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aBstract
K-dominant tourmaline was synthesized in the system MgO-Al2O3-B2O3-SiO2-KCl-H2O at 700 C and
4.0 GPa. The crystals were zoned and characterized by less-potassic cores (1.46 wt% K2O) and more-potassic
rims (up to 3.44 wt% K2O). The K-dominant tourmaline rims are represented by the average structural
formula (K0.60(3) 0.36(3))(Mg2.60(7)Al0.40(7))(Al5.98(3)Si0.02(3))Si6O18(BO3)3(OH)3.92(7)O0.08(8), which is analogous to
the structural formula of dravite and is referred to here as “K-dravite”; the maximum analyzed K content
(3.44 wt% K2O) represents occupancy of the X site by 0.71 K pfu. The addition of Na to the system in
approximately equal molar proportions to K results in the crystallization of K-bearing, Na-rich dravitic
tourmaline, dramatically reducing the K content to an average value of 0.47 wt% K2O, corresponding to
0.10 K pfu. This suggests that a K-dominated bulk composition is necessary for K-dominant tourmaline
crystallization. Compositional zoning shows that solid solution exists between end-member compositions
of “K-dravite” [KMg3Al6Si6O18(BO3)3(OH)3(OH)] and dravite via the isovalent exchange XK(XNa)–1,
magnesio-foitite via the coupled substitution XKYMg(X YAl)–1, and “K-olenite” via the coupled substitution
Y
MgOH(YAlO)–1
the synthesized “K-dravite” of 1580.1(5) Å3, which is greater than that determined for K-bearing dravitic
tourmaline synthesized at the same conditions [1574.9(4) Å3
crystal structure due to incorporation of the relatively large K+ ion.
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introduction
Tourmaline, with the general formula [9]X[6]Y3[6]Z6[4]T6O18
([3]BO3)3V3W (Hawthorne and Henry 1999; Hamburger and
Buerger 1948), is known to incorporate many elements, resulting
in the 28 different end-members currently accepted by the International Mineralogical Association’s Commission on New Minerals,
Nomenclature and Classification (IMA-CNMNC) and additional
end-members continuously being discovered (e.g., London et
al. 2006; Wodara and Schreyer 2001; Selway et al. 1998). The
tourmaline supergroup has been subdivided into three primary
types based on the dominant occupancy of the X-site: the alkali-,
calcic-, and X-vacant ( ) tourmaline groups (Henry et al. 2011).
The alkali-tourmaline group includes tourmalines that have (Na+ +
K+) > Ca2+ and (Na+ + K+) > at their X-site (Henry et al. 2011).
Even though K-dominant tourmaline has been found in nature [e.g.,
“K-oxy-dravite” with 2.75 wt% K2O or 0.576 K pfu by Shimizu
and Ogasawara (2005, 2013), and “K-povondraite” with 2.2 wt%
K2
et al. (2000)], its rarity has precluded it from being recognized as a
distinct end-member, and only Na, Ca, and X-vacant end-members
are currently defined. In addition, K+ is typically considered incompatible in tourmaline, likely because of its large ionic radius (1.55 Å
in ninefold coordination), which is 25% larger than Na+ (1.24 Å in
ninefold coordination) (Shannon 1976). However, the occurrence of
micro-diamond inclusions in “K-oxy-dravite” from the Kokchetav
Massif, Kazakhstan, raised the question of whether K is incorporated
more readily at high pressure (Shimizu and Ogasawara 2005, 2013;
Ota et al. 2008), or in the presence of K-rich fluids (Marschall et
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al. 2009). We report here the first synthesis of “K-dravite,” which
forms a solid-solution with the Na-bearing end-member dravite
[NaMg3Al6Si6O18(BO3)3(OH)3OH] via XKXNa–1 exchange.

experimentaL detaiLs
K-bearing tourmaline was synthesized at 4.0 GPa and 700 C after 4 days using an
end-loaded piston-cylinder press. A mixture of solid MgO, -Al2O3, SiO2, and H3BO3
in the atomic proportions of end-member dravite with 20 mol% excess SiO2 and 100
mol% excess H3BO3 to facilitate tourmaline crystallization (Werding and Schreyer
1984) was ground for 2 hours. Prior to being weighed, MgO and -Al2O3 were dried
at 400 C for 1 day to reverse any hydration or carbonatization. Two experiments were
prepared using clean gold capsules (10 mm length, 3 mm outer diameter, 0.25 mm
wall thickness) that had been fired at 600 C for 2 days. Run EB1 contained 10.81 mg
of the solid mixture and 3.39 mg of a KCl-saturated solution (3.85 M KCl), and run
EB2 contained 10.87 mg of the solid mixture, 2.58 mg of the KCl solution, and 2.08
mg of a 5 M NaCl solution. The capsules were welded shut, reweighed after being
left in an oven at 100 C overnight, and placed together in a steel furnace assembly
with sodium chloride as a pressure medium. Pressure was calibrated according to the
quartz-coesite transition (Mirwald and Massonne 1980), which is accurate within 50
MPa. Temperature was measured with a Ni-CrNi thermocouple placed into the assembly
close to the center of the two capsules; its error is estimated to be 10 C. Once pressure was stable at 4.0 GPa, the system was heated to 700 C within 30 min and left
for 4 days. Pressure was maintained within 50 MPa throughout the experiment. The
samples were quenched isobarically to a temperature below 200 C in less than 15 s
prior to the slow release of pressure. Once removed from the assembly, the capsules
were cleaned and reweighed to check for leakage. The solid material was carefully
removed and prepared for analysis by optical microscopy, electron microprobe (EMP),
and X-ray diffraction (XRD).

Chemical analysis
EMP-analyses were done on the epoxy-mounted, polished, and carbon-coated
samples using a JEOL Hyperprobe JXA-8500F equipped with a thermal field-emission
cathode and five wavelength-dispersive spectrometers operated with a 8.0 kV accelerating voltage, a 10 nA beam current, and a 1–5 m beam diameter. Signals for all elements
were counted for 20 s, except for Na, which had a 10 s counting time. The standards
used were orthoclase (K, Si, and Al), jadeite (Na), and periclase (Mg). Data reduction

