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Abstract

The structural behaviour of maruyamaite (K-dominant tourmaline) (K s4aNag 25Cag. 10) Y(Mgl Al 17Feq 30Tig 14)*
(AlsMg)[Sis.95Al0.050; s](B0O3);" "0, ¢o(OH), 5,] from the ultrahigh-pressure metamorphic rocks of Kokchetav massif was
studied using synchrotron based single-crystal diffraction up to 20 GPa. Within the whole pressure range the compression is
regular and anisotropic, with the ¢ direction being more compressible than the a direction. Fitting the V/P data with the 2nd and
3rd order Birch-Murnaghan equations of state gives: Vo= 1587.2(7) A3 Ko =115.6(9) GPa at fixed K’ =4, and V= 1588(1) A%,
Ko=112(3) GPa, K'=4.5(4). The bulk modulus values are slightly higher as compared to those found for dravite and cation-
deficient synthetic K-dravite. The pressure evolution of the main structural parameters of K-tourmaline is similar to those of
dravite. However, a minor change in the rigidity of local contacts of the X site with 6-membered ring, due to the presence of K, is
apparently critical for stabilization of tourmaline structure within 15-20 GPa, which is evinced by the absence of the phase
transition observed in dravite near 15.4 GPa. The stabilizing function of K becomes apparent at P> 15 GPa. The comparison of
the HP structural behaviour of maruyamaite and dravite supports the recent suggestion that the large X 'site plays a secondary role
in the elastic behaviour of tourmaline, compared to the octahedral framework. In addition, the present study reveals several new
features of polyhedra distortions, which demonstrate their complex interaction on compression.
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Introduction
Tourmaline, the most abundant borosilicate mineral in the

Earth’s crust (Henry and Dutrow 1996), is prominent due to
its chemical complexity and diversity of natural occurrences,
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including metamorphic rocks, pegmatites, ore deposits, etc.
(Dutrow and Henry 2011; Martin 2011). Chemical variability
and stability in a wide P-T range make tourmaline a powerful
petrogenetic indicator of chemistry (e.g., Henry and Dutrow
1996; Lussier et al. 2008, 2011; Lussier and Hawthorne 2011;
Dutrow and Henry 2011; Hawthorne and Dirlam 2011; van
Hinsberg et al. 2011; Novak et al. 2011) and isotopic compo-
sition (e.g., Marschall et al. 2006; Marschall and Jiang 2011;
Meyer et al. 2008; Ludwig et al. 2011; Hezel et al. 2011) of'its
host rocks.

The crystal structure of tourmaline supergroup minerals
with general formula PIXt1y,1817,(7,0,5)(BO;);VsW
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accommodates a large variety of elements, the main constitu-
ents being distributed as follows: X'=Na, Ca, 0 (vacancy);
Y=Mg, Fe, Mn, Al, Li, Ti; Z=Al, Fe, Mg, Cr; T=Si, Al
B=B; V=0H, O; W=0H, F, O (Hawthorne and Henry
1999; Henry et al. 2011). The dominant constituents at the
largest (nine-fold) X site are Na and Ca. Concerning K, it is
found only in minor amounts and is mainly considered as
incompatible in tourmaline, likely due to its larger ionic radius
(1.55 A in ninefold coordination) as compared to 1.24 A for
Na* (Shannon 1976). However, the incorporation of apprecia-
ble amounts of K in tourmaline at high pressure was predicted
by thermodynamic modeling (van Hinsberg and Schumacher
2007). Indeed, K-dominant tourmaline (maruyamaite, the K-
analogue of oxydravite containing K > Na + Ca) has been re-
cently found in ultrahigh-pressure (UHP) diamondiferous
gneisses of the Kokchetav Massif (Kumdy-Kol area,
northern Kazakhstan) (Shimizu and Ogasawara 2005, 2013;
Ota et al. 2008a, 2008b). Its ideal formula is
K(MgAIQ)(AISMg)SIGOl8(BO3)3(OH)3O, though the maxi-
mal K content does not exceed 0.583 per formula unit (pfu)
(Shimizu and Ogasawara 2013). The experimental studies
(Berryman et al. 2014, 2015) and the analysis of the
Kokchetav rocks (Schertl and Sobolev 2013; Hwang et al.
2005) agree that maruyamaite was likely to form at UHP
conditions, in the stability field of diamond (Ota et al.
2008a, 2008b) in the presence of K-rich fluid. Moreover, the
K (and Na) contents of the Kokchetav tourmaline are shown
to qualitatively constrain the metamorphic grade and compo-
sition of their formation environment (Berryman et al. 2015).
This makes K-rich tourmaline a potentially important
geobarometer and stimulates further studies of its structure
properties and stability.

Tourmaline, a ring silicate, crystallizes in the trigonal space
group R3m (Foit 1989; Hawthorne and Henry 1999; Henry
et al. 2011). The crystal structure (Fig. 1) is composed of 6-
membered rings of corner-linked TO, tetrahedra (7 site), each
of them sharing an apex corner with one ¥-site and one Z-site
octahedron. The three edge-sharing Y octahedra lic below the
ring and are surrounded by six Z octahedra. The ninefold X
site, lying directly above the T¢Og ring, is coordinated by the
six inner corners of the T¢O;g ring and three inner corners of
the upper trimer of Y octahedra. The single W (O1) site is
found below the center of the T¢O,g ring, at the triple joint
of the Yoctahedra. The O1-H1 bond is oriented toward the X
site.

The elastic behaviour of tourmaline as a function of the X-
site composition is characterized by a pronounced anisotropy
along the c-direction: a gradual volume increase due to the
incorporation of a larger cation into the X site proceeds mainly
through the lengthening of the crystallographic c-axis
(Dietrich 1985; Berryman et al. 2016). Under high pressure
the ¢ direction also provides a pronounced anisotropy to the
elastic behaviour of tourmaline: the compressibility along the
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Fig. 1 Crystal structure of tourmaline, refined using the single-crystal
data on maruyamaite collected at ambient pressure. The structural
polyhedra and specific oxygen sites are labeled by larger and smaller
letters, respectively. The BO; groups are shown as triangles

c axis is about 3 times larger as compared to the a axis (Li et al.
2004; Xu et al. 2016) and, for alkali tourmalines, tends to
increase with the initial ¢ dimension (Berryman et al. 2018).
The recent comparative study of near end-member tourma-
lines reveals a critical role of the octahedral site composition
for determining the resulting elastic properties, the highest
bulk modulus of 124(7) GPa pertaining to olenite (Na-Al
tourmaline) with the Y and Z sites fully occupied by Al
(Berryman et al. 2018). The large X-site is found to have a
secondary influence on tourmaline elasticity; however, the
role of vacancies and different cations remains not well un-
derstood. Since the X polyhedron is shown to be the most
compressible unit in tourmaline structure (O’Bannon et al.
2018), it seems important to elucidate the role of different
cations in structural behaviour of tourmaline under pressure.
So far, only structure of dravite, ideally (NaMg;Alg
[SigO5](BO3)3(OH);0H), was studied at high pressure using
single crystal technique (O’Bannon et al. 2018). The Na-Ol
distance (corresponding to the c-direction) is found to be al-
most twice as compressible compared to the other Na-O dis-
tances, which apparently contributes to a larger compressibil-
ity along the ¢ axis. The compression mechanism involves a
complex interplay of polyhedra deformation; for example, the
contraction of the Y octahedra produces the puckering of the
T¢O,g ring through the displacement of the O6 atom towards
the threefold axis. Among the major pressure-induced effects
is the increase of ditrigonality of the 6-membered rings, main-
ly under the influence of the X cation moving towards the ring.
A minor transition accompanied by the symmetry reduction
from R3m to R3 is observed in dravite near 15.4 GPa. The HP
phase is characterized by a distorted T¢O;g ring and by slight
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change in the pressure dependence of several structural
parameters.

The bulk modulus of synthetic K-dravite (112.0 GPa) is
found to be slightly higher as compared to dravite (107 GPa)
(Berryman et al. 2018). The aim of the present study is to
examine how the replacement Na — K in dravitic tourmaline
influences its structural behaviour at high pressure, with a
particular attention to stabilizing function of a large K* cation.
We report the results of single-crystal diffraction study of
maruyamaite from the UHP rocks of Kokchetav massif at high
pressure up to 20 GPa.

Experimental

The chemical composition of selected tourmaline grains from
the UHP quartzofeldspathic rocks, collected by the authors in
the Kumdy-Kol area of the Kokchetav Massif (the sample
G270, Fig. 2), was analyzed by MIRA 3 LMU scanning elec-
tron microscope equipped with INCA Energy 450 XMax 80
microanalysis system. All the analyzed grains were chemical-
ly zoned, with the core domains enriched in K, in agreement

o —— .
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Fig.2 BSE image and X-ray maps of element distribution in the group of
tourmaline grains in the sample G270. Tourmalines display presence of
the homogeneous high-K maruyamaite core with multiple quartz

with the data of Ota et al. (2008a, 2008b), Shimizu and
Ogasawara (2013) and Lussier et al. (2016). In one of these
grains the inner homogeneous zone, rich in K, was bounded
by the cracks, which allowed us to detach it from the whole
grain. Within the inner homogeneous zone the mean K content
is 2.56 wt.% (= 0.55 per formula unit (pfu)), which allows us
to classify it as maruyamaite (Ota et al. 2008a, 2008b;
Shimizu and Ogasawara 2013; Lussier et al. 2016). A
~250 pum single-crystal fragment was extracted from the K-
rich zone for high-pressure synchrotron X-ray diffraction ex-
periments; its quality was checked using laboratory X-ray
diffractometer STOE IPDS-2T.

The in situ HP single-crystal diffraction experiments were
performed at the station IDO15B at the European Synchrotron
Radiation Facility. Membrane driven LeToullec type diamond
anvil cell was used, equipped with Boehler-Almax anvils with
an opening half-angle of 32°. The culet diameter was 600 um.
Stainless steel was used as the gasket material, indented to
about 80 um and drilled to obtain a sample chamber with
diameter of 350 um. A small chip of the above mentioned
single-crystal fragment was placed inside the sample chamber
along with ruby sphere. Hydrostatic conditions were provided

inclusions and thin Ca,Na-rich dravite rim. Mineral abbreviations: Kfs -
K-feldspar, Mu- muscovite, Qz — quartz, Tour - tourmaline
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by the DAC loading with a helium pressure-transmitting me-
dium. Pressures were determined using ruby fluorescence
scale (Mao et al. 1986). The zero-point measurement at ambi-
ent pressure was made first, and then the DAC was loaded
with He and sequentially pressurized from 0.21 to 19.9 GPa.

Monochromatic X-ray diffraction measurements were per-
formed at a wavelength of 0.41505 A with a beam size of 10 x
10 um (Merlini and Hafland 2013). Diffraction patterns were
collected using a MARSSS5 flat panel detector during £32 ©
rotation of the DAC in 0.5 © steps. The patterns were then
transferred into CrysAlisPro software using ESPERANTO
protocol (Agilent 2012; Rothkirch et al. 2013) for indexing
and integration. A crystallographic computing system
JANA2006 (Petticek et al. 2014) was used for structure re-
finement. Electron density of each mixed site was modelled
by refinement of occupancy of its major constituent (K for X,
Si for T, Al for Z, Mg for Y) using data measured at ambient
conditions. The refined occupancies are 0.79, 0.95, 0.96, and
1.20, respectively, indicating the presence of Na in X site and
Fe in Y site. The obtained values were then used in the struc-
ture refinement for all remaining pressure points.

The crystal structures were refined at 21 pressure points
with anisotropic displacement parameters. The information
on data collection and structure refinement (Table 1) and the
CIF-files for all pressure points are attached to supplementary
materials'. The selected structural parameters are given in
Table 2. The unit-cell dimensions are given in Table 3.

Results

The chemical composition and crystal structure
of maruyamaite

The average of 12 analyses on the K-rich inner homoge-
neous zone of tourmaline grain is: SiO, 35.85 wt.%,
Al,O3 31.80 wt.%, MgO 9.30 wt.%, FeO 2.81 wt.%,
TiO; 1.12 wt.%, K,O 2.56 wt.%, Na,O 0.87 wt.%,
CaO 1.06 wt.%. The total sum is reduced to 85.37%
due to the absence of determination of B and H,O con-
tent. After the normalization to 15 cations at the Y, Z,
and T sites (15YZT), and assuming B =3 atoms per for-
mula unit, we obtain the following preliminary formula:
X(Ko.54N30.28C30.19)Y(Mg2.3A10.17Feo.39Tio.14)Z
(Al6)[Si5.95A10.05018](B03)3VW[01.69(OH)2.31]- We add
the O?" to meet the charge balance and merge it with
OH into V and W site, since their real distribution is
unknown.

In the structure solved at ambient pressure, the occupancies
of cation polyhedra mentioned above fairly agree with the
microprobe data (see CIFs). The mean X-O distance of
2.688 A (Table 2) is close to that reported for maruyamaite
(with X=0.53 K+ 0.26Ca+ 0.19Na) from the same locality
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(Lussier et al. 2016). The mean 7-O distance of 1.621 A cor-
responds to the 7 site fully occupied by Si (MacDonald and
Hawthorne 1995). The mean bond lengths in the YO, and
Z0g octahedra (2.013 and 1.934 A, Table 2) differ with those
corresponding to the Yand Z sites fully occupied by Mg and
Al (Hawthorne et al. 1993; Pertlik et al. 2003). Along with the
measured Mg and Al contents, this indicates that there is Mg/
Al disorder over the Y and Z sites. Such disorder, typical for
Mg- and Al-bearing tourmalines, leads to the linear increase of
the Z-O bond length from 1.904-1.910 A for Z=Al6 to
1.932 A for Z=Al5Mg (Hawthorne et al. 1993; Bloodaxe
et al. 1999; Lussier et al. 2016). In the Y octahedron mainly
occupied by Mg, the admixture of Al leads to the shortening
of the average Y-O bond, compared to 2.045 A typical for Y =
Mg3 (Pertlik et al. 2003). Taking this into account, we finally
obtain:

*(Ko.54Nag 25Cag.19) (Mg 3Al; 17Feq 39Tig.14)
A(AlsMg)[Sis 95Al9.05015](BO3)3 MO} 6o(OH), 31].

The bond valence sums, derived from the presented formu-
la following the approach of Hawthorne (2002), show a 12%
over-bonding and 0.4% under-bonding at the Y and Z site,
respectively. These values are in good agreement with the
previous bond valence analyzes of dravite tourmalines (e.g.
Hawthorne et al. 1993; O’Bannon et al. 2018).

Compressibility of maruyamaite up to 20 GPa

The unit cell parameters of maruyamaite at ambient pressure
(Table 3) compare well with those of maruyamaite from the
same locality (Lussier et al. 2016) and synthetic K-dravite
(Berryman et al. 2016). The diffraction data collected up to
20 GPa show no deviation from the initial symmetry (space
group R3m). To check this, we performed a trial refinement of
dataset measured at 19.9 GPa, in the R3 space group, and
found that shifts of atomic sites from special positions at mir-
ror planes, characteristic for R3m space group, do not exceed
0.004 A (estimated using PSEUDO routine — see Capillas
et al. 2011; Sheldrick 2008).

The pressure dependences of the lattice parameters and
volume are presented in Fig. 3 in comparison with the data
on dravite (O’Bannon et al. 2018) and synthetic K-dravite
(Berryman et al. 2018). Within the whole pressure range the
compressibility is regular and anisotropic, the ¢ direction be-
ing more compressible as compared to the ab plane. Fitting
V/P data with the 2nd and 3rd order Birch-Murnaghan equa-
tions of state (Angel et al. 2014) gives: Vo= 1587.2(7) A?,
Ko=115.6(9) GPa at fixed K'=4, and V,=1588(1) A,
Ko=112(3) GPa, K'=4.5(4). The comparison of the F-f plots
(suppl. Fig. S1) shows that the 2nd order EoS provides a better
fit of the experimental dataset. The obtained K, values are
slightly higher as compared to those for dravite (Kq=
112.0(1.0) GPa at fixed K'=4, and Ky=109.6(3.2) GPa at
K'=4.4, after O’Bannon et al. (2018)) and synthetic K-
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Table 1 Selected experimental

data for maruyamaite (space P, GPa Crystal structure refinement No. reflections for
group R3m) at high pressure cell measurement
No. unique No. variables GOF WR % Rl %
reflections
0.0001 563 91 1.42 471 4.58 324
0.21(1) 613 87 1.32 2.98 2.34 512
0.99(1) 642 87 1.31 2.73 2.15 523
2.04(1) 619 87 1.31 2.81 2.26 498
3.05(2) 636 87 1.38 2.74 2.18 530
4.06(1) 623 87 1.34 2.54 2.02 555
5.06(1) 651 87 1.37 2.57 2.02 552
6.10(2) 690 87 1.44 2.94 227 492
7.12(1) 682 87 1.40 291 228 467
8.13(1) 684 87 1.45 3.02 235 488
9.09(2) 682 87 1.61 3.09 2.33 555
10.06(2) 683 87 1.75 3.54 2.58 548
11.13(4) 603 87 1.41 3.00 227 427
12.20(5) 604 87 1.38 2.78 2.30 433
13.12(6) 599 87 1.40 2.73 2.37 448
14.06(5) 590 87 1.60 2.98 2.40 445
15.17(8) 579 87 1.43 2.79 2.35 436
16.07(9) 595 87 1.38 3.08 243 428
17.19(5) 609 87 1.76 3.17 243 459
17.94(3) 613 87 1.36 2.81 2.11 441
19.05(5) 619 87 1.44 2.84 2.34 442
19.9(1) 622 87 1.60 3.08 2.38 433
0.0001* 623 87 1.20 3.56 3.57 353

* after pressure release

dravite (K,=112.0(0.5) GPa at fixed K'=4, and K, =
106(1.7) GPa at K'=4.5(2), after Berryman et al. (2018)).
For the three presented tourmalines the ¢/cy dependences dif-
fer most distinctly, the axial compressibility slightly increas-
ing in both K-varieties compared to dravite. To compare the
compressibility of a and ¢ parameters in maruyamaite, their
cubed values were fitted to the 2nd order Birch-Murnaghan
EoS to give: K,y = 181(2) GPa, K., = 60.9(4) GPa (at fixed
K'=4).

Structure evolution of maruyamaite at high pressure

The relative compressibilities of the main polyhedra in
maruyamaite structure (Fig. 4, Table 2) are very similar to
those found in dravite: T site is the most rigid, X polyhedron
is the most compressible, and the Y and Z octahedra have
intermediate compressibility. The V/P dependencies in Fig.
4 are rather smooth, in accordance with the regular HP behav-
iour of the lattice parameters. However, a minor but distinct
anomaly of the V/P curves for SiO4 (7) tetrahedron and Y
octahedron is observed at about 10 GPa. A similar bend can
be seen in the analogous dependences for dravite (O’Bannon

et al. 2018) plotted in Fig. 4, despite a lower density of
datapoints. The bulk compression of 7 polyhedron is almost
identical for maruyamaite and dravite, neglecting the 7T site
splitting described in dravite at P> 19 GPa (O’Bannon et al.
2018). The Y octahedron in maruyamaite contracts apprecia-
bly less than that in dravite; a small but distinct difference is
also seen between the V/P trends for Z octahedron, which is
more rigid in dravite.

Among the bonds entering the 9-fold coordination of the X
site (K,Na) in maruyamaite, the X-O4 and X-O5 bonds with
bridging O atoms of the T¢O, ring behave differently under
pressure (Fig. 5). Up to 20 GPa the X-O4 and X-OS5 distances
shorten by 1.2% and 11%, respectively; as a result, the ring
ditrigonality increases (suppl. Fig. S2). From the nine bonds
of the X site, only six bonds effectively participate in its com-
paction: three X-O5 bonds and three X-O2 bonds with the
upper Yoctahedra (Fig. 1), similarly to that observed in dravite
(O’Bannon et al. 2018). Also, just as in dravite, the X-Ol
distance is almost twice as compressible compared to the X-
O bonds.

Despite the overall similarity in the HP evolution of X site
in maruyamaite and dravite (Fig. 5), there are some

@ Springer
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Table 2  Selected structural parameters of maruyamaite as a function of pressure

P, GPa Puckering X02,A XOl,A XO04A XO05 A Crimping, Ditrigonality ~ Polyhedron volume, A3

06-Ls, A A
X-Oq Y-Oq Z-O¢ T:04

0.0001 3.030 2.558(5) 3.241(8) 2.782(5) 2.724(5) 0.12503 0.00078 323062  10.5421  9.4470  2.1747
0.21(1) 3.022 2.547(3) 3.224(6) 2.782(3) 2.7043) 0.12608 0.00945 31.8499 10.5121 94134  2.1641
0.99(1) 3.018 2.541(3) 3.190(6) 2.778(3) 2.687(3) 0.13288 0.01461 314694  10.5061 9.3806  2.1647
2.04(1) 3.013 2.537(3) 3.167(6) 2.771(3) 2.6743) 0.13195 0.01861 31.0526  10.4260 9.3085  2.1641
3.05(2) 2.997 2.526(3) 3.138(6) 2.763(3) 2.6593) 0.13378 0.02303 30.5368  10.3373  9.2528  2.1572
4.06(1) 2.986 2.5153)  3.107(5) 2.7592) 2.637(2) 0.1473 0.02873 30.0968  10.2948  9.1841  2.1448
5.06(1) 2.979 2.5093)  3.075(5) 2.757(2) 2.624(2)  0.14957 0.03444 29.7465  10.2395  9.1245  2.1467
6.10(2) 2.967 2.501(3) 3.040(5) 2.755(3) 2.611(3) 0.14816 0.04016 29.3609  10.1965  9.0845  2.1298
7.12(1) 2.960 2.496(3) 3.015(5) 2.746(3) 2.595(3) 0.14874 0.04355 28.9440  10.1552  9.0450  2.1290
8.13(1) 2.951 2.484(3) 3.002(5) 2.748(3) 2.580(3) 0.15892 0.05059 285718  10.0511 89787  2.1233
9.09(2) 2.944 2.4793) 2973(5) 2.741(2) 2.561(3) 0.16253 0.05574 28.1863  10.0236 89330  2.1171
10.06(2)  2.937 2.481(3) 2.943(5) 2.746(3) 2.554(3) 0.16169 0.06151 28.0518 99820 8.8936 2.1144
11.134) 2928 2.458(3) 2.926(5) 2.738(3) 2.533(3) 0.15689 0.06897 27.3437 99615  8.8383  2.1030
12.20(5) 2921 2.4493)  2.901(5) 2.742(3) 2.515(3) 0.15774 0.07924 26.9568 9.9662  8.7889  2.1018
13.12(6) 2915 2.441(3) 2.878(5) 2.740(3) 2.504(3) 0.16071 0.08361 26.6681 9.9353  8.7544  2.0995
14.06(5) 2.907 2.434(3) 2.864(5) 2.748(3) 2.496(3) 0.16365 0.08959 26.5247 9.8687  8.7430  2.0956
15.17(8)  2.900 2431(3) 2.842(5) 2.747(3) 2479(3) 0.15881 0.0985 26.1696 9.8470  8.6955  2.0920
16.07(9)  2.892 2.429(4) 2.817(6) 2.746(3) 2.465(3) 0.16213 0.10465 25.8551 9.8244  8.6671  2.0946
17.19(5) 2.884 2.416(3) 2.806(5) 2.754(3) 2.456(3) 0.16361 0.11172 25.6510 9.7649  8.6166  2.0875
17.943) 2.883 2.4103)  2.790(5) 2.746(3) 2.446(3) 0.16337 0.11289 25.3744 9.7786  8.6052  2.0878
19.05(5) 2.872 2.408(3) 2.778(5) 2.7493) 2.428(3) 0.16442 0.12336 25.0893 9.6541  8.5398  2.0798
19.9(1) 2.866 2.402(3)  2.741(5) 2.751(3) 2.413(3) 0.16164 0.13177 24.8286 9.6804 8.5187  2.0693
0.0001*  3.030 2.561(5) 3.245@8) 2.789(4) 2.712(4)  0.12565 0.00903 322089  10.5109  9.4280  2.1856

* after pressure release

differences in the compression of individual distances X-O4
and X-O1. Up to 20 GPa the X-O4 distance shortens by 1.2%
in maruyamaite and by 2.5% in dravite. Even more subtle
difference is observed for the X-O1 distance, which is also
less compressible in maruyamaite (15%) as compared to
dravite (16%). Interestingly, the X-O2 contact is considerably
longer in maruyamaite than in dravite, but the slopes of X-O2
distance as a function of pressure are almost identical. As a
result, at 20 GPa the difference in bulk compression of the X
site in maruyamaite (22.8%) and dravite (23.4%) comprises
only about half a percent. Note that the described minor dis-
tinctions become apparent at P> 15 GPa.

The B-O bonds are, along with the Si-O bonds, the most
rigid, but their HP behaviour is not uniform in maruyamaite.
The BO; group includes one B-O2 bond with the Yoctahedron
and two B-O8 bonds with Z octahedra (Fig. 1). Up to 9 GPa
the B-O8 bond regularly shortens (Fig. 6), whereas the B-O2
bond does not change or even slightly increases; above
10 GPa both these bonds tend to diminish, but they become
roughly equidistant only at 20 GPa. The same tendency is
observed in dravite, but a detailed comparison is difficult here
due to a large data spread (see Fig. 6).

@ Springer

To characterize the compression mechanism of tourmaline,
several parameters describing the distortion of T¢O;g ring are
used. The mentioned puckering of the T¢O,g ring (Fig. 1),
measured by the distance between the O6 atom and threefold
axis Lz (Foit 1989), depends mainly on the contraction of the ¥
octahedra (O’Bannon et al. 2018). In our case the pressure
dependence of the ring puckering (suppl. Fig. S3) is highly
regular, in contrast to a minor deviation observed at about
10 GPa on the V/P curve of Y site (Fig. 4). Note a longer O6-
L; distance in dravite (suppl. Fig. S3), implying a larger size of
Yoctahedron. This apparently agrees with the above mentioned
different compressibility of the Y site in maruyamaite and
dravite, reflecting different cation composition.

Two other parameters, the ditrigonality and crimping of
T¢O15 ring, are shown to depend mainly on the X cation mov-
ing towards the ring (O’Bannon et al. 2018). Ditrigonality is
defined as & =(r; — ry)/rs, where r; and r, are the distances
from O4 and O3, respectively, to the threefold axis (Barton
1969). Similarly to the ring puckering, the ditrigonality in
maruyamaite increases regularly with pressure (suppl. Fig.
S2), in accordance with regular change of the X-O distances
(Fig. 5). Crimping, defined as AZ =[z05-(zO04 + zO7)/2]*c,
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Table3  The R 3 m unit cell parameters of maruyamaite as a function of
pressure

P, GPa a, A ¢, A vV, A3
0.0001 15.941(3) 7.2269(14) 1590.43(50)
0.21(1) 15.920(3) 7.2046(14) 1581.4(5)
0.99(1) 15.905(3) 7.1825(14) 1573.5(5)
2.04(1) 15.882(3) 7.1515(14) 1562.2(5)
3.05(2) 15.853(3) 7.1157(14) 1548.8(5)
4.06(1) 15.817(3) 7.0817(14) 1534.3(5)
5.06(1) 15.797(3) 7.0550(14) 1524.7(5)
6.10(2) 15.764(3) 7.0218(14) 1511.2(5)
7.12(1) 15.748(3) 6.9993(14) 1503.3(5)
8.13(1) 15.717(3) 6.9703(14) 1491.2(5)
9.09(2) 15.689(3) 6.9458(14) 1480.5(5)
10.06(2) 15.670(3) 6.9248(14) 1472.6(5)
11.13(4) 15.636(3) 6.8962(14) 1460.2(5)
12.20(5) 15.617(3) 6.8731(14) 1451.6(5)
13.12(6) 15.599(3) 6.8532(14) 1444.2(5)
14.06(5) 15.581(3) 6.8331(14) 1436.6(5)
15.17(8) 15.558(3) 6.8158(14) 1428.7(5)
16.07(9) 15.544(3) 6.7977(14) 1422.4(5)
17.19(5) 15.516(3) 6.7748(14) 1412.5(5)
17.94(3) 15.507(3) 6.7649(14) 1408.7(5)
19.05(5) 15.468(3) 6.7385(14) 1396.2(5)
19.9(1) 15.448(3) 6.7208(14) 1389.0(5)
0.0001* 15.941(3) 7.2214(14) 1589.1(5)

* on pressure release

where z is the coordinate of O atoms and c is the length of the
c-axis (Gorskaya et al. 1982), characterizes mutual rotation of
the neighbor tetrahedra in the ring. The AZ/P curve has a
pronounced bend at about 10 GPa (Fig. 7); above 10 GPa
AZ remains roughly constant.

On the whole, within the range of 020 GPa the variations
of'the ring puckering, crimping and ditrigonality are very sim-
ilar in maruyamaite and dravite, as it is seen from the data
comparison in Figs. 7, S2 and S3. The same holds for the bulk
compressibility of the 7' polyhedron, as well as for the major-
ity of interatomic distances. The main difference is that the ¥
site is more rigid in maruyamaite; a minor but resolvable dif-
ference concerns a lesser compressibility of the X site (at
P> 15 GPa) and a larger compressibility of the Z octahedron
in maruyamaite.

Discussion

The obtained values of the bulk modulus of maruyamaite are
the highest among those found for synthetic and natural alkali
tourmalines (O’Bannon et al. 2018; Berryman et al. 2018),
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Fig.3 Normalized axial and volume compression curves of maruyamaite
in comparison with the data on dravite (O’Bannon et al. 2018) and cation-
deficient synthetic K-dravite (the data points are compiled from
Berryman et al. 2018). The line shows the 2nd order Burch-Murnaghan
fit of the V/V, data points for maruyamaite

though the difference is quite minor. Since the Al content in
synthetic K-dravite and in our sample is similar, the difference
in the bulk modulus can be attributed to the presence of 40%
of vacancies in the large X site of synthetic K-dravite. The
compression anisotropy observed in maruyamaite agrees with
the majority of the previous data on tourmaline compressibil-
ity and is very similar to that of dravite (O’Bannon et al. 2018)
and synthetic K-dravite (Berryman et al. 2018). A minor
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Fig. 4 The relative compressibilities of the main polyhedra in
maruyamaite (solid symbols) and dravite (empty symbols, data
compiled from O’Bannon et al. 2018) structure. The inset graph
includes the compression curve for the largest X polyhedron
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Fig. 5 Pressure dependences of the X-O distances in maruyamaite (solid
symbols) and dravite (empty symbols, data compiled from O’Bannon
et al. 2018) structure

increase of the ¢ axial compressibility in both K-tourmalines,
compared to dravite supports the mentioned correlation with
the axial metric which can be seen from the comparative data
on (Na,K)(Mg,Al) tourmalines (Berryman et al. 2018): the
smaller the initial ¢ parameter (more compressed structure),
the lesser the compression.

Regarding the role of structural polyhedra in the reduction
of bulk compressibility of maruyamaite compared to dravite,
the inspection of Fig. 4 clearly demonstrates a dominant con-
tribution of the Y octahedron. A higher rigidity of the Y site in
maruyamaite is apparently due to the presence of significant
amount of Al. The role of X site is negligible; for example,

A '

1.365
1.360
1.355 +
1.350
1.345 4
1.340
1.335
1.330

1.370 ﬁﬂé% H

B-O distance (A)

0 5 10 15 20 J 25
Pressure (GPa)

Fig. 6 Pressure dependences of the B-O distances in maruyamaite (solid
symbols) and dravite (empty symbols, data compiled from O’Bannon
et al. 2018) structure
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Fig. 7 Pressure dependence of the T¢O;g ring crimping in maruyamaite
(solid symbols) and dravite (empty symbols, data compiled from
O’Bannon et al. 2018) structure

despite the X-O1 distance parallel to the ¢ axis is less com-
pressible in maruyamaite than in dravite (Fig. 5), it does not
prevent a notably larger compressibility along this direction of
maruyamaite.

An interesting point is a close similarity in the HP dis-
tortion of structure polyhedra, surrounding the X site, in
maruyamaite and dravite. First of all this concerns the
ditrigonality of T¢O;g ring. This parameter is known to
strongly depend on the type of neighboring cation. For
example, in the framework aluminosilicates with ANA
type structure the 6-membered (Si,Al)sOg rings, forming
the channels along bodily diagonals of the cubic lattice,
ditrigonalize under the influence of Na*, but not K*
(Seryotkin et al. 2005; Seryotkin and Bakakin 2008;
Likhacheva et al. 2012). In maruyamaite the effect of large
K cation onto ditrigonalization is apparently masked due to
a mixed occupancy of the X site by Na and K, the cations
with different bond valence requirements.

Nevertheless, since the displacement of the X cation to
the T¢O,g ring is supposed to play role in the phase tran-
sition observed in dravite above 15.4 GPa (O’Bannon et al.
2018), we can infer a certain stabilizing influence of K
onto the HP behaviour of maruyamaite. Despite the simi-
larity in T¢O;g ring ditrigonality in both tourmalines at
20 GPa, the mean X-O distances, in particular the more
rigid X-O4 contact with T¢O,g ring, remain slightly larger
in maruyamaite, which apparently prevents the phase tran-
sition within 20 GPa. On the other hand, the existence of
phase transition in maruyamaite at P>20 GPa cannot be
excluded, taking into account the mentioned similarities in
overall structure evolution of the two minerals under
pressure.
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Regarding the role of cations occupying large voids in the
structure of silicate minerals, it is worth to mention a well-
known fact that in the framework silicates K and Na tend to
have separate structural positions according to their different
crystal chemical properties (Liebau 1985). Moreover, in some
cases the charge balance and steric stabilization functions of K
and Na can be distinguished. For example, in osumilite
(K,Na)(Mg,Fe),(Al,Fe);(Si,Al);,03¢ having a mixed frame-
work, K is located near the 6-membered double ring and sta-
bilizes the structure, whereas Na occupying a smaller void
serves mainly for the charge balance (Seryotkin et al. 2008).
In this respect the tourmaline structure presents quite a unique
example of full mixing of cations with different properties in
one (X) site. At that, large variation of the total occupancy of
the X site in natural tourmalines (Hawthorne and Henry 1999)
and steric stability of X-vacant varieties such as olenite
(Berryman et al. 2018) suggests that the charge compensation
predominates over stabilization function. Nevertheless, in al-
kali tourmaline we observe an “ordinary” stabilization effect
produced by the replacement Na — K, though it is only minor.
Note that, in agreement with the data of Berryman et al.
(2018), the stabilization role of potassium in maruyamaite
becomes apparent at high pressure, especially at P> 15 GPa.
It is evinced in the absence of the HP phase transition within
15-20 GPa, probably due to the shift the transition onset to
higher pressure.

A relatively high density of the presented structural data
enables to reveal several additional features of polyhedra
distortions, which demonstrate their complex interaction
on compression. Non-uniform behaviour of the B-O bonds
obviously reflects some difference in the compression of
the neighbor Y and Z octahedra. The anomaly on the ring
crimping curve observed at 10 GPa (Fig. 7) shows that this
parameter depends not only on the X cation distance; the
distortion of the neighbor octahedra can play a role here.
Since the V/P curve for the Y octahedron (Fig. 4) also
slightly deviates at about 10 GPa, we can infer that the
mentioned anomalies of the B-O bonds and the ring
crimping are influenced mainly by the Y site. We therefore
observe some subtle change in the compression mecha-
nism of tourmaline structure at 10 GPa within the present
symmetry R3m. Most likely it is not a proper feature of
maruyamaite behaviour, because similar V/P trend is ob-
served for the Y site in dravite (O’Bannon et al. 2018). We
can suppose that the observed change in the compression
of the Y site has something in common with the lumines-
cence anomaly reported by O’Bannon et al. (2018) within
the nearest pressure range (at about 9 GPa).

Finally, we can briefly compare the HP behaviour of
tourmaline and other 6-membered ring silicates, such as
beryl Be;Al,SigO4g and cordierite (Mg,Fe),Al4Sis045. A
major similarity is the compression anisotropy: the orien-
tation of rigid 6-membered rings makes the c-direction

more compressible compared to the a-b plane in all three
minerals. Interestingly, the presence of open channels in
beryl and cordierite structure is apparently not critical for
their overall rigidity, judging from relatively high bulk
modulus of beryl (180.2 GPa, Prencipe et al. 2011) and
cordierite (131 GPa, Miletich et al. 2014a) compared to
tourmaline. On the other hand, the open channel topology
provides more possibility for the distortion of 6-membered
rings, which is manifested by drastic framework deforma-
tions upon the phase transitions in cordierite at about 7 and
15 GPa (Miletich et al. 2014a,b; Finkelstein et al. 2015).
The absence of extensive deformations in beryl (Prencipe
et al. 2011; O’Bannon and Williams 2016) clearly shows
their strong dependence on the cation composition of tet-
rahedral and octahedral sites.

In tourmaline the tetrahedral units make a lesser part of the
framework compared to beryl and cordierite, and the compres-
sion mechanism is mainly governed by the octahedral sites,
which are softer than tetrahedra and thereby provide a larger
compressibility for tourmaline. But, due to a different topolo-
gy of tourmaline structure, the relative distortions of the
framework units are smaller compared to the channel silicates
beryl and cordierite.

Conclusions

A single crystal diffraction study of maruyamaite reveals
no sharp distinction with the structural behaviour of dravite
regarding the compression anisotropy and the evolution of
the main structure parameters. A slightly higher bulk mod-
ulus of maruyamaite is mainly caused by the presence of
Al in octahedral site Y. However, a minor change in the
rigidity of local contacts of the X site with T¢O;g ring,
due to the presence of K, is apparently critical for stabili-
zation of maruyamaite structure. This is evinced by the
absence of the phase transition in maruyamaite within
15-20 GPa, in contrast to dravite. The stabilizing function
of K becomes apparent at P> 15 GPa, in accordance with
the recent findings of Berryman et al. (2018).

A mixed occupation of the large X site by such different
cations as Na and K apparently restricts specific distortions
in tourmaline structure, which could fulfill the bond va-
lence requirements of an individual cation. This seems to
be the reason for the “invariance” of the pressure-induced
changes in the structure polyhedra, surrounding the X site,
in maruyamaite and dravite.
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