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aBsTracT

High-pressure single-crystal X-ray diffraction patterns on five synthetic Mg-Al tourmalines  
with near end-member compositions [dravite NaMg3Al6Si6O18(BO3)3(OH)3OH, K-dravite 
KMg3Al6Si6O18(BO3)3(OH)3OH, magnesio-foitite o(Mg2Al)Al6Si6O18(BO3)3(OH)3OH, oxy-uvite 
CaMg3Al6Si6O18(BO3)3(OH)3O, and olenite NaAl3Al6Si6O18(BO3)3O3OH, where o represents an X-site 
vacancy] were collected to 60 GPa at 300 K using a diamond-anvil cell and synchrotron radiation. 
No phase transitions were observed for any of the investigated compositions. The refined unit-cell 
parameters were used to constrain third-order Birch-Murnaghan pressure-volume equation of states 
with the following isothermal bulk moduli (K0 in GPa) and corresponding pressure derivatives (K0́ = 
∂K0/∂P)T: dravite K0 = 97(6), K0́ = 5.0(5); K-dravite K0 = 109(4), K0́ = 4.3(2); oxy-uvite K0 = 110(2), 
K0́ = 4.1(1); magnesio-foitite K0 = 116(2), K0́ = 3.5(1); olenite K0 = 116(6), K0́ = 4.7(4). Each tour-
maline exhibits highly anisotropic behavior under compression, with the c axis 2.8–3.6 times more 
compressible than the a axis at ambient conditions. This anisotropy decreases strongly with increasing 
pressure and the c axis is only ~14% more compressible than the a axis near 60 GPa. The octahedral 
Y- and Z-sites’ composition exerts a primary control on tourmaline’s compressibility, whereby Al 
content is correlated with a decrease in the c-axis compressibility and a corresponding increase in 
K0 and K0́. Contrary to expectations, the identity of the X-site-occupying ion (Na, K, or Ca) does not 
have a demonstrable effect on tourmaline’s compression curve. The presence of a fully vacant X site 
in magnesio-foitite results in a decrease of K0́ relative to the alkali and Ca tourmalines. The decrease 
in K0́ for magnesio-foitite is accounted for by an increase in compressibility along the a axis at high 
pressure, reflecting increased compression of tourmaline’s ring structure in the presence of a vacant 
X site. This study highlights the utility of synthetic crystals in untangling the effect of composition on 
tourmaline’s compression behavior.
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InTroDucTIon

Tourmaline is the most common borosilicate and is found in 
various rock-forming environments throughout the crust (van 
Hinsberg et al. 2011). This supergroup mineral comprises at 
least 33 end-member species represented by the general struc-
tural formula XY3Z6T6O18(BO3)3V3W. Tourmaline’s complex 
crystal chemistry allows its structure to incorporate at least 26 
elements of varying size and charge (Bosi 2018). Of these, the 
current end-member-defining site-occupants are Na, Ca, K, and 
vacancy (o) at the ninefold-coordinated X site; Mg, Fe2+, Fe3+, 
Al, Li, Mn, Cr, V at the octahedral Y and Z sites; Si and Al at the 
tetrahedral T site; OH and O at the V site; and OH, O, and F at 
the W site. The B site is the only cation site that does not exhibit 
solid solution. However, B is not limited to the B site. In both 
natural and synthetic Al-rich tourmalines, significant amounts 
of excess B (<2.3 pfu) have been reported to occur at the T site 

(e.g., Tagg et al. 1999; Hughes et al. 2000, 2001; Schreyer et al. 
2000, 2002; Marler et al. 2002; Marschall et al. 2004; Ertl et al. 
2012a; Kutzschbach et al. 2016).

Tourmaline’s stability throughout the crust and possibly the 
uppermost mantle is surprising in view of the expectation that 
the presence of multiple coordination environments in its struc-
ture might limit tourmaline’s stability (Bosi 2018). At ambient 
pressure, tourmaline has been experimentally shown to be stable 
from 150 K until it dehydrates at 1200–1280 K and is then re-
ported to break down to products including cordierite at 1400 K 
(Hemingway et al. 1996). Upon compression, single-crystal 
X-ray diffraction (XRD) up to 23.6 GPa supported by lumines-
cence spectroscopy suggests dravitic tourmaline undergoes a 
subtle second-order phase transition from rhombohedral R3m to 
R3 symmetry at 15 GPa (O’Bannon et al. 2018). Luminescence 
spectroscopy at higher pressure shows the latter structure remains 
(meta)stable to at least ~65 GPa (O’Bannon et al. 2018). Dravitic 
tourmaline has been synthesized up to 6–8 GPa, <1000 °C, above 
which it decomposes to several Mg-Al phases (Krosse 1995). The 
upper limit of tourmaline’s stability is reduced in a Si-saturated 
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