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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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anvil cell

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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system, and Mg-Al tourmaline has been shown experimentally 
to decompose around 4.5–5 GPa and 700 °C (Ota et al. 2008).

Tourmaline’s complex chemistry and crystal properties 
historically distinguished it as a mineral of scientific interest 
(Dutrow and Henry 2011). The occurrence of striking concen-
tric and sector zoning within single crystals results from the 
low intra-volume diffusion of elements in its structure even at 
high temperature (Henry and Dutrow 1996). Combined with its 
resistance to mechanical and chemical weathering, tourmaline’s 
compositional zoning underlies its traditional application as a 
sediment provenance indicator (e.g., Henry and Dutrow 1992). 
More recently, efforts are being made to decode tourmaline’s 
record of its host rock’s evolution through pressure, temperature, 
and compositional space. To fully unlock tourmaline’s potential 
as a petrogenetic indicator mineral (e.g., Henry and Guidotti 
1985; van Hinsberg et al. 2011), an understanding of its end-
member thermodynamic parameters and crystal chemistry at 
high pressure and temperature is needed.

Current knowledge of the elastic properties of tourmaline is 
limited to a few ultrasonic elasticity studies on natural samples 
at ambient conditions (Helme and King 1978; Tatli and Özkan 
1987; Pandey and Schreuer 2012) and high-pressure powder and 
single-crystal XRD (up to 27.8 GPa, Li et al. 2004; 18 GPa, Xu et 
al. 2016; 23.6 GPa, O’Bannon et al. 2018). The reported ambient 
isothermal bulk moduli (K0) and their pressure derivatives [K0́ = 
(∂K0/∂P)T] show considerable scatter (Table 1), which has been 
proposed to reflect compositional variability of the investigated 
samples (Helme and King 1978). Composition, especially Al 
content, is known to strongly influence tourmaline’s long-range 
crystal structure through variation of its unit-cell parameters 
(Bosi et al. 2010). It is therefore likely that composition may 
influence tourmaline’s other properties, such as its behavior under 
compression. The Fe content of tourmaline has been correlated 
with variations in some of the single-crystal elastic constants, 
however the investigated compositional range and correspond-
ing elastic variability were limited (Pandey and Schreuer 2012). 
Similar to other cyclosilicates, such as beryl and cordierite, 

tourmaline is known to have strongly anisotropic compressibility, 
whereby the c axis perpendicular to the ring structure is more 
compressible than the a axis. Due to the size and location of the 
highly compressible X site directly above the ring structure in 
the c direction (Fig. 1), it has been hypothesized that the X site 
may exert a primary control on tourmaline’s compressibility, 
especially along c (e.g., Xu et al. 2016; O’Bannon et al. 2018).

Synthetic crystals provide an optimal means to explore the 
relative effects of pressure, temperature, and fluid composition 
on the incorporation of elements in tourmaline (von Goerne et 

Table 1.  Tourmaline equation of state parameters
 K0 (GPa) K0′ V0 (Å3) K0 (GPa) K0′ V0 (Å3)

Synthetic tourmaline
Dravite 97(6) 5.0(5) 1556(4) 110(2) [4] 1551(3) This study
K-dravite 109(4) 4.3(2) 1567(3) 115(1) [4] 1564(2)
Oxy-uvite 110(2) 4.1(1) 1573(2) 112.5(6) [4] 1571(1)
Magnesio-foitite 116(2) 3.5(1) 1560(2) 105.8(9) [4] 1568(2)
Olenite 116(6) 4.7(4) 1490(4) 128(2) [4] 1485(3)

Natural tourmaline
Dravite 110(3) 4.6(8) 1578.2(2) 112(1) [4] 1578.2(2) O’Bannon et al. (2018)
Uvite 97(1) 12.4(4) 1537(1) 120(2) [4] 1537(1) Xu et al. (2012)
Elbaite-schorl 119a  1542    Pandy and Schreuer (2012)
Elbaite-schorl 118 a  1542
Elbaite-schorl 117 a  1568
Schorl-dravite 116 a  1578
Schorl-dravite 118 a  1578
Schorl 120 a  1553    Tatli and Özkan (1987)
Elbaite 115 a  1555
Elbaite 114 a  1545
Elbaite 115 a  1542
Uvite 115 a  1586
Schorl-elbaite 121 a  1550    Helme and King (1978)
Note: Brackets indicate the value was fixed during fitting.
a Isothermal bulk moduli calculated from isentropic bulk moduli using the volume thermal expansivity of Pandey and Schreuer (2012) and the constant-pressure 
specific heat of Ogorodova et al. (2004).
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fIgurE 1. Tourmaline’s crystal structure and unit cell viewed in two 
orientations. The ninefold-coordinated X site (red) is coordinated below 
to the six-membered ring of tetrahedral T sites (blue) and above to the 
trigonal B site (green) and the octahedral Y site (yellow) trimer. The 
octahedral Z site (transparent with blue frame) forms a network around 
the other sites and is connected in the c direction in 31 chains. The V and 
W anion sites are not identified in this figure. (Color online.)
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al. 2011; Berryman et al. 2014, 2015, 2016a; Kutzschbach et al. 
2017). Moreover, the characterization of synthetic crystals has 
provided valuable insight into tourmaline’s chemical flexibility 
and how composition affects tourmaline’s long- and short-range 
crystal structure (Ertl et al. 2003; London et al. 2006; Setkova 
et al. 2009, 2017; Wunder et al. 2015; Berryman et al. 2016b). 
Whereas natural tourmaline crystals represent complex solid so-
lutions of multiple end-members and contain significant amounts 
of minor elements, synthetic crystals can be grown with restricted 
compositions, allowing for more direct determination of the 
chemical control on physical properties.

High-pressure XRD experiments on minerals constrain their 
stability and their pressure-volume equation of state (P-V EoS). 
Moreover, studies on minerals of varying composition provide 
valuable information on the effect of chemistry on these mineral 
properties (e.g., Zhang 1998; Zhang et al. 1999; Boffa Ballaran 
et al. 2012; Xu et al. 2019). Here, a collection of synthetic Mg-
Al tourmaline (dravite, K-dravite, magnesio-foitite, oxy-uvite, 
and olenite) is used to constrain the 300-K P-V EoS of five 
tourmalines with distinct X-site occupancies (Na, K, Ca, and 
vacancies) and Mg-Al contents to 60 GPa.

ExpErImEnTal mEThoDs
Synthetic samples

The magnesio-foitite and oxy-uvite samples were synthesized by Berryman et 
al. (2016b) and the olenite sample by Kutzschbach et al. (2016). Information on the 
synthesis and characterization [electron microprobe analysis (EMPA), powder and 
single-crystal X-ray diffraction (XRD), and Raman spectroscopy] is available in 
Berryman et al. (2016b) for magnesio-foitite (sample MF2) and oxy-uvite (sample 
CN11), and in Kutzschbach et al. (2016) for olenite (columnar crystals; MK1). 
The dravite (sample 471-1) and K-dravite (sample 471-2) were newly synthesized 
for this study using a method modified after Berryman et al. (2015). Information 
on the synthesis and characterization (EMPA, powder, and single-crystal XRD) is 
available in the Supplementary Material1.

The five synthetic samples investigated in this study represent four distinct 
Mg-Al tourmaline species (dravite, K-dravite, oxy-uvite, magnesio-foitite) 
and the Na-Al tourmaline species, olenite. The compositions of the general 
cation sites (X, Y, Z, and T) for each of the synthetic tourmaline samples are 
in Table 2. The theoretical end-member species represented by this collec-
tion have the following idealized formulas [XY3Z6T6O18(BO3)3V3W]: dravite 
NaMg3Al6Si6O18(BO3)3(OH)3OH, K-dravite KMg3Al6Si6O18(BO3)3(OH)3OH, 
oxy-uvite CaMg3Al6Si6O18(BO3)3(OH)3O, magnesio-foitite o (Mg2Al)
Al6Si6O18(BO3)3(OH)3OH, and olenite NaAl3Al6Si6O18(BO3)3O3OH. The X-site 
compositions of the Mg-Al tourmalines are distinct, representing each of the prin-
cipal X-site-occupying ions of the tourmaline supergroup: Na, Ca, vacancy o, and 
K. Although K most commonly occurs in minor or trace amounts in tourmaline, 
K-dominant species have been found (e.g., Grice et al. 1993; Shimizu and Ogas-
awara 2005). There is currently only one K-bearing tourmaline species recognized 
by the International Mineralogical Association’s Commission on New Minerals, 
Nomenclature and Classification (IMA-CNMNC): maruyamaite K(MgAl2)(Al5Mg)
Si6O18(BO3)3(OH)3O (Lussier et al. 2016).

The olenite sample is distinguished from the other samples by the absence of 

Mg at the Y and Z sites, which are instead fully occupied by Al. It is important to 
note that the idealized ordering of Mg and Al between the Y and Z sites present in 
the theoretical end-member formulas of the Mg-Al tourmalines is never observed 
in natural or synthetic tourmaline. The large difference in average <Y-O> and 
<Z-O> bond lengths imposed by such ordering would destabilize tourmaline’s 
structure (Bosi and Lucchesi 2007; Bosi 2018). The Mg-Al tourmalines investi-
gated here therefore show significant Mg-Al disorder between the Y and Z sites. 
Likely owing to their high Al content, the synthetic magnesio-foitite and olenite 
contain significant amounts of tetrahedral B: 0.34(4) and 1.4(1) TB pfu, respectively 
(Table 2). In addition, all the synthetic tourmalines have a significant number of 
X-site vacancies. As a result of their variable short- and long-range crystal struc-
ture, the investigated tourmalines span a range of unit-cell volumes observed for 
natural tourmalines (Fig. 2).

X-ray diffraction
The high-pressure single-crystal XRD patterns were collected using symmetric 

diamond-anvil cells (DAC) equipped with type 1a diamonds with 300 mm culets 
mounted on X-ray transparent cBN (upstream) and WC (downstream) seats. A 
sample chamber was made in a Re gasket indented to a ~30–40 mm thickness us-
ing either an electric-discharge machining drill (154 mm hole diameter) or a laser 
drilling system (200 mm hole diameter). A single tourmaline crystal (~14 × 14 × 
80 mm or smaller) was loaded together with a ruby sphere and a piece of powdered 
gold as pressure standards in each DAC. A neon-gas pressure-transmitting medium 
was loaded using a gas-loading system (Rivers et al. 2008). High-pressure single-
crystal X-ray diffraction patterns were collected up to 60 GPa in <5 GPa pressure 
steps along with ambient X-ray diffraction patterns at beamline 13BM-C at the 
GeoSoilEnviroCARS (GSECARS) sector of the Advanced Photon Source. The 
synchrotron X-ray was monochromated to a wavelength of l = 0.434 Å (28.6 keV) 
within a 1 eV bandwidth. The X-ray spot was focused to ~12 (horizontal) ×18 
(vertical) mm on the sample and diffraction images were collected on a MAR165 
CCD area detector. The sample-detector distance (~155 mm) and detector tilt were 
calibrated using a NIST LaB6 standard. Angle-dispersive X-ray diffraction data for 
tourmaline was collected in 1° steps (step scans) across each DAC’s downstream 
opening angle (dravite 27°, K-dravite 37°, oxy-uvite 40°, magnesio-foitite 33°, and 
olenite 27°). Exposures (10–20 s/°) were collected with the detector in line with 
the incident X-ray (2q = 0°). In addition, wide-step exposures across each half of 
the DAC opening angle were collected with the detector at 2q = 0° and with the 
detector rotated 10° around the 2q axis. A wide scan of X-ray diffraction data from 
the tourmaline crystal and the powdered gold pressure standard across the entire 
downstream opening angle of the DAC at one detector position (2q = 0°) was also 
collected at each pressure step.

The diffraction quality of the different crystals varied as indicated by the 
number of sharp single-crystal diffraction spots that were indexed to hexagonal 
symmetry: oxy-uvite, 142 peaks; magnesio-foitite, 78 peaks; olenite, 68 peaks; 
dravite, 55 peaks; and K-dravite, 38 peaks. Diffraction spots from each step-scan 
diffraction pattern were identified and combined using the GSE_ADA/RSV 
software package (Dera et al. 2013). The unit-cell and orientation matrices were 
identified with the program CELL_NOW (Bruker AXS Inc.). Refinement of the 
unit-cell parameters was done using peaks identified in the combined wide-scan 
diffraction patterns collected at two detector positions.

Gold’s powder XRD pattern was integrated using Dioptas (Clemens and 
Prakapenka 2015) and the unit-cell parameter determined from the position of the 
(111) diffraction peak. Pressure was determined using the pressure-volume equation 
of state of Dewaele et al. (2004) and Fei et al. (2007). The neon pressure medium 
crystallizes at 4.7 GPa (Finger et al. 1981), leading to reduced hydrostatic condi-
tions inside the DAC. The differential stress at each pressure point was estimated 
using the approach of Singh and Kenichi (2001), which relies on comparing gold’s 

Table 2.  Investigated synthetic tourmalines general cation site occupancies [XY3Z6T6O18(BO3)3V3W]
 [9]X [6]Y [6]Z [4]T
Dravitea 0.84(6) Na, 0.16(6) o 1.8(6) Mg, 1.2(7) Al 5.3(6) Al, 0.7(6) Mg 5.6(3) Si, 0.1(4) Al, 0.4(2) B
K-dravitea 0.5(1) K, 0.5(1) o, 0.1(5) Na 1.8(6) Mg, 1.3(6) Al 5.4(5) Al, 0.6(5) Mg 5.7(2) Si, 0.2(2) Al, 0.2(1) B
Oxy-uvite 0.64(1) Ca, 0.36(1) o	 1.5(1) Mg, 1.5(1) Al 4.9(2) Al, 1.1(2) Mg 6 Si
Magnesio-foitite 0.91(6) o, 0.09(6) Na 1.4(2) Mg, 1.6(2) Al 4.9(2) Al, 1.1(2) Mg 5.66(4) Si, 0.34(4) B
Olenite 0.58(1) Na, 0.42(1) o	 2.83(1) Al 6 Al 4.6(1) Si, 1.4(1) B
Notes: Box indicates vacancy. Brackets indicate coordination number of site. Bold typeface indicates major site-occupying ion. Values for oxy-uvite (sample CN11) 
and magnesio-foitite (sample MF2) are from Berryman et al. (2016b). Values for olenite (sample MK1, columnar) from Kutzschbach et al. (2016). These studies 
determined the site occupancies by a combination of EMPA and structure refinement of single-crystal XRD diffraction data.
a Site occupancies determined by normalization of EMPA to 18 cations at the Y, Z, and T sites. Mg-Al disorder between Y and Z sites calculated using empirical 
relationship of Bosi (2018). See supplementary material1 for additional details.
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unit-cell parameter based on the (002), (022), and (111) diffraction peaks and the 
elastic anisotropy factor of Tsuchiya and Kawamura (2002). In all experiments, 
detectable differential stress appeared at ~10 GPa and increased with pressure, 
but never exceeded 0.6 GPa.

rEsulTs anD DIscussIon

X-ray diffraction
The unit-cell parameters of the tourmalines at each pres-

sure step are listed in Supplemental1 Table S1 and presented in 
Figure 3. The unit-cell parameters were consistently refined to a 
rhombohedral cell at all investigated pressure points and no phase 
transformations were identified over the investigated pressure 
range. O’Bannon et al. (2018) reported a subtle phase transition 
in dravitic tourmaline at 15 GPa resulting from a change in the 
distortion behavior of the ring structure under compression. 
This phase transition changes the space group from R3m to R3, 
reflecting the loss of the mirror plane. This second-order phase 
transition does not change the topology of the tourmaline struc-

ture and rhombohedral symmetry was maintained. It would not 
be detectable in our data sets because it is not associated with a 
change in unit-cell volume.

The pressure and unit-cell volume (P-V) data set for each 
investigated tourmaline was fit to both second- and third-order 
Birch-Murnaghan P-V equations of state (P-V EoS) using fully 
weighted parameters and the EosFit-7c program (Angel et al. 
2014; Gonzalez-Platas et al. 2016). The resulting ambient iso-
thermal bulk moduli (K0) and their respective pressure derivatives 
(K0́) are shown in Table 1. The values are in reasonable agreement 
with previous studies. The ambient unit-cell volume (V0) con-
strained by the fit for each composition is in close agreement with 
those determined for single crystals from the corresponding syn-
thesis experiment: dravite 1556.4(4) Å3; K-dravite 1569.2(3) Å3; 
oxy-uvite 1570.7(3) Å3; magnesio-foitite 1562.1(4) Å3; olenite 
1491.3(2) Å3. The quality of the fits can be further evaluated by 
considering the fit of the P-V EoS in normalized pressure vs. 
Eulerian strain space (FE-f plots in Supplementary Material1). 

Olenite

Magnesio-foitite
Oxy-uvite

K-dravite

Povondraite

Fig. 2

fIgurE 2. Unit-cell volume of synthetic K-dravite (red triangle), oxy-uvite (yellow square), magnesio-foitite (blue circle), and olenite (green 
diamond), and natural tourmaline (black x) as a function of their average Z-O, Y-O, X-O, and T-O bond lengths. The arrow is pointing to data 
for natural povondraite (Grice et al. 1993). Values for the other natural tourmalines are from: Ertl et al. (2006, 2007, 2008a, 2008b, 2009, 2010a, 
2010b, 2010c, 2012a,  2012b, 2013, 2016a, 2016b), Bosi (2008), Lussier et al. (2008, 2011a, 2011b, 2016), Bosi et al. (2010, 2012, 2013a, 2013b, 
2013c, 2014a, 2014b, 2015a, 2015b, 2015c, 2016a, 2016b, 2017a, 2017c), Clark et al. (2011), Filip et al. (2012), Gatta et al. (2012), Cempírek et 
al. (2013), Bačík et al. (2013, 2015), Novák et al. (2013), Reznitskii et al. (2014), and Grew et al. (2018). Values for the synthetic tourmalines are 
from Berryman et al. (2016b) and Kutzschbach et al. (2016). (Color online.)
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In these coordinates, the third-order Birch-Murnaghan P-V EoS 
is needed to fit the data of all tourmaline compositions, with the 
exception of synthetic dravite, where the second-order Birch-
Murnaghan P-V EoS fits the data equally well.

A parametrized version of the third-order Birch Murnaghan 
EoS was fit to the weighted axial unit-cell parameters (a and 
c) as a function of pressure using the EosFit-7c program. The 

resulting axial moduli (Ma0 and Mc0) were converted to linear 
compressibilities at ambient conditions (ba0 and bc0) follow-
ing the approach of Angel et al. (2014) (Table 3). The linear 
compressibility at each pressure step was calculated following 
the approach of Xia et al. (1998) (Fig. 4). The results confirm 
tourmaline’s highly anisotropic elasticity, whereby the c axis 
is 2.8–3.6 times more compressible than the a axis at ambient 

Fig. 3

fIgurE 3. Unit-cell parameters (a, c, V), a/c, and 
relative unit-cell parameters (a/a0, c/c0, V/V0) as a function 
of pressure. Symbols represent values determined for 
synthetic tourmaline in the high-pressure single-crystal 
X-ray diffraction experiments and the solid curves represent 
the third-order Birch-Murnaghan P-V EoS fit to each of the 
fully weighted datasets. (Color online.)



BERRYMAN ET AL.: COMPRESSIBILITY OF SYNTHETIC MG-AL TOURMALINES TO 60 GPA1010

American Mineralogist, vol. 104, 2019

conditions, consistent with previous findings (see references in 
Table 1). This behavior is similar to other cyclosilicates (e.g., 
beryl; Hazen et al. 1986) and is interpreted to reflect the relative 
incompressibility of the ring structures parallel to a (Fig. 1). The 
presence of the highly compressible X site in the c direction fur-
ther contributes to tourmaline’s anisotropic elasticity (O’Bannon 
et al. 2018). Tourmaline’s elastic anisotropy decreases with in-
creasing pressure and the axial compressibilities converge near 
60 GPa at which point the c axis is only ~14% more compressible 
than the a axis (Fig. 4).

InfluEncE of TourmalInE composITIon on 
comprEssIBIlITy

Primary role of Al content
Al is a key cation in tourmaline, as indicated by it being a 

defining constituent of 28 out of the 33 end-member species. 
Consequently, it is a major element in all naturally occurring 
tourmalines. Al is primarily incorporated at the octahedral sites 
(Y and Z), with a preference for the network-forming Z site 
(Bosi 2018). To a lesser extent, it is also incorporated at the T 
site (Table 2).

The Al content of tourmaline is known to exert a strong 
influence on the long-range crystal structure, particularly in 
terms of a negative correlation between Al content and the c 
unit-cell parameter (Bosi et al. 2010). Interestingly, the Z site 
composition is more strongly correlated to unit-cell volume than 
the larger X site (Fig. 2). This likely reflects the importance of 
the long-range network formed by the coordinated Z sites in 
both the a and c directions. Moreover, the formation of 31 spiral 
chains of Z coordination polyhedra along c accounts for Al’s 
strong influence on the length of the c axis (Fig. 1). In addition, 
high Al contents have been correlated to increased incorpora-
tion of tetrahedral B (TB) in tourmaline (Ertl et al. 2008a). As 
a result, TB has been observed in natural olenite (e.g., 1 TB pfu; 
Hughes et al. 2000) and is present in significant quantities in the 
synthetic olenite investigated here (Table 2). Incorporation of 
B at the T site reduces the average <T-O> bond length and the 
corresponding unit-cell volume (Fig. 2; Ertl et al. 2018), albeit 
not as significantly as the octahedral sites. By encouraging the 
incorporation of TB, Al content strengthens its own influence on 
the unit-cell volume of tourmaline.

Here, the Mg-free synthetic olenite has both octahedral sites 
fully occupied by Al, allowing the direct investigation of the 
effect of Al on tourmaline compressibility compared with Mg-Al 
tourmalines. The small size of Al relative to other octahedral-site-
occupying ions results in synthetic olenite having the smallest 
Y and Z sites of all the investigated synthetic tourmalines, as 
well as being smaller than naturally occurring tourmalines (Fig. 
2). As expected, the high Al leads to a significant reduction in 
the unit-cell parameters at all pressures relative to the Mg-Al 
tourmalines (Fig. 3).

In regards to tourmaline’s bulk compressibility, there is no 
immediately obvious correlation with Al content. The ambient 
isothermal bulk modulus of olenite is comparable to that of Mg-
bearing magnesio-foitite and its pressure derivative to those of 
the dravitic tourmalines (Table 1). However, when comparing 
K0 and K0́ values, it is important to bear in mind that these pa-
rameters co-vary during fitting (Bass et al. 1981; Angel 2000). 
When the covariance is considered, it becomes evident that the 
bulk compressibility of the Mg-Al tourmaline (dravite, K-dravite, 
oxy-uvite, and magnesio-foitite) are correlated, with olenite 
showing distinctly higher K0 and K0́ values (Fig. 5). 

The lower bulk compressibility of Al-dominant tourma-
line is primarily accounted for by its reduced compressibility 
along the c axis. There is a correlation between the c0 unit-cell 
parameter and the ambient linear compressibility of the c axis 
(bc0) (Fig. 6). As the c0 parameter is sensitive to the Al content 

Fig. 4

fIgurE 4. Linear compressibility of each synthetic tourmaline 
along the a and c axes. Symbols represent values determined for 
synthetic tourmaline in the high-pressure single-crystal X-ray diffraction 
experiments and the solid curves represent the parametrized fit of a 
modified third-order Birch-Murnaghan EoS fit to each of the fully 
weighted data sets. (Color online.)

Table 3.  Tourmaline axial compressibility
 ba0 (10-3 GPa-1) Ma0 (GPa) M′a0 a0 (Å) bc0 (10-3 GPa-1) Mc0 (GPa) M′c0 c0 (Å)

Synthetic tourmaline
Dravite 1.98(6) 505(16) 12(1) 15.824(5) 7.1(6) 141(13) 14(1) 7.185(13) This study
K-dravite 1.83(5) 547(16) 9.7(7) 15.889(6) 6.4(3) 156(8) 14.0(6) 7.181(9)
Oxy-uvite 1.82(4) 551(13) 9.9(6) 15.907(5) 6.6(2) 151(4) 13.1(2) 7.204(5)
Magnesio-foitite 1.88(4) 532(12) 8.0(4) 15.907(5) 5.6(1) 179(4) 12.4(2) 7.134(5)
Olenite 1.83(7) 546(20) 13(1) 15.639(8) 5.1(5) 195(18) 12(1) 7.040(16)

Natural tourmaline
Dravitea 2.09(5) 480(11) 16(2) 15.937 5.0(1) 201(4) 10.0(9) 7.1749 O’Bannon et al. (2018)
Uvitea 2.4(2) 424(25) 33(8) 15.823(6) 5.4(3) 185(8) 31(4) 7.089(4) Xu et al. (2012)
a Fit done using the data presented in these studies.
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of tourmaline, especially at the Z site, olenite, followed by the 
most Al-rich of the Mg-Al tourmaline, magnesio-foitite, are 
the least compressible in the c-axis direction. In contrast, no 
correlation between a0 and ba0 is observed. The influence of the 
Al content on tourmaline’s compressibility especially along c 
is interpreted to reflect the primary control of the 31 ZO6 spiral 
chains, preferentially occupied by Al. The correlation between 
linear compressibility along c (bc) and Al content does not persist 
at high pressure. Instead, bc values for the different tourmaline 
compositions converge by 30 GPa.

Secondary role of X-site occupancy
The ninefold-coordinated X site is the largest site in the 

tourmaline structure and is located directly above the center of 
the six-membered ring along c (Fig. 1). Similar to the role of 
large cations and water in other ring silicates, the X site has been 
posited to be responsible for tourmaline’s relatively increased 
compressibility in the c direction (Dietrich 1985). Tourmaline 
exhibits distinctly increased compressibility along c in com-
parison to the cyclosilicates beryl and cordierite, which has 
been thought to reflect the higher concentration of the highly 
compressible X site in tourmaline (Xu et al. 2016; O’Bannon 
et al. 2018). The occupancy and composition of the X site has 
therefore been previously expected to have a significant influence 
on tourmaline compressibility.

The Mg-Al tourmalines investigated here (K-dravite, dravite, 
oxy-uvite, and magnesio-foitite) each have a distinct X-site 
composition, including all the major X-site occupants of the 
tourmaline group (K, Na, Ca, and o, respectively). Contrary 
to expectations, the X site does not exert a primary control on 
tourmaline compressibility, as K0 is similar for all the tourma-
lines. However, the presence of a nearly completely vacant X site 
in magnesio-foitite is correlated with a lower K0́ value relative 
to the other tourmalines (Fig. 5). It should be noted that in the 
third-order P-V EoS, dravite’s P-V behavior is fit with a high 
K0́ value. This may be taken to reflect its low number of X-site 
vacancies. However, this interpretation is not supported by the 
K0́ value of K-dravite, which has a similar number of X-site 
vacancies (Table 2). As shown in the FE-f plots in the Supple-
mentary Material1, the second-order P-V EoS fits the dravite 
data equally well. As a result, we have chosen not to interpret 
the high K0́ value of dravite’s third-order P-V EoS as reflecting 
a compositional control.

Close inspection of the linear compressibility at high pressure 
(Fig. 4) suggests that the lower K0́ value of magnesio-foitite re-
sults from increased compressibility along a (ba) at high pressure. 
Compression along a is expected to be influenced by compres-
sion of the six-membered ring, which lies parallel to a. Although 
the T site has relatively low compressibility, deformation of the 
six-membered ring it forms plays a central role in tourmaline’s 
behavior under compression (O’Bannon et al. 2018). More 
specifically, in natural dravite, O’Bannon et al. (2018) show this 
deformation comprises a continuous increase in ditrigonality of 
the ring structure combined with crimping and puckering up 
to ~15 GPa. After the loss of the mirror plane above ~15 GPa, 
ring deformation was reported to be primarily accommodated 
by increasing ditrigonality and tetrahedral rotation. Interestingly, 
it is near this pressure that magnesio-foitite begins displaying 
increased compressibility along a relative to the principally X-
site-occupied tourmalines. Magnesio-foitite is known to have a 
distinct ring morphology characterized by increased crimping, a 
feature that also affects its electronic structure (Berryman et al. 
2016). It is therefore not surprising that magnesio-foitite might 
exhibit slight differences in the compressive behavior of its ring 
structure. We can therefore speculate that the presence of a vacant 
X site is somehow facilitating increased compression along a 
relative to the other Mg-Al tourmalines. However, it is important 
to note that olenite maintains reduced compressibility along a 
despite having significant X-site vacancies. This observation 
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underlines the predominant role of Al content and the octahedral 
sites on the structure’s compressibility in all directions.

ImplIcaTIons

The tourmaline supergroup is exceptional in terms of its 
chemical flexibility. The presence of three-, four-, six-, and 
ninefold-coordinated sites in its structure allows it to incor-
porate a range of cations of varying size and charge. This ap-
parent divergence from Pauling’s rule of parsimony might be 
expected to reduce tourmaline’s stability (Bosi 2018). Despite 
this, tourmaline is observed to be stable throughout the crust 
(van Hinsberg et al. 2011) and potentially in the uppermost 
mantle (Marschall et al. 2009). Under static compression at 
room temperature, none of the five investigated synthetic 
tourmalines shows any indication of a reconstructive phase 
transition or amorphization up to 60 GPa, revealing the re-
markable metastability of this complex structure. However, 
the possibility of an undetected subtle phase transition cannot 
be ruled out as O’Bannon et al. (2018) reported a second-order 
phase transition in dravitic tourmaline from rhombohedral R3m 
to rhombohedral R3 at ~15.4 GPa. Tourmaline maintains its 
topology through this transition, and the high-pressure phase 
differs from the lower-pressure structure only by the absence 
of the mirror plane.

Tourmaline’s metastability to high pressure exists in sharp 
contrast to the behavior of other cyclosilicates. Cordierite 
undergoes two reconstructive first-order phase transitions 
characterized by increasing amounts of polymerization of Si 
by 15.4 GPa at room temperature (Finkelstein et al. 2015). 
Beryl, another cyclosilicate of interest, is observed to be stable 
to at least 9.5 GPa in high-pressure XRD experiments (Fan et 
al. 2015), but ab initio calculations and high-pressure spectro-
scopic data indicate a displacive phase transition is expected at 
14 GPa (Prencipe et al. 2011; O’Bannon and Williams 2016). 
These cyclosilicates differ from tourmaline by the presence of 
open channels formed by the alignment of the six-membered 
rings within their long-range structure. In contrast, the polar 
six-membered rings in tourmaline are separated by the pres-
ence of three corner-sharing Y-site octahedra as well as the 
ninefold-coordinated X site. Tourmaline’s structure is addition-
ally differentiated from other cyclosilicates by its framework 
of Z-site octahedra that extend in the a and c directions. It is 
important to note that X-site-vacant magnesio-foitite exhibits 
the same level of metastability as the X-site-occupied tourma-
lines. Moreover, magnesio-foitite exhibits generally similar 
compressibility, including anisotropic compressibility, as the 
other tourmalines. This comparison not only indicates that 
the X-site-occupying ion does not have a strong influence on 
tourmaline’s compressibility, but that it is also not pivotal in 
the stability of the tourmaline structure. Our results instead 
forward the hypothesis that the chemically flexible octahedral 
Y and Z sites are primarily responsible for the mechanical flex-
ibility and extensive (meta)stability of the tourmaline structure.

Tourmaline’s extensive chemical flexibility and high-
pressure, room-temperature behavior is therefore perhaps more 
comparable to that of the clinopyroxenes and amphiboles than 
it is to the cyclosilicates. Grunerite amphibole is metastable to 
at least 25 GPa (Yong et al. 2018) and clinopyroxene does not 

exhibit a reconstructive phase transition until 50 GPa (Plonka 
et al. 2012). Moreover, the two displacive phase transitions 
recorded in clinopyroxenes and amphiboles are due to the 
kinking of the chains of tetrahedra (Welch et al. 2007; Yong et 
al. 2018). This behavior is interestingly analogous to the be-
havior of tourmaline’s six-membered ring under compression. 
During compression, the ring structure in dravite is reported 
by O’Bannon et al. (2018) to exhibit increasing ditrigonality 
and puckering.

Synthetic crystals provide critical insight into the role of 
composition on tourmaline’s properties. They are especially 
useful for characterizing the effect of end-member components 
that are common, but rarely dominant in natural tourmaline, 
such as magnesio-foitite and olenite. Questions concerning the 
effect of particular components on tourmaline’s properties in 
tourmaline can thus unambiguously be explored without having 
to survey a wide range of chemically complex natural tourma-
line compositions. Here, a comparison of the Mg-Al tourma-
lines (dravite, K-dravite, magnesio-foitite, and oxy-uvite) to 
a pure Al-tourmaline (olenite) revealed the primary role of Al 
on tourmaline’s compressibility. In addition, comparison of a 
completely X-site-vacant tourmaline (magnesio-foitite) to the 
nominally X-site-occupied tourmalines revealed the secondary 
role of X-site-occupancy on compressibility along a. Substi-
tution of Na, Ca, and K does not have a demonstrable effect 
on compressibility. Moreover, a comparison of the different 
tourmalines demonstrates that the X site is not responsible for 
tourmaline’s extensive (meta)stability.

As well as exerting a dominant control on tourmaline’s com-
pressibility and its unit-cell parameters, the octahedral Y and Z 
sites show the largest degree of compositional variability. In the 
tourmaline investigated here, these sites were solely occupied 
by Mg and Al, or in the case of olenite, only Al. However, these 
sites can also be occupied by Li+, Fe2+, Fe3+, Mn2+, Cr3+, and 
V3+ as major constituents, or by Ni2+, Co2+, Cu2+, Zn2+, Ga3+, 
Mn3+, and Ti4+ as minor constituents in natural tourmaline (Bosi 
2018). The varying size and charge of these ions, particularly 
those occurring at the network-forming Z site, may have a 
minor effect on tourmaline’s compressibility. A significant 
povondraite [NaFe3

3+(Fe4
3+Mg2)Si6O18(BO3)3(OH)3O] component 

will significantly expand tourmaline’s unit-cell volume (Fig. 
2) relative to Mg-Al tourmaline. It is therefore expected that 
tourmaline with a large povondraite component may show 
increased compressibility along c and correspondingly smaller 
K0, an effect that would oppose the stiffening effect of Al.

As the major host of B in the crust, the inclusion of tour-
maline in geochemical models is vital to developing an un-
derstanding of the B cycle. However, thermodynamic data for 
tourmaline is lacking (van Hinsberg and Schumacher 2007). 
The presented isothermal bulk moduli and their pressure deriva-
tives for synthetic tourmalines provide essential compressibility 
data for natural Mg-Al tourmalines. These parameters are 
especially important for volume-sensitive reactions common 
to environments of mass transfer. The results motivate the 
need for additional compressibility studies on other near-end-
member tourmalines, especially povondraite, as well as the 
use of synthetic crystals in constraining other thermodynamic 
parameters, such as thermal expansivities.
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