EMP  
analyses vs. the sum of the relative integrated intensities of Raman bands related to the  
occurrence of B at the T site. By applying the formula indicated in the top part of the graph  
the tetrahedral B content of any tourmaline can be calculated from the Raman spectra. 
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Tables 

Table 1. Results from Rietveld refinement of powder XRD data of elbaitic, liddicoatitic and 
Ca-olenitic tourmaline. 
 Refinement statistics                Cell-dimensions Products 
Sample Durbin Watson c2 a = b (Å) c (Å) V (Å3) wt% 
elbaitic 1.460 1.019 15.681(1) 7.054(1) 1502.2(3) Elb (90), Coe (10) 
liddicoatitic 1.497 1.009 15.604(2) 7.016(1) 1479.4(4) Liddi (77), Coe (23) 
Ca-olenitic 1.418 1.109 15.635(5) 7.027(3) 1488(1) Ca-Ol(60), Coe(24), 

AlBO3(16) 
Uncertainties of the lattice parameters are Rietveld-determined uncertainties multiplied by 
six. 
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Table 2. Mean compositions of synthetic elbaitic, liddicoatitic and Ca-olenitic tourmaline 
from EMP and SIMS-analyses. 
 elbaitic liddicoatitic Ca-olenitic 
No. of analysis (n) 30 EMP/13 

SIMS 
20 EMP/9 
SIMS 

14 EMP 

Na2O (EMP) 2.39(0.18) n.d. n.d. 
CaO (EMP) n.d. 4.70(0.16) 2.29(0.47) 
SiO2 (EMP) 29.69(1.40) 24.97(0.70) 28.88(1.21) 
Al2O3 (EMP) 45.24(0.79) 44.99(0.29) 47.53(0.26) 
B2O3 (EMP) 15.71(1.08) 18.85(0.82) 16.72(1.00) 
Li2O (SIMS) 0.70(0.08) 0.58(0.11) n.d. 
H2O n.d. n.d. n.d. 
Total 93.76(0.82) 94.10(0.52) 95.42(0.71) 
Normalization 18 YZTB 18 YZTB 18 YZTB 
T site    
Si 4.67(0.25) 3.80(0.18) 4.43(0.25) 
Al 0.01(0.03) 0.01(0.03) 0.00(0.01) 
B 1.31(0.25) 2.20(0.19) 1.57(0.25) 
X site    
Na 0.74(0.05) n.d. n.d. 
Ca n.d. 0.80(0.03) 0.39(0.08) 
☐ 0.26(0.05) 0.20(0.03) 0.61(0.08) 
B site    
[3]B 3 3 3 
Y site    
Al 2.55(0.01) 2.63(0.00) 3.00(0.00) 
Li 0.45(0.01) 0.37(0.00) n.d. 
Z site    
Al 5.94(0.07) 5.83(0.09) 5.86(0.08) 
Si 0.06(0.07) 0.17(0.09) 0.14(0.08) 
V + W site    
OH 3.41(0.24) 3.17(0.12) 2.65(0.10) 
O 0.59(0.24) 0.83(0.12) 1.35(0.10) 

Error on oxides determined by EMP is indicated in brackets and is 1SD from the mean of  n measurements. 
Stoichiometric tourmaline formulae were calculated for each individual analysis by normalizing the Y+Z+T+B 
cations to a total of 18 and using a fixed Li2O content as determined by SIMS. All Li is assigned to the Y site. 
The error for the cation proportion is indicated in brackets and is 1 SD from the mean of n formula derived from 
the EMP+SIMS data.
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Table 3. Fitting parameters and band assignment of powder Raman spectra of elbaitic and 
liddicoatitic tourmaline and oriented single crystal spectra of Ca-olenitic tourmaline in -y(zz)y 
scattering geometry using the approach of Gonzalez-Carreño et al. (1988) 

Band Raman shift (cm-1) FWHM 
(cm-1) Irel (%) Assignment O3/O1  

elbaitic  
   

  

ν1 3294(2) 53(6) 2.3(1.0) Z (AlAl)Y(Al)T(Si,B)X☐ O3  

ν 2 3369(1) 94(2) 46.2(2.6) Z (AlAl)Y(Al)T(Si,B) XNa O3  

ν 3 3454(1) 51(2) 12.2(1.5) Z (AlAl)Y(Al)T(Si)X☐ O3  

ν 4 3496(1) 57(1) 32.2(2.2) Z (AlAl)Y(Al)T(Si) XNa O3  

ν 5 3564(2) 35(4) 1.5(0.5) X☐Y(AlAlAl) O1  

ν 6 3601(1) 35(2) 4.4(0.8) Z (AlAl)Y(Li)T(Si) XNa O3  

ν 7 3630(1) 17(2) 0.4(0.3)a X☐Y(LiAlAl) O1 
 
 

 

ν 8 3657(1) 21(1) 0.8(0.2) XNaY(LiAlAl) O1  

liddicoatitic  
   

  

ν 1 3316(1) 125(1) 18.9(2.0) Z (AlAl)Y(Al)T(Si,B)X☐ O3  

ν 2 3430(2) 82(2) 52.0(4.5) Z (AlAl)Y(Al)T(Si,B) XCa O3  

ν 3 3469(1) 49(5) 6.5(2.9) Z (AlAl)Y(Al)T(Si)X☐ O3  

ν 4 3533(1) 57(3) 15.1(2.2)  Z (AlAl)Y(Al)T(Si) XCa O3  

ν 5 3584(3) 50(10) 3.0(1.4) X☐Y(AlAlAl) O1  

ν 6 3623(1) 33(3) 3.8(1.3) Z (AlAl)Y(Li)T(Si) XCa O3  

ν 7 3648(1) 20(2) 0.8(0.1) X☐Y(LiAlAl) O1  

Ca-olenitic       

ν 1 3288(1) 108(2) 24.5(2.9) Z (AlAl)Y(Al)T(Si,B)X☐ O3  

ν 2 3423(6) 75(5) 23.5(4.4) Z (AlAl)Y(Al)T(Si,B) XCa O3  

ν 3 3451(2) 60(1) 43.2(5.2) Z (AlAl)Y(Al)T(Si)X☐ O3  

ν 4 3528(1) 30(2) 2.8(0.8) Z (AlAl)Y(Al)T(Si) XCa O3  

ν 5 3573(1) 48(3) 4.3(1.3) X☐Y(AlAlAl) O1  

ν 6 3630(1) 35(2) 1.7(0.6) XCaY(AlAlAl) O1  

Error on Raman shift and FWHM (in brackets) is 1 SD as derived from the fit. Error on relative integrated 
intensities (in brackets) have been calculated by propagating the 1 SD errors on integrated intensities as derived 
from the fit.    
a included due to shoulder at higher wavenumber side of band ν6 although relative intensity threshold is violated. 
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Table 4. Comparison of site occupancies derived from EMP/SIMS, Raman and powder XRD 
  Site  EMP/SIMS  Raman   XRD (fromVf)  
elbaitic X Na0.74(5) Na0.85(3)a  
   Na0.67(23)b,c  
     
 Y Li0.45(1) Li0.21(20)b,d  
     
 T B1.31(25) B1.50(12)a B1.36(1) 
     

liddicoatitic X Ca0.80(3) Ca0.74(5)a  
   --- b,e  
     
 Y Li0.37(1) Li0.21(15)b,d  
 T B2.20(19) B2.21(20)a B2.14(1) 
     

Ca-olenitic X Ca0.39(8) Ca0.28(7)a  
   Ca0.28(15)b  
     
 T B1.57(25) B1.53(21)a B1.85(4) 

Cation occupancies have been calculated using the procedure described in Kutzschbach et al. (2017). A short 
explanation is also given in the text. The errors of site occupancies have been calculated by propagating the 1SD 
errors of the relative integrated intensities presented in Table 3. Please note that errors are slightly overestimated 
by that procedure. 
a calculation based on assignment of the O3-H vibrations 
b calculation based on assignment of the O1-H vibrations 
c simplified calculation using the ratio Irel(n8)/[(Irel(n8)+ Irel(n7)]. For a more accurate calculation the relative 
integrated intensity of the band related to the configuration  XNaY(AlAlAl) is needed, which is probably 
superimposed by band n6   
d simplified calculation based on relative integrated intensities ratio Irel(n7)/[(Irel(n5)+ Irel(n7)]. The Li content is 
likely underestimated because some intensity of n5 is due to the O3-H band related to the configuration 
Z(AlAl)Y(Li)T(Si)X☐    
e not detected probably due to deprotonation (for further information see text) 
f after Ertl et al. (2018)  [4]B =  (V-1542)/(-29.242) 
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Table 5. Raman intensities, Raman shifts and -y(zz)y / -y(xx)y intensity ratios of O-H bands 
occurring in parallel polarized single crystal spectra of Ca-olenitic tourmaline. 

Band O3/O1  -y(zz)y -y(xx)y  Intensity ratio  
 Intensity Shift  Intensity Shift  -y(zz)y / -y(xx)y 

ν1 O3  37182 (944) 3288 (1)  2404 (350) 3292 (6)  15 (3)  
ν2 O3  35691 (5476) 3423 (6)  2416 (494) 3402 (1)  15 (6)  
ν3 O3  65586 (6907) 3451 (2)  4853 (1417) 3451 (1)  14 (6)  
ν4 O3  4227 (832) 3528 (1)  487 (755) 3519 (2)  --a  
ν5 O1  6557 (1357) 3573 (1)  2593 (1865) 3568 (3)  --a  
ν6 O1  2637 (601) 3630 (1)  4393 (1033) 3624 (2)  0.6 (3) 

Intensities are indicated as integrated counts. Raman spectra have been acquired at the same spot of the same 
single crystal under the same analytical conditions but with different scattering geometries obtained by 90° 
rotation the crystal about the y axis. For raw intensities, numbers in brackets denote the error (1 SD) as derived 
from the fit. For the intensity ratios errors (1 SD) and have been derived from error propagation  
ano indication of intensity ratio due to the large error on intensities for the -y(xx)y scattering geometry, which are 
far off the band criterion, i.e. ∆I/I >> 0.5 
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Table 6. Fitting parameters and band assignment of powder Raman spectra of elbaitic and 
liddicoatitic tourmaline and oriented single crystal spectra of Ca-olenitic, olenite and 
rossmanitic tourmaline in -y(zz)y scattering geometry using the approach of Watenphul et al. 
(2016) 

Band 
Raman 

shift 
(cm-1) 

FWHM 
(cm-1) Irel (%) Assignment O3/O1 

Elbaitic  
   

 

ν1 3294(2) 53(6) 2.3(1.0) (☐-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 2 3369(1)a 94(2) 46.2(2.6) (Na-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

    ((☐,Na)-LiAlAl-AlAlAl-AlAlAl)(Si,B)  

ν 3 3454(1) 51(2) 12.2(1.5) (☐-AlAlAl-AlAlAl-AlAlAl)(Si) O3 

ν 4 3496(1) 57(1) 32.2(2.2) ((☐,Na)-LiAlAl-AlAlAl-AlAlAl)(Si) O3 

    (Na)-AlAlAl-AlAlAl-AlAlAl)(Si)  

ν 5 3564(2) 35(4) 1.5(0.5) ☐-AlAlAl O1 

ν 6 3601(1) 35(2) 4.4(0.8) Na-AlAlAl O1 

ν 7 3630(1) 17(2) 0.4(0.3)a ☐-LiAlAl O1 

ν 8 3657(1) 21(1) 0.8(0.2) Na-LiAlAl O1 

liddicoatitic  
   

 

ν 1 3316(1) 125(1) 18.9(2.0) (☐-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 2 3430(2) 82(2) 52.0(4.5) (Ca-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

   ((☐,Ca)-LiAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 3 3469(1) 49(5) 6.5(2.9) (☐-AlAlAl-AlAlAl-AlAlAl)(Si)  

ν 4 3533(1) 57(3) 15.1(2.2)  ((☐,Ca)-LiAlAl-AlAlAl-AlAlAl)(Si) O3 

   (Ca-AlAlAl-AlAlAl-AlAlAl)(Si)  

ν 5 3584(3) 50(10) 3.0(1.4) ☐-AlAlAl O1 

ν 6 3623(1) 33(3) 3.8(1.3) Ca-AlAlAl O1 

ν 7 3648(1) 20(2) 0.8(0.1) ☐-LiAlAl O1 

Ca-olenitic      

ν 1 3288(1) 108(2) 24.5(2.9) (☐-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 2 3423(6) 75(5) 23.5(4.4) (Ca-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 3 3451(2) 60(1) 43.2(5.2) (☐-AlAlAl-AlAlAl-AlAlAl)(Si) O3 

ν 4 3528(1) 30(2) 2.8(0.8) (Ca-AlAlAl-AlAlAl-AlAlAl)(Si) O3 

ν 5 3573(1) 48(3) 4.3(1.3) ☐-AlAlAl O1 

ν 6 3630(1) 35(2) 1.7(0.6) Ca-AlAlAl O1 
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Table 6. continued 

Oleniteb      

ν 1 3284(6) 103(20) 16(3) (☐-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 2 3370(4) 89(4) 27(4) (Na-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 3 3451(3) 56(4) 42(4) (☐-AlAlAl-AlAlAl-AlAlAl)(Si) O3 

ν 4 3498(5) 49(5) 12(3) (Na-AlAlAl-AlAlAl-AlAlAl)(Si) O3 

ν 5 3554(2) 27(2) 0.8(0.1) ☐-AlAlAl O1 

ν 6 3602(1) 43(14) 2.1(0.8) Na-AlAlAl O1 

Rossmaniticc      

ν 1 3311(1) 97(1) 13.4(0.4) (☐-AlAlAl-AlAlAl-AlAlAl)(Si,B) O3 

ν 2 3394(1) 45(5) 1.4(0.3) ((☐,Li)-LiAlAl-AlAlAl-AlAlAl)(Si,B) O3 

    (Li-AlAlAl-AlAlAl-AlAlAl)(Si,B)  

ν 3 3452(1) 59(1) 65.3(1.3) (☐-AlAlAl-AlAlAl-AlAlAl)(Si) O3 

ν 4 3574(1) 51(1) 14.5(0.6) ((☐,Li)-LiAlAl-AlAlAl-AlAlAl)(Si) O3 

    (Li-AlAlAl-AlAlAl-AlAlAl)(Si)  

ν 5 3620(2) 34(5) 1.5(0.5) ☐-AlAlAl O1 

ν 6 3648(1) 17(3) 0.8(0.3) Li-AlAlAl O1 

ν 7 3668(1) 16(1) 2.7(0.2) ☐-LiAlAl O1 

ν 8 3706(1) 11(1) 0.5(0.1) Li-LiAlAl) O1 

Error on Raman shift and FWHM (in brackets) is 1 SD as derived from the fit. Error on relative integrated 
intensities (in brackets) have been calculated by propagating the 1 SD errors on integrated intensities as derived 
from the fit.  Assigment for VOH modes refers to (X-YZZ-YZZ-YZZ)T configurations with X= vacancy (☐), Na, 
Li, Ca; T = Si or (Si,B) meaning either Si6O18 or Si3B3O18 rings. Assignments for WOH modes refers to X-YYY 
configurations 
a included due to shoulder at higher wavenumber side of band ν6 although relative intensity threshold is violated. 
b re-assignment of Raman spectrum of olenite (columnar variety) presented in Kutzschbach et al. 2016  
c re-assignment of Raman spectrum of rossmanitic tourmaline presented in Kutzschbach et al. 2017 
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