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ABSTRACT 20 

Tourmaline is a widespread borosilicate mineral, which is well known for its variable 21 

chemistry. Although major amounts of octahedral Al in tourmaline is commonplace, the occurrence 22 

of significant amounts of tetrahedral Al is relatively rare. This paper focuses on tourmaline from the 23 

collection of the A.E. Fersman Mineralogical Museum (Russia) originated from Italy with up to 24 

25% of Si replaced by Al at the tetrahedral site. The tourmaline is characterized by optical and 25 

scanning electron microscopy, Raman spectroscopy, infrared spectroscopy, Mössbauer 26 

spectroscopy, energy-dispersive and wavelength-dispersive X-ray analysis, laser ablation 27 

inductively coupled plasma optical emission spectrometry and single crystal X-ray diffraction. The 28 

studied tourmaline occurs as transparent dark blue crystals (with equant external morphology) up to 29 

3 mm in size and forms veinlets cutting a (Mg,Al)-rich metamorphosed mafic-ultramafic rock 30 

(Mg>>Fe) composed of spinel, pargasite, clinochlore, phlogopite, and hydroxylapatite. The studied 31 

tourmaline meets the criteria defining magnesio-lucchesiite and can be compositionally formed via 32 

Tschermak-like ([6]Me2++[4]Si4+↔[6]Al3++[4]Al3+, where [6]Me2+=Mg, Fe) or plagioclase-like ([9]Ca2+ 33 

+ [4]Al3+ ↔ [9]Na+ + [4]Si4+) substitutions. Zones with a relatively high Si content (Si-rich) have 34 

pronounced indications of dissolution, while silicon-depleted zones (Si-poor) overgrow Si-rich 35 

zones and eventually creates a visible replacement zone of the crystal. We suggest that Si-poor 36 

tourmaline result from the Si-rich tourmaline losing Si during a metasomatic process. The resulting 37 

empirical crystal-chemical formula for the Si-poor zone is: X(Ca0.95Na0.03□0.02)S1.00 38 

Y(Mg1.08Al0.98Fe2+0.50Fe3+0.43) S3.00 Z(Al5.91Fe3+0.09)S6.00 T[(Si4.57Al1.43)S6.00O18] (BO3)3 V(OH)3 39 

W[O0.95(OH)0.05] S1.00 (a = 15.9811(2), c = 7.12520(10) Å, R1 = 1.7 %) and for the Si-rich zone is: 40 

X(Ca0.89Na0.11)S1.00 Y(Mg1.55Al0.80Fe2+0.34Fe3+0.31) S3.00 Z(Al5.51Mg0.44Fe3+0.05)S6.00 T[(Si5.35Al0.65)S6.00O18] 41 

(BO3)3 V(OH)3 W[O0.93(OH)0.07] S1.00 (a=15.9621(3), c=7.14110(10) Å, R1=1.7 %). According to PT 42 

calculations of mineral assemblage stability and comparable data on synthetic [4]Al-rich tourmalines, 43 
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the studied tourmaline was formed at 600–750 °C and 0.10-0.20 GPa. The formation of tetrahedral 44 

Al-rich tourmalines requires several unusual factors: (1) desilication of primary rocks and (2) high 45 

temperatures and relatively low pressures. 46 

Keywords: tourmaline, Tschermak substitution, tetrahedral aluminum, single-crystal X-ray 47 

diffraction, Raman spectroscopy, infrared spectroscopy, Mössbauer spectroscopy, LA ICP OES, 48 

EMPA. 49 

50 
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INTRODUCTION 51 

Tourmaline is a widespread borosilicate mineral (e.g., Henry and Dutrow, 1996; Van Hinsberg 52 

et al. 2011; Grew et al., 2017), which could be considered as the main boron host in siliceous crustal 53 

rocks (e.g., Dutrow and Henry 2011); its electrical (e.g., Chernyshova et al. 2021) and optical 54 

properties (Xia and Kang 2022) make it attractive for use in material sciences. The generalized 55 

chemical formula of tourmaline supergroup minerals is [9]X[6]Y3[6]Z6([4]T6O18)([3]BO3)3V3W, where 56 

[9]X = Na, K, Ca, vacancy (□),[6]Y = Li, Mg, Mn2+, Fe2+, Al, V3+, Cr3+, Fe3+, Ti, [6]Z = Mg, Fe2+, Al, 57 

V3+, Cr3+, Fe3+, [4]T = Si, Al, B, V = O, OH, W = O, OH, F (Henry et al. 2011). These minerals are 58 

renowned for their complex crystal chemistry (e.g., Bosi 2011; Vereshchagin et al. 2018; Bačík and 59 

Fridrichová 2021). To date, 40 mineral species are recognized within the supergroup, which include 60 

more than 15 species-defining elements (The official International Mineralogical Association (IMA) 61 

Commission On New Minerals, Nomenclature And Classification (CNMNC) List of Mineral 62 

Names). 63 

The most obvious feature of tourmaline structure is the six-membered ring of [TO4] 64 

tetrahedra, predominantly filled with silicon (e.g., Bosi, 2011; Bačík and Fridrichová, 2021). Long-65 

standing studies of natural (e.g., Ertl et al. 1997; Lussier et al. 2009; Bačík et al. 2013) and synthetic 66 

tourmalines (e.g., Rosenberg and Foit 1979; Ertl et al. 2015; Kutzschbach et al. 2016) showed that  67 

tetrahedral sites can be occupied by B and Al in addition to Si cations. The substitution of B for Si is 68 

mainly related to high pressures and temperatures (PT; e.g., Kutzschbach et al. 2016; Ertl et al. 69 

2018), while the substitution of Al for Si most likely reflects not only the changes in PT conditions 70 

(e.g., Rosenberg and Foit 1979), but also the features of the mineral assemblage and mineral 71 

chemistry of the host rock (e.g., Bačík et al. 2013). 72 

It is important to note that despite the fact that aluminum is a ubiquitous constituent of 73 

tourmalines (e.g., Henry et al. 2011), it predominantly fills octahedral sites in the crystal structure 74 
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while its presence in tetrahedral sites is usually minor to insignificant ([4]Al < 0.3 atoms per formula 75 

unit (apfu); Lussier et al. 2009). This paper focuses on (1) tourmaline from the collection of the A.E. 76 

Fersman Mineralogical Museum (Russia), which contains up to 25% of Si replaced by Al at the 77 

tetrahedral site; and (2) its relation to the formation conditions applicable to [4]Si-poor, [4]Al-rich 78 

tourmalines. 79 

MATERIALS AND METHODS 80 

The sample for this study was brought to the collection of the A.E. Fersman Mineralogical 81 

Museum (Moscow, Russia) in 1921 (record No. 10997). It was labeled as ‘melanite’ (Ti-bearing 82 

andradite) originating from Valtigels bei Sterzing, Tyrol, Austria-Hungary (Figure 1a), which today 83 

is known as Faltigl, Alto Adige, Italy. The sample was re-examined during the revision of museum 84 

specimens in 2020 and it turned out to be a tourmaline supergroup member. 85 

The sample is a 5 × 6 cm fragment of dark gray fine-grained rock containing a 4 × 5 cm 86 

veinlet with tourmaline crystals (Figure 1b). The crystals were studied using optical and scanning 87 

electron microscopy (SEM), Fourier-Transform infrared spectroscopy (FTIR), Mössbauer 88 

spectroscopy (MS), Raman spectroscopy, energy-dispersive X-ray (EDS) spectroscopy and 89 

wavelength-dispersive X-ray spectroscopy (WDS), laser ablation inductively coupled plasma optical 90 

emission spectrometry (LA-ICP-OES) and single crystal X-ray diffraction (SCXRD). 91 

The chemical composition of the crystals was analyzed on an epoxy-mounted, polished, and 92 

carbon-coated sample with the Superprobe 733 (JEOL, Japan) electron microprobe (WDS mode; 20 93 

kV, beam current of 25 nA, 10 μm beam diameter at the sample surface) and a S–3400 N (Hitachi, 94 

Japan) scanning electron microscope equipped with an AzTec Energy XMax 20 (Oxford, UK) 95 

spectrometer (EDS mode; 20 kV, beam current of 1 nA, 1 μm beam diameter at the sample surface). 96 

A series of natural and synthetic standards were employed. The content of B, Be and Li in the 97 

tourmaline was determined using LA-ICP-OES with a VARIAN 725 spectrometer (Agilent, USA). 98 
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The empirical  formula of tourmaline was calculated on the basis of 15 (T + Y + Z) atoms per 99 

formula unit (apfu) considering that: (1) vacancies may occur at the X-site, (2) there was no excess 100 

of boron (B = 3 apfu, see below). H2O was calculated based on the electroneutral formula: VOH=3 101 

and WO/OH ratio, based on Y + Z + T = 15 and MS data. Fragments of a zoned tourmaline crystal 102 

with low and high Si content (No 1 and 2; Figure 1c; Table 1) were used for Raman spectroscopy 103 

and subsequent SCXRD analysis (1-AD23 and 2-AD23, respectively). 104 

SCXRD analysis was performed using a XtaLAB Synergy-S (Rigaku Oxford Diffraction, 105 

Japan) diffractometer equipped with a HyPix-6000HE detector operated with monochromated 106 

MoKa radiation at 50 kV and 40 mA. More than a hemisphere of three-dimensional data was 107 

collected (Table 2; Crystallographic Information Files). The data were integrated and corrected for 108 

background, Lorentz, and polarization effects. The empirical absorption correction based on 109 

spherical harmonics implemented in the SCALE3 ABSPACK algorithm was applied in CrysAlisPro 110 

program (Agilent 2012). The SHELXL program package (Sheldrick 2015) was used for all 111 

structural calculations. The starting coordinates were taken from Vereshchagin et al. (2021). Site 112 

populations at the X, B, T, O(3) (=V) and O(1) (= W) sites follow the standard site preference 113 

suggested for tourmaline (e.g., Henry et al. 2011). The cation assignment at the X and T sites follows 114 

the results of chemical analysis (Table 1) and bond-length considerations (in case of the T site, Ertl 115 

et al. 2018). The occupancy of the Y site was obtained considering the presence of Mg and Fe, and 116 

the occupancy of the Z site taking into account the presence of Al and Fe. The B and anion sites 117 

were modelled with B and O scattering factors, respectively, and with a fixed occupancy of 1, since 118 

the refinement with unconstrained occupancies showed no significant deviations from this value.  119 

Raman spectra were collected using a LabRam HR 800 (Horiba Jobin-Yvon, Japan) 120 

spectrometer equipped with a BX-41 (Olympus, Japan) microscope in backscattering geometry 121 

system at ambient conditions using a 532 nm laser. The confocal hole was 100 µm, and a 1800 122 



7 
 

gr/mm grating was used. The Raman spectra of the unoriented sample were recorded in the range of 123 

70–4000 cm-1 at a resolution of 2 cm-1 and an acquisition time of 100 s. The laser power was 124 

focused to the point of a size of ~2 µm2 by a 100× objective. To improve the signal-to-noise ratio, 125 

the number of acquisitions was set to 5. 126 

FTIR was performed using a FSM-1201 spectrometer (Russia) in the transmittance mode at 127 

room temperature in air over the range of wavenumbers from 400 to 4000 cm-1 with an accuracy of 128 

± 2 cm-1. The sample was prepared as a suspension of 5 mg of mineral powder in vaseline oil and 129 

was placed on a plane-parallel KBr plate. The IR spectrum of the same plate without suspension was 130 

used as a reference.  131 

Room-temperature absorption Mössbauer spectra were recorded on a MS-1101 spectrometer 132 

(Russia) in the constant acceleration mode using a standard 57Co source in a metallic rhodium matrix 133 

with an activity of about 2 mCi (RITVERC JSC, Russia). Isomer shifts are related to α-iron. The 134 

absorber consisted of about 10 mg powdered tourmaline crystals with the addition of sugar powder 135 

(used to ensure random crystallite orientation and increase the total volume of the sample). The 136 

resultant sample thickness was about ∼0.01 mg 57Fe/cm2. The preliminary collection of the 137 

spectrum on a larger velocity scale (between –12 and +12 mm s−1) does not allow us to detect 138 

magnetic interactions. Since the impact of magnetic splitting was not detected, the spectrum was re-139 

collected between –5 and +5 mm s−1 to improve resolution. The spectrum was fitted using the 140 

HappySloth software (http://happysloth.ru/). 141 

RESULTS 142 

Mineral assemblage and tourmaline optical properties 143 

Tourmaline forms veinlets cutting a (Mg,Al)-rich rock composed of spinel (spinel-hercynite 144 

solid solution, Mg:Fe ~2:1), pargasite (Mg:Fe ~3:1), clinochlore (Mg:Fe ~8:1), phlogopite (Mg:Fe 145 
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~8:1), and hydroxylapatite. In addition, allanite-(Ce) containing Ln2O3 ~ 12-15 wt. %, (Ln = La, Ce, 146 

Nd) and zircon were found as inclusions within the tourmaline in question. 147 

Tourmaline occurs as short prismatic to equant crystals up to 3 mm in size (Figure 1a-d). The 148 

crystals are transparent, with vitreous luster; brittle, with irregular fracture. The color of tourmaline 149 

is dark deep blue, with a white streak. In thin section, it is strongly pleochroic from dark deep blue 150 

to grey. It is uniaxial (–), refraction indices measured in Si-poor zone (for more details see below) 151 

are: w = 1.666(2), e = 1.642(2) (589 nm).  152 

Chemical composition 153 

All tourmaline crystals under study are chemically zoned (a typical zone size 20-200 µm; 154 

Fig. 1). The main tetrahedral cation is Si (4.57-5.47 apfu; Table 1). Zones with relatively high Si 155 

content (Si-rich) have pronounced textures consistent with dissolution (Figure 1c-d). In contrast, a 156 

silicon-depleted zone (Si-poor) overgrows the Si-rich zones and crosscuts the crystal.  157 

The tourmaline belongs to the calcic group (Ca 0.83-0.95 apfu; Table 1) and oxy-subgroup 158 

(O 0.72-0.95 apfu). The maximum aluminum content in the tetrahedral site reaches 25% and no 159 

tetrahedral boron is present (according to LA-ICP-OES, FTIR, Raman spectroscopy and SCXRD 160 

(see below)). Aluminum is also the main octahedral cation (6.22-6.91 apfu) and is present in both Y- 161 

and Z-sites as its content is always higher than 6 apfu. All zones being investigated are Mg-rich (Mg 162 

1.06-2.08 apfu) and Fe-bearing (Fetotal 0.55-1.02 apfu). The content of Li and Be was found to be 163 

negligible (<0.1 wt.%). No excess of boron was found by LA-ICP-OES and it was assumed to be 164 

stoichiometric (3.00 B apfu) in accordance with the results of FTIR, Raman spectroscopy and 165 

SCXRD. This is consistent with the previous studies indicating that [4]B is consistently absent in 166 

Mg-rich tourmalines (Lussier et al. 2009). 167 

The studied tourmaline meets the criteria defining magnesio-lucchesiite as follows: Ca is 168 

dominant at the X-site, Mg is dominant at the Y-site, Al is dominant at the Z-site, O is dominant at 169 
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the W-site. It is worth noting that both octahedral and tetrahedral Al is not species defining in 170 

magnesio-lucchesiite and should be ignored (Henry et al. 2011; Scribner et al. 2021). It is interesting 171 

to note that the studied tourmaline (magnesio-lucchesiite) contains a significant amounts (up to ~33 172 

%) of a hypothetical CaAl3Al6(Si3Al3)O18(BO3)3(OH)3O end member, the content of which is almost 173 

equal to the content of magnesio-lucchesiite.  174 

Raman spectroscopy 175 

Raman spectra were obtained from the two zones: Si- rich (No. 2, Fig. 1c) and Si- poor (No. 176 

1, Fig. 1c). The spectrum obtained from the Si-rich zone (Fig. 2b) has the best resolution compared 177 

to the spectrum obtained from the Si-poor sample zone (Fig. 2a). However, the main characteristic 178 

Raman bands corresponding to internal vibrations of the structural elements are present in both 179 

spectra. It is worth noting that the tourmaline spectrum (Fig. 2b) obtained in the Si-rich zone of the 180 

sample (Fig. 1c, point 2) is consistent with that of synthetic oxy-uvite and adachiite (Berryman et al. 181 

2016a; Watenphul et al. 2016, respectively) .  182 

Deformation vibrations of [TO4] rings are attributed to the lines at 224, 246, 277, 378 cm-1 183 

and symmetrical stretching vibrations of [TO4] rings correspond to the line at 490 cm-1 (Watenphul 184 

et al. 2016). The scattering line at 341 cm-1 belongs to the low-frequency bending mode of O-T-O in 185 

tetrahedral (Watenphul et al. 2016). The scattering line at 564 cm-1 corresponds to the highest 186 

frequency bending mode of O-T-O in tetrahedra [TO4] (Watenphul et al. 2016). The lines at 715 and 187 

757 cm-1 can be attributed to symmetric stretching vibrations of [BO3]3- anions (Watenphul et al. 188 

2016). Lines at 663 and 987 cm-1 are attributed to antisymmetric stretching vibrations of T-O bonds 189 

in six-membered rings (Watenphul et al. 2016). The scattering line with two components at 1058 190 

and 1110 cm–1 corresponds to symmetric and antisymmetric stretching vibrations of T-O bonds in 191 

[TO4] groups (Watenphul et al. 2016). A line with low intensity at 1325 cm-1 is attributed to 192 

antisymmetric stretching vibrations of [BO3]3- anions (Watenphul et al. 2016). The absence of lines 193 
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in the spectral range 3300-3430 cm-1 indicates the absence of boron in the tetrahedral position 194 

(Kutzschbach et al. 2021). The asymmetric intense band in the range of 3400 - 3590 cm-1 195 

corresponds to stretching vibrations of O-H groups at the V-site (Peng et al. 1989; Watenphul et al. 196 

2016). 197 

Infrared spectroscopy 198 

A relatively small size of compositional zones made it impossible to collect infrared spectra 199 

from the Si-rich and Si-poor zones separately. Only the total spectrum was obtained (Figure 3). The 200 

FTIR spectrum of the tourmaline in hand (Fig. 3) is consistent with that of adachiite and magnesio-201 

lucchesiite (Nishio-Hamane et al. 2014; Scribner et al. 2021, respectively). 202 

The bands corresponding to stretching vibrations of six-membered rings [(Si,Al)O4]6,  203 

bending vibrations of [(Si,Al)O4] and of [BO3] groups and lattice modes were observed in the 204 

spectral range 400 – 850 cm-1. In this range, the spectra of both samples are practically identical 205 

both in shape and in the values of absorption band maxima. In the spectral region 800 – 1200 cm-1, 206 

spectrum (II) exhibits weakly resolved absorption bands. A band with a maximum at 1281 cm-1 and 207 

a very weak shoulder at 1315 cm-1 correspond to stretching vibrations of [BO3]-groups, a slightly 208 

split band at 982-1026 cm-1 can be attributed to stretching vibrations of [(Si,Al)O4]-groups. 209 

In the spectrum of sample (I), similar absorption bands are clearly resolved into a larger 210 

number of components. Thus, the absorption band related to stretching vibrations of [(Si,Al)O4]-211 

groups is split into three components 977, 1028 and 1074, cm-1 and the absorption band of [BO3]-212 

groups has three components with absorption maxima at 1245, 1291 and 1351 cm-1. A two-213 

component band observed in the range 3300–3650 cm–1 is attributed to stretching vibrations of OH-214 

groups. A high-frequency component with weak intensity near 3628 cm-1 should be attributed to 215 

hydroxyl groups at the W-site (Nishio-Hamane et al. 2014).  216 

Mössbauer spectroscopy 217 
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The relatively small size of the zones did not allow to collect spectra from the Si-rich and Si-218 

poor zones separately. Only the total spectrum was obtained (Figure 4). The Mössbauer spectrum of 219 

the tourmaline under study consists of broadened lines of different intensity and can be described by 220 

the superposition of two symmetrical doublets (Fe3+: RTISα-Fe 0.41(7), RTQS 0.88(14) mm s-1; Fe2+: 221 

RTISα-Fe 1.03(8), RTQS 2.06(15) mm s-1). Along with components (doublets) with isomer shifts 222 

typical of [Fe3+O6], it contains components with isomer shifts close to 1.0 mm s-1, which are 223 

commonly attributed to [Fe2+O6] (e.g., Bačík et al. 2013; Scribner et al. 2021). At the same time, this 224 

isomer shift is completely atypical of divalent iron in octahedral coordination with oxygen (e.g., 225 

Menil 1985). The relative areas of the doublets are similar (~48 and 52 % for Fe2+ and Fe3+, 226 

respectively), which indicates that Fe2+: Fe3+ ratio is ~1:1. It should be noted that the complication of 227 

the spectrum fitting model with the isolation of several different doublets of di- or trivalent iron with 228 

close isomer shifts and different quadrupole splitting does not mean that the corresponding iron 229 

atoms are at different crystallographic sites. Indeed, the differences in the local environment of iron 230 

atoms, which may exist in the sample, may affect the QS value (Dedushenko and Perfiliev 2022). 231 

Crystallography 232 

The tourmalines being under investigation are characterized by minor variations in the unit 233 

cell parameters (Table 2). An interesting feature of 1AD-23 is a low ratio of unit cell parameters (c/a 234 

0.446), which is one of the lowest among tourmalines (Fig. 5a). 235 

X-site scatterings (Crystallographic Information file; Supplementary Table S1-S2) indicate 236 

that the XO9 polyhedron in both cases (samples 1AD-23 and 2AD-23) is almost completely 237 

occupied by calcium, which is in a good agreement with the chemical composition (0.95 and 0.89 238 

apfu, respectively; Table 1). The <X-O> distances for samples 1AD-23 and 2AD-23 (2.633 and 239 

2.632 Å, respectively; Table 3) practically coincide with an analogous distance in the structure of 240 
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magnesio-lucchesiite (2.626 Å), whose X site has a similar composition (Ca0.88Na0.12; Scribner et al. 241 

2021; Tables 1, 3). 242 

Y- and Z–site scatterings (Supplementary Table S1-S2) and bond-lengths (Table 3) indicate 243 

that the YO6 octahedron in both cases (samples 1AD-23 and 2AD-23) is mainly filled with 244 

magnesium and aluminum (Mg>Al), while the ZO6 octahedron is mainly filled with aluminum (see 245 

below). All divalent iron was assumed to be present at the Y-site only in accordance with the 246 

previous studies (e.g., Bačík et al., 2013; Nishio-Hamane et al., 2014), while trivalent iron fills both 247 

non-equivalent octahedral sites (mainly YO6). The <Y-O> distances for samples 1AD-23 and 2AD-248 

23 (2.025 and 2.021 Å, respectively) are significantly higher than the <Y-O> distance in synthetic 249 

Y,ZAl-rich tourmaline (<YAl-O>=1.928 Å; Marler et al., 2002). This indicates the presence of large 250 

cations (Mg and Fe; Table 1) at the YO6 octahedron as [6]Al3+ < [6]Fe3+ < [6]Mg2+ < [6]Fe2+ (0.535 < 251 

0.645< 0.72 < 0.78 Å; Shannon, 1976). The <Z-O> distances for samples 1AD-23 and 2AD-23 252 

(1.916 and 1.920 Å, respectively) are close but slightly higher than the <Z-O> distance in synthetic 253 

Y,ZAl-rich tourmaline (<ZAl-O>=1.914 Å; Marler et al., 2002). This is a sign of the presence of large 254 

cations at the Z-site. 255 

The <T-O> distances for samples 1AD-23 and 2AD-23 (1.645 and 1.639 Å, respectively) are 256 

significantly higher than the <T-O> distance in [4]Al-free tourmaline (<TSi-O>=1.622 Å; Scribner et 257 

al., 2021) and represent the highest known values within the tourmaline supergroup. Interestingly, 258 

the <T-O> distances for samples 1AD-23 are even higher than in the structure of Ge-rich tourmaline 259 

(<T-O>=1.640 Å; Setkova et al. 2023), which also indicates unusually low contents of tetrahedral 260 

silicon [4]Ge ≈ [4]Al> [4]Si (0.39 > 0.39 > 0.26 Å; Shannon, 1976). The <T-O> distances for samples 261 

1AD-23 and 2AD-23 (Fig. 5b) are also much higher than those in the crystal structure of adachiite 262 

(1.634 Å; Nishio-Hamane et al. 2014) and magnesio-lucchesiite (1.634 Å, Scribner et al. 2021).  263 
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The occurrence of (OH) groups only at the O(3) site and mixed (O,OH) at O(1) site was 264 

proposed based on EDX, MS and examination of bond-valence sums (Supplementary Table S3-4). 265 

Bond valence sums on O1 site is ~ 1.5, indicating O>OH. Bond valence sums on O3 site is ~ 1, 266 

indicating OH only. 267 

The resulting empirical crystal-chemical formula for 1AD-23 is: X(Ca0.95Na0.03□0.02)S=1.00 268 

Y(Mg1.08Al0.98Fe2+0.50Fe3+0.43) S=3.00 Z(Al5.91Fe3+0.09)S=6.00 T[(Si4.57Al1.43)S=6.00O18] (BO3)3 V(OH)3 269 

W[O0.95(OH)0.05] S=1.00 and for 2AD-23 is: X(Ca0.89Na0.11)S=1.00 Y(Mg1.55Al0.80Fe2+0.34Fe3+0.31) S=3.00 270 

Z(Al5.51Mg0.44Fe3+0.05)S=6.00 T[(Si5.35Al0.65)S=6.00O18] (BO3)3 V(OH)3 W[O0.93(OH)0.07] S=1.00.  271 

DISCUSSION 272 

All zones of the studied tourmaline can be compositionally formed via Tschermak-like 273 

substitution ([6]Me2++[4]Si4+ ↔ [6]Al3++[4]Al3+, where [6]Me2+=Mg, Fe; Fig. 6a). The tourmaline in 274 

question has a rather high and constant content of calcium (0.83-0.95 apfu; Table 1), however 275 

another substitution may be playing an important role in [4]Al-enriched tourmalines: [9]Ca2+ + [4]Al3+ 276 

↔ [9]Na+ + [4]Si4+ (plagioclase-like or paragonite / margarite-like; Fig. 6b). Both substitutions are 277 

possible and further research is required to show which of the mechanisms is more often (more 278 

fully) implemented in tourmaline supergroup minerals. 279 

It was previously shown that the addition of an Al2O3 component to a simple MgO–SiO2–280 

H2O system results in a pressure–temperature dependency of Tschermak substitution in antigorite; it 281 

was also demonstrated that [4]Al in serpentine can be used to constrain metamorphic conditions 282 

(Padrón-Navarta et al. 2013). In general, the operation of this type of substitution to enhance [4]Al 283 

will be favored by an increasing temperature and bulk compositions that are aluminous and, to a 284 

lesser extent, silica poor (e.g., Pattison 1987; Padrón-Navarta et al. 2013). 285 

The studied tourmaline is characterized by the presence of complex zoning, in which the Si-286 

rich zones (Si > 5 apfu) are always highly dissolved (have uneven boundaries; Figure 1c, d). 287 



14 
 

Simultaneously, the silicon-depleted zones (Si ~4.5-5.0 apfu) are the outer zones of the crystal 288 

(Figure 1c, d). We can assume the removal of silicon from the early generation of tourmaline (Si-289 

rich zones) and the formation of the second, later generation (Si-poor) with simultaneous 290 

recrystallization. It is worth noting both adachiite (Nishio-Hamane et al. 2014) and the studied 291 

tourmaline have strong zonation. Possible desilication process is also indirectly confirmed by the 292 

absence of quartz (this study; Nishio-Hamane et al. 2014; Scribner et al. 2021). This dissolution and 293 

replacement phenomenon of two generations of tourmaline was also described by Henry et al. 294 

(2002, 2003).  295 

The studied tourmaline was found in spinel-pargasite-clinochlore rocks. Previously, the 296 

formation conditions for spinel + pargasite were calculated as 0.2 GPa and 650–750 °C based on 297 

pseudosections and simplified phase diagrams of the system (Nozaka et al. 2016). These PT 298 

parameters seem to be reasonable for the studied tourmaline, since synthetic [4]Al-enriched 299 

tourmaline in association with spinel and pargasite was obtained under comparable conditions (see 300 

below). 301 

Both garnet and tourmaline have been mentioned since the beginning of 19th century in 302 

various metamorphic rocks from Valtigels bei Sterzing, Italy (e.g., von Senger, 1821; Doblicka, 303 

1852). However, the exact location of the find raises questions, since tourmaline is quite common in 304 

this part of Tyrol (e.g., mindat.org) and the area is characterized by relatively high-grade 305 

metamorphism (e.g., Zanchetta et al., 2023), which is not fully consistent with the studied rock. 306 

Simultaneously, the specimen studied bears a resemblance to the tourmaline from the Elba island, 307 

Italy (Dottorini, 2020). To date, it is not possible to accurately answer the question of the origin of 308 

the sample from the Fersman Mineralogical Museum with absolute certainty. Therefore, we suggest 309 

treating the question of its origin with some caution. 310 
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Tourmalines with high amounts of [4]Al (> 0.5 apfu) are rarely found in nature. According to 311 

Lussier et al. (2009), there is no clear correspondence between the species of tourmaline and [4]Al 312 

content. Ertl et al. (2018) suggested that relatively high amounts of [4]Al may be expected in Mg- 313 

and/or Fe2+-rich tourmalines, especially when they are of aluminous bulk compositions and have 314 

experienced high temperature metamorphic conditions.  315 

Indeed, all natural [4]Al-rich tourmalines are Al- and Mg- and/or Fe2+-rich. The studied 316 

tourmaline is the most [4]Al-rich (up to 1.43 apfu; Table 1) species in the tourmaline supergroup 317 

known so far. Previously, the highest [4]Al value (0.95 apfu) was reported in another Ca-, Mg-rich 318 

tourmaline (magnesio-lucchesiite; CaMg3Al6(Si6O18)(BO3)3(OH)3O), which was found in 319 

hydrothermal veins embedded in meta-serpentinites within the contact aureole of the Monte 320 

Capanne intrusion, Elba Island, Italy (Scribner et al. 2021). Ca, Fe-rich tourmaline (adachiite; 321 

CaFe3Al6(Si5AlO18) (BO3)3(OH)3(OH)) ranks third in [4]Al content (0.84 apfu) and was found in a 322 

hydrothermal vein, crosscutting a lateritic metamorphic rock (mainly consisting of corundum and 323 

hercynite) near Saiki City, Oita Prefecture, Japan (Nishio-Hamane et al. 2014). Another example 324 

worth mentioning is Na, Fe-rich tourmaline (oxy-schorl; Na(Fe2+2Al)Al6(Si6O18)(BO3)3(OH)3O) 325 

with significant amount of [4]Al (0.49 apfu), it was found in fracture fillings cutting altered 326 

metarhyolite pyroclasts near Zlatá Idka village, Slovak Ore Mountains, Slovak Republic (Bačík et 327 

al. 2013). Besides, Na-, Fe-, [4]Al- enriched tourmaline of the schorl - dravite - ferridravite series 328 

with relatively high [4]Al content (up to 0.42 apfu) were reported from Larderello Geothermal Field, 329 

Italy (Cavarretta and Puxeddu, 1990).  330 

All synthetic [4]Al-rich tourmalines are Al-enriched (Altotal> 6 apfu) and contain significant 331 

amounts of magnesium or copper. The highest [4]Al content (up to 1.78 apfu) was reported in Na, 332 

Al-rich (0.94, 9.0 apfu, respectively) tourmaline synthesized at 600 ˚C and 0.1 GPa (Rosenberg et al. 333 

1986). However, single-crystal refinement, which could confirm [4]Al content, has not been done. 334 
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Besides, synthesis conditions and unit cell parameters (close to synthetic olenite; Marler et al., 2002) 335 

indicate that the tetrahedral aluminum content may be overestimated, while the tetrahedral boron 336 

content may be underestimated. Lebedev et al. (1998) synthesized a tourmaline containing 0.56 Na, 337 

1.74 Mg and 8.34 Al, including 1.08 tetrahedral Al (per formula unit), at 600 ˚C and 0.15 GPa 338 

aluminum (no single-crystal refinement data were provided). Moreover, several of Fe-Mg 339 

tourmalines synthesized by Lebedev et al. (1988) are associated with spinel, pargasite and Mg-rich 340 

mica group mineral. Consequently, we suggest that the formation conditions for the studied 341 

tourmaline could be like those of the syntheses, that is, 600-750 ˚C and 0.1-0.2 GPa. The next 342 

largest [4]Al content (up to 0.90 apfu) was found in Cu-rich tourmaline synthesized at 600 ˚C and 343 

0.15 GPa (Lebedev et al. 1988; Vereshchagin et al. 2013; Ertl et al. 2015). [4]Al content was proved 344 

by single-crystal refinement. Berryman et al. (2015) reported a series of [4]Al-rich tourmalines (0.54-345 

0.75 apfu), which were synthesized at a temperature range 500-700 ˚C and pressure 0.4-3 GPa (no 346 

single-crystal refinement data were provided). All of them are Mg-, Al-rich (Mg>2.17, Al>6.55 347 

apfu) and most of them (5 out of 6 reported compositions) were obtained at high pressure (3 GPa). 348 

These tourmalines belong either to Na-dominant or to X-site vacant species (Berryman et al. 2015). 349 

Berryman et al. (2016b) reported another [4]Al-rich tourmaline (0.59 apfu), which was synthesized at 350 

500 ˚C and 1 GPa. This tourmaline belongs to the X-site vacant (0.54 apfu) group and is a Mg-, Al-351 

rich (Mg 2.17, Al 6.83 apfu) specie (no single-crystal refinement data were provided). Interestingly, 352 

the studies of synthetic tourmalines have shown a weak, but significant correlation of the Tschermak 353 

substitution with the pressure of synthesis: [4]Al decreases with increasing pressure (Krosse, 1995; 354 

Werding, and Schreyer, 1996). 355 

It should be noted that most synthetic Al- and Mg- and/or Fe2+-rich tourmalines and natural 356 

tourmalines contain negligible amounts of tetrahedral aluminum (e.g., Lebedev et al. 1988; 357 

Berryman et al. 2015, 2016b). This may be due to (1) the sequence of phase crystallization (earlier 358 
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phases deplete the solution in silicon), (2) the effect of pressure (as they were obtained at pressure 359 

0.15-3 GPa). It is necessary for tourmaline to be undersaturated with silicon so that a significant 360 

amount of tetrahedral aluminum appears. Most likely, such conditions can be realized if the silicon 361 

content in the system decreases due to the crystallization of the associated phases or desilication (see 362 

above).  363 

IMPLICATIONS 364 

According to the modern classification, tourmalines are borosilicates (Henry et al. 2011), 365 

since [TO4] tetrahedra are filled with silicon only in most cases. Previous studies show that in some 366 

cases tourmalines can be considered as boro-aluminosilicates, since up to 25% of silicon can be 367 

replaced by aluminum in tetrahedra. 368 

Our data, together with those previously published on adachiite (Nishio-Hamane et al. 2014), 369 

indicate that the high content of aluminum in the tetrahedral site is achieved due to Si removal by 370 

the primary generations of tourmaline. Thus, tourmaline enriched in tetrahedral aluminum can be an 371 

indicator of metasomatic transformation of rocks. The possibility of the formation of primary 372 

tourmaline depleted in silicon seems unlikely, since multiple syntheses of tourmaline in an 373 

aluminum-rich medium led to the formation of tourmalines enriched in [4]B, but not [4]Al (e.g., 374 

Kutzschbach et al. 2016). However, at present there is too little data to establish this accurately. One 375 

can conclude that the formation of such boro-aluminosilicate tourmalines is a rather rare process and 376 

is apparently associated with several factors: (1) desilication of primary rocks and (2) high 377 

temperatures and relatively low pressures process. 378 

We suggest that experiments on the dissolution-recrystallization of tourmalines in silicon-379 

depleted solutions can help answer this question. In addition, in the future such studies will help to 380 

more accurately use tourmalines to assess the conditions necessary for its formation. 381 
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Table 1. Chemical composition (wt.%) and atomic proportion in the chemical formula of the studied tourmaline and some related species. 
 This work Nishio-Hamane et al., 2014 Scribner et al., 2021 Bačík et al., 2013 
 1AD-23 2AD-23 1 2 3 4 5  Italy Canada Zlatá Idka 

SiO2 27.35 31.93 27.43 27.82 29.96 31.06 32.73 34.71 30.26 35.23 33.10 
Al2O3 42.33 35.22 42.97 40.15 40.67 37.07 34.22 34.36 39.30 26.63 39.81 
TiO2 bdl bdl 0.00 0.00 0.00 0.02 0.14 0.00 bdl 1.92 0.02 
MgO 4.26 7.97 5.58 5.59 6.74 7.52 8.33 9.16 5.82 7.96 2.31 
FeO 3.60 2.37 2.55 3.22 2.14 2.58 2.60 1.34 2.90 4.34 7.97 

Fe2O3 4.11 2.85 2.61 3.37 2.10 2.67 2.57 1.27 2.86 6.14 bdl 
Cr2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.10 bdl 
V2O3 bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.08 bdl 
Na2O 0.10 0.33 0.31 0.38 0.47 0.46 0.33 1.16 0.37 1.19 1.83 
K2O bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.04 bdl 
CaO 5.32 4.98 5.10 5.06 4.78 4.68 4.98 3.05 4.93 3.27 0.58 

F bdl bdl bdl bdl bdl bdl bdl bdl 0.04 0.41 0.26 
H2Ocalc 2.73 2.75 2.96 2.84 2.91 2.91 2.74 2.96 2.60 2.29 2.92 
B2O3calc 10.39 10.36 10.48 10.28 10.58 10.44 10.39 10.54 10.41 10.23 10.45 
-O=F         0.02 0.17 0.11 
Total 100.20 98.76 99.99 98.70 100.35 99.42 99.03 98.55 99.47 99.67 99.18 

(Y+Z+T)=15 atoms per formulae unit (apfu) 

X 

Ca 0.95 0.89 0.91 0.92 0.84 0.83 0.89 0.62 0.88 0.60 0.10 
Na 0.03 0.11 0.10 0.12 0.15 0.15 0.11 0.28 0.12 0.39 0.59 
K - - - - - - - - - 0.01 0.30 
□ 0.02 0.00 0.00 0.00 0.01 0.02 0.00 0.10 0.00 0.00 - 

Y
+
Z 

Al 6.91 6.31 6.94 6.71 6.80 6.44 6.22 6.63 6.79 5.31 7.31 
Mg 1.06 1.99 1.38 1.40 1.65 1.87 2.08 0.60 1.45 2.02 0.57 
Fe2+ 0.50 0.33 0.35 0.46 0.29 0.36 0.36 1.72 0.40 0.62 1.11 
Fe3+ 0.52 0.36 0.33 0.43 0.26 0.33 0.32 - 0.46 0.79 - 
Ti - - 0.00 0.00 0.00 0.00 0.02 0.06 - 0.25 - 
Cr - - - - - - - - - 0.01 - 
V - - - - - - - - - 0.01 - 

Total 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.01 9.00 9.01 9.00 

T 
Si 4.57 5.35 4.55 4.70 4.92 5.17 5.47 5.15 5.05 5.98 5.51 
Al 1.43 0.65 1.45 1.30 1.08 0.83 0.53 0.85 0.95 0.02 0.49 

Total 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 

V 
O 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 2.90 2.59 3.00 

OH - - - - - - - - 0.10 0.41 - 
Total 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

W 

O 0.95 0.93 0.72 0.80 0.81 0.76 0.94 0.44 0.98 0.78 0.63 
OH 0.05 0.07 0.28 0.20 0.19 0.24 0.06 0.56 - - 0.23 
F - - - - - - - - 0.02 0.22 0.14 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Note: * - numbers are those from Figure 1, bdl – below detection limit. 1AD-23 and 2AD-23 are data for crystals used for SCXRD. 
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Table 2. Crystal parameters, data collection and structure refinement details for the studied tourmaline and some related species 

Crystal data This work Nishio-Hamane 
et al., 2014 

Scribner 
et al., 2021 

Bačík 
et al., 2013 

 1AD-23 2AD-23  Italy Canada Zlatá Idka 
Crystal system, space 
group Trigonal, R3m 

a (Å) 15.9811(2) 15.9621(3) 15.9290(2) 15.9270(10) 15.9910(3) 15.916(3) 
c (Å) 7.12520(10) 7.14110(10) 7.1830(1) 7.1270(5) 7.2224(2) 7.1071(12) 
V (Å3) 1575.94(5) 1575.71(6) 1578.39(4) 1565.7(2) 1599.42(7) 1559.1(4) 
Z 3 

Data collection and refinement 

Diffractometer Rigaku 
XtaLAB Synergy-S 

Bruker  
SMART CCD 

Bruker  
X8 APEX II 

Oxford Diffraction 
KM-4 Xcalibur 

Radiation Mo Kα 
No. of measured, 
independent and 

 observed [I > 2σ(I)] 
reflections 

10149, 1588, 
1557 

11511, 1392, 
 1385 5589, 1886 9398, 1273, 

1225 
21660, 3214, 

2953 
3174, 1474,  

1111 

Rint, Rσ 0.029, 0.016 0.035, 0.017 0.040 0.050, 0.033 0.042, 0.033  
2Θmax (°) 71 68 80 63 91 72 
R1, wR2,  0.017, 0.047 0.017, 0.045  0.038, 0.093 0.019, 0.042 0.031, 0.056 0.034, 0.066 

S 1.101 1.119 1.09 1.07 1.052 0.84 
Δρmax, Δρmin (e Å-3) 0.57, -0.35 0.46, -0.35 1.19, -0.80 0.31, -0.44 1.10, -1.10 0.67, -0.38 
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Table 3. Bond lengths (Å) in main polyhedrons and polyhedral volumes (Å3) of the studied tourmaline in comparison with published data 

 This study Nishio-Hamane 
et al., 2014 

Scribner 
et al., 2021 

Bačík 
et al., 2013 

 1AD-23 2AD-23  Italy Canada Zlatá Idka 
X - O2 [3x] 2.542(2) 2.525(2) 2.556 2.526(3) 2.4799(19) 2.561(4) 
- O4 [3x] 2.639(2) 2.642(2) 2.736 2.718(3) 2.7774(18) 2.710(3) 
- O5 [3x] 2.718 (2) 2.730(2) 2.667 2.635(3) 2.6971(18) 2.781(3) 

Mean 2.633 2.632 2.653 2.626 2.652 2.684 
Y - O1(W) [1x] 1.949(2) 1.941(2) 1.989 1.930(2) 2.0112(19) 1.944(3) 

- O2 [2x] 2.038(1) 2.036(2) 2.028 2.0255(19) 2.0455(12) 1.981(2) 
- O3V [1x] 2.188(2) 2.175(2) 2.204 2.156(3) 2.175(2) 2.132(3) 
- O6 [2x] 1.967(1) 1.969(2) 2.003 1.9554(19) 2.0270(12) 1.965(2) 

Mean 2.025 2.021 2.043 2.008 2.055 1.995 
Z - O3(V) [1x] 1.996(1) 1.995(1) 1.978 1.8838(18) 1.9871(9) 1.9890(15) 

- O6 [1x] 1.870(1) 1.878(2) 1.867 1.9007(18) 1.8953(12) 1.869(2) 
- O7 [1x] 1.876(1) 1.885(1) 1.941 1.8858(18) 1.9728(12) 1.876(2) 
- O7 [1x] 1.926(1) 1.936(1) 1.883 1.9223(19) 1.9728(12) 1.925(2) 
- O8 [1x] 1.903(1) 1.903(1) 1.895 1.9325(18) 1.9027(12) 1.889(2) 
- O8 [1x] 1.927(1) 1.925(1) 1.930 1.9943(13) 1.9346(13) 1.918(2) 

Mean 1.916 1.920 1.916 1.920 1.933 1.911 
T - O4 [1x] 1.665(1) 1.662(1) 1.633 1.625(2) 1.6328(7) 1.6412(15) 
- O5 [1x] 1.646(1) 1.642(1) 1.653 1.6160(18) 1.6496(8) 1.6298(12) 
- O6 [1x] 1.639(1) 1.630(2) 1.630 1.6389(11) 1.6019(12) 1.633(2) 
- O7 [1x] 1.630(1) 1.621(1) 1.619 1.6584(13) 1.6034(11) 1.625(2) 

Mean 1.645 1.639 1.634 1.634 1.622 1.632 
B - O2 [1x] 1.391(3) 1.387(3) 1.378 1.372(3) 1.380(3) 1.380(6) 
- O8 [2x] 1.373(2) 1.374(2) 1.369 1.383(5) 1.3754(16) 1.373(3) 

Mean 1.379 1.378 1.372 1.376 1.377 1.375 
Note: the numbers in square brackets correspond to frequency of bonds. 
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Figure 1. The studied tourmaline: (a) crystals (black) in bedrock (with label), (b) equant 

crystals, (c) dissolved Si-rich zones (dark) inside Si-poor crystal (BSE-image), (d) Si-rich zone 

inside Si-poor crystal (BSE-image). Number are as in Table 1 and Figure 2 
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Figure 2. The Raman spectra of the studied tourmaline: (a) – Si-poor zone (No 1; Figure 

1), (b) – Si-rich zone (No 2; Figure 1). The black line shows the experimental data, red line —

peak deconvolution. 
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Figure 3. Powder infrared absorption spectrum of the studied tourmaline. 

 

 

 

Figure 4. Room-temperature Mössbauer spectrum of the studied tourmaline. 
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Figure 5. Crystallographic data on the studied tourmaline in comparison with published 

data: (a) – c unit cell parameter vs. c / a ratio, (b) – <T-O> distance vs. Si apfu. Note ICSD - 

Inorganic Crystal Structure Database (accessed 05.08.2023) 

 

Figure 6. Chemical composition data on the studied tourmaline in comparison with 

published data: (a) – [6]Al3++[4]Al3+ vs. [6]Me2++[4]Si4+, (b) – [9]Ca2+ + [4]Al3+ vs. [9]Na+ + [4]Si4+. 

Note: black circles correspond to literature data, red diamonds correspond to our data. 

 




