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Abstract. Selected crystals of natural K-bearing tourmalines, extracted from a quartzofeldspathic rock from the
Kumdy-Kol microdiamond deposit (an ultrahigh-pressure region of Kokchetav Massif, northern Kazakhstan),
were characterized using a scanning electron microscope, an electron microprobe and single-crystal X-ray
diffraction to investigate the impact of K uptake on the tourmaline structure.

All the studied crystals belong to the maruyamaite—oxy-dravite/dravite compositional field, with K con-
tents ranging from 0.03 to 0.47 apfu (atoms per formula unit), and contain a minor fluor-uvite compo-
nent that increases towards oxy-dravite and dravite. The compositional variability of our samples can
be expressed as a sequence of substitutions ranging from maruyamaite to oxy-dravite, dravite and fluor-
uvite (or vice versa). Specifically, the substitutions that lead from maruyamaite to oxy-dravite to dravite
are (1) XK+ Alror +©10 <> XNa + Mgror +©'0 and (2) ¥Na+ Mgror + ©'0 < ¥Na + Mgror 4+ °'OH,
respectively. Conversely, the substitutions that lead from oxy-dravite to dravite to fluor-uvite are
(1) ¥*Na +Mgror + ©10 < ¥*Na + Mgror + ©'OH and (2) *Na + Mgror + °!OH <> *Ca + Mgror + ©'F, re-
spectively.

By analysing the difference between the bond valence sum and mean formal charge at the X site, we show that
an increase in the K content (K > 0.21 apfu) results in the compression of X—O bonds (overbonded cation). Con-
versely, lower K contents lead to the stretching of the bonds (underbonded cation). Compared to the K-dominant
analogues with “FeOg povondraite-type framework, K-bearing tourmalines with a smaller £ AlOg framework
such as maruyamaite should only be stable at higher-pressure conditions, as pressure is necessary to squeeze
the relatively large K cation into the tighter X cavity. In both cases, the essential condition for the formation
of K-dominant tourmalines is the extremely high K activity in the crystallization fluid. The K-tourmaline from
the Kokchetav Massif may have crystallized under high-pressure (HP) conditions, with an upper limit between
3.5-7 GPa, during retrograde metamorphism following the ultrahigh-pressure (UHP) metamorphic peak.
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1 Introduction

During partial melting and devolatilization of mantle peri-
dotites and subducted crustal material, potassium (K), which
is an incompatible element owing to its large size, strongly
partitions into the melts and fluids released (e.g. Schmidt,
1996; Thomsen and Schmidt, 2008; Hermann and Green,
2001; Hermann et al., 2006a). In subduction zones, poten-
tial carriers of water, boron and potassium, such as sanidine,
phlogopite and K-bearing amphiboles, have been intensively
studied (see Harlow and Davies, 2004). However, the role of
tourmaline, often considered restricted to shallower geolog-
ical settings (Henry and Dutrow, 1992), has been underesti-
mated. Contrary to this belief, tourmaline’s stability field is
extensive, as tourmaline crystallizes in a variety of geological
settings, representing the most important boron rock-forming
mineral from the surface of the crust to the upper mantle (e.g.
Marschall et al., 2009; Lussier et al., 2016).

Tourmalines are a mineral supergroup of complex borosil-
icates, listed among the earliest Li-minerals that made their
first appearance on Earth (Grew et al., 2016). Extensive re-
search into their structure and chemistry has revealed their
adaptability to host a variety of elements, contributing to
their stability across a wide range of pressures and tempera-
tures (Bosi, 2018; Dutrow and Henry, 2011; van Hinsberg et
al., 2011). This peculiar feature is revealed by its general for-
mula: XY3ZTs013(BO3)3V3W, where, commonly, X repre-
sents Nat, KT, Ca?™, or O (which equals vacancy); Y repre-
sents A>T, Cr3t, V3t Fe?t/3+ Mg?t, Mn?t, Lit, or Ti*t;
Z represents AP, Cr3t, V31, Fe?*/3+ or Mg?*; T repre-
sents Si*t, AI’*, or B3*; B represents B>*; V represents
(OH)™ or 0¥ ;and W represents (OH)™, F—, or 0%~. When
not italicized, letters represent groups of constituents at the
Plx, [6ly (617 417 and BB crystallographic sites (letters
italicized). When groups of anions are located at the 103
and 101 sites, letters V and W are respectively used. Hy-
drogen atoms occupy the H3 and H1 sites, which are linked
to O3 and Ol, respectively. Based on X site dominant oc-
cupancy, tourmalines can be primarily classified as vacant,
alkali and calcic (Henry et al., 2011).

Tourmalines with the X site partially occupied by K have
been reported from two distinctive localities so far: the
Kokchetav Massif, northern Kazakhstan (Shimizu and Oga-
sawara, 2005, 2013), and Bolivia, Cochabamba region (Wa-
lenta and Dunn, 1979). In the first case, the K-dominant
tourmaline was approved as the new species maruya-
maite: K(MgAl»)(AlsMg)SigO13(BO3)3(OH)30 (Lussier et
al., 2016). In the second case, the K-bearing tourmaline
from Bolivia was first approved as the new species fer-
ridravite (Walenta and Dunn, 1979) and then renamed
as povondraite, NaFngr(FeZ+Mg2)Si6013(B03)3(OH)3O
(Grice et al., 1993). The same authors also found a zoned
sample having a povondraite core rimmed by a tourma-
line containing up to 0.56 K per formula unit (pfu). These
povondraite samples occur in a meta-evaporite, probably
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Cambrian in age, known as the Locotal Breccia in Alto
Chapare, Cochabamba Department, central Bolivian Andes
(Zacek et al., 1998). The crystal chemistry of these samples
has been extensively studied by Zagek et al. (1998, 2000) and
Bosi et al. (2023).

This paper focuses on K-bearing and K-dominant tour-
maline samples from the Kumdy-Kol microdiamond deposit
(Kokchetav Massif, Kazakhstan). It has been suggested that
the K-dominant composition of maruyamaite could be at-
tributed to the relatively high P-T conditions of its crys-
tallization. In fact, findings of microdiamond inclusions in
both maruyamaite and K-bearing oxy-dravite crystals from
quartz-feldspathic gneisses of the Kumdy-Kol area led to the
hypothesis of the ultrahigh-pressure (UHP) formation con-
ditions of this assemblage (Shimizu and Ogasawara, 2005,
2013). The UHP conditions are thought to facilitate K ac-
commodation at the X site, as K is so large that it would need
to be squeezed at high pressure to enter the site (Shimizu and
Ogasawara, 2005, 2013; Ota et al., 2008).

However, the genesis of maruyamaite in UHP environ-
ments is still under debate. Berryman et al. (2014, 2015) and
Marschall et al. (2009) suggested that the absence of Na as
a competitor for the X site occupancy during tourmaline for-
mation is crucial for the uptake of the otherwise disfavoured
K cation. A new occurrence of maruyamaite in the Barchi-
Kol site (Musiyachenko et al., 2021) led to the suggestion
that high K activity in the forming environment rather than
the pressure alone controls the final composition of the phase
(Safonov et al., 2011). Moreover, tourmaline from UHP ter-
rains typically does not exhibit comparable K contents, only
showing K contents up to 0.05 apfu (atoms per formula unit;
see Ertl et al., 2010).

Experimental work by Berryman et al. (2015) demon-
strated that the occupancy of K at the X site increases with
pressure almost linearly in a Na-free fluid, indicating that a
pressure higher than 2 GPa is necessary to achieve the high
K occupancy found in natural maruyamaite samples from
the Kokchetav Massif. High-pressure experimental work per-
formed on maruyamaite by Likhacheva et al. (2019) demon-
strated a stabilizing function of K at P > 15 GPa and an over-
all structural resistance up to 20 GPa, irrespective of the role
of temperature, which was not investigated.

These findings suggest that K-rich tourmalines could
transport K down to the upper mantle, where it could be
hosted by nominally anhydrous phases and further trans-
ported to deeper parts of the mantle, as documented by find-
ings of high KO contents in clinopyroxene in diamondif-
erous eclogites (Mikhailenko et al., 2020, 2021) and inclu-
sions in diamonds from South African and Yakutian kimber-
lites (Erlank and Kushiro, 1970; Sobolev, 1977; Prinz et al.,
1975; Bishop et al., 1978). For nominally anhydrous phases,
an important role of pressure for K to be accommodated into
the crystal structure was observed, specifically for garnet at
P > 20 GPa (e.g. Wang and Takahashi, 1999). Therefore, the
structural characterization of both K-rich and K-poor tour-
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Figure 1. Photo of outcrop of K-bearing tourmalines in the main
gallery of the Kumdy-Kol microdiamond deposit. Insert: slab of K-
bearing tourmaline sample.

maline is important for enhancing our understanding of how
K can be incorporated at the X site and how the structure
adapts to this unusual composition.

In the present study, nine samples of natural K-bearing
tourmalines from the Kumdy-Kol microdiamond deposit
were characterized using scanning electron microscopy
(SEM), an electron microprobe (EMP) and single-crystal X-
ray diffraction (SC-XRD). This investigation aimed to ex-
plore their crystal chemistry and the structural consequences
of incorporating increasing amounts of K.

Geological setting

The Kokchetav Massif (northern Kazakhstan) is located
within one of the largest suture zones, namely the Caledo-
nian Central Asian fold belt (Zonenshain et al., 1990; Do-
bretsov et al., 1995). This area is well known due to abundant
findings of diamond and coesite-bearing metamorphic rocks
(Sobolev and Shatsky, 1990; Sobolev et al., 1991; Shimizu
and Ogasawara, 2005). The origin of the Kokchetav Massif
is related to the collision of microcontinent and island arc
fragments during the Vendian—Ordovician evolution of this
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region. The Kokchetav massif is considered a mega-mélange
zone (Dobretsov et al., 1995), in which rocks with differ-
ent metamorphic history are mixed together (Shatsky et al.,
1995).

To date, maruyamaite has been found in only two lo-
calities worldwide: the Kumdy-Kol microdiamond deposit
(the type locality) (Shimizu and Ogasawara, 2005, 2013;
Ota et al., 2008; Marschall et al., 2009; Lussier et al.,
2016; Musiyachenko et al., 2020) and the Barchi-Kol area
(Musiyachenko et al., 2021), both located within the western
diamond-bearing Kumdy-Kol block in northern Kazakhstan
(Dobretsov et al., 1995; Shatsky et al., 1995; Lavrova et al.,
1999; Theunissen et al., 2000a, b; Korsakov et al., 2002).
We collected samples of maruyamaite-bearing species and
K-bearing tourmaline from the dumps of the underground
gallery of the Kumdy-Kol microdiamond deposit and within
the main gallery (Fig. 1) (Korsakov et al., 2023a, b, c). The
tourmaline-bearing rocks are relatively fine grained and well
foliated (Fig. 1, insert), although some samples may exhibit
massive fabrics as well.

2 Materials, methods, and results

2.1 Starting material

Fragments of tourmaline crystals were mechanically ex-
tracted from the host rock by a stainless-steel clamp and se-
lected under the microscope. More than 400 fragments with
size of 100 to 500 um were isolated and embedded in epoxy
resin (Fig. 2).

2.2 SEM

Scanning electron microscopy (SEM) was performed on
each sample with a Carl Zeiss EVO® 50 SEM available
at the Department of Earth Sciences (Sapienza University
of Rome), equipped with a W filament target and an SE
Everhart-Thornley detector plus a quadrant backscatter de-
tector (QBS) coupled with an energy-dispersive spectrome-
ter (EDS) for qualitative elemental analysis. The resolution at
30kV was 3.0 nm, and the acceleration voltage range was 0.2
to 30kV, with a magnification power going from 5 to 10°x.
The presence of a possible zonation of major elements was
checked with EDS spectra.

2.3 EMP

Portions of tourmaline with a homogeneous K content
were mapped out using quantitative analysis of single spots
with the electron microprobe (EMP). Chemical compo-
sition of the tourmaline samples was obtained using a
wavelength-dispersive spectrometer (WDS mode) with a
Cameca SX50 instrument at the Istituto di Geologia Am-
bientale e Geoingegneria (Rome, Italy), CNR, operating at
an accelerating potential of 15kV, with a 15nA current and
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Figure 2. (a) Back-scattered electron image of some of the studied tourmaline crystal fragments embedded in epoxy; (b) detail of one of the
fragments (2C2b) selected to extract the tourmaline portion; Tur: tourmaline; Kfs: K-feldspar.

a 10 um beam diameter. Minerals and synthetic compounds
were used as standards: wollastonite (Si, Ca), magnetite (Fe),
rutile (Ti), corundum (Al), vanadinite (V), fluorphlogopite
(F), periclase (Mg), jadeite (Na), orthoclase (K), sphalerite
(Zn), rhodonite (Mn), metallic Cr, Ni and Cu. The PAP cor-
rection procedure for quantitative electron probe microanal-
ysis was applied (Pouchou and Pichoir, 1991). Results are
reported in Table 1. Vanadium, Cr, Ni and Cu were below
their respective detection limits (0.03 wt %) in the studied
samples.

2.4 SC-XRD

Nine crystal fragments with composition ranging from K-
bearing oxy-dravite to maruyamaite were selected for single-
crystal X-ray diffraction (SC-XRD) on a Bruker KAPPA
APEX-II single-crystal diffractometer (Sapienza University
of Rome, Earth Sciences Department), equipped with a
charge-coupled device (CCD) area detector (6.2cm x 6.2cm
active detection area, 512 x 512 pixels) and a graphite-
crystal monochromator using MoK« radiation from a
fine-focus sealed X-ray tube. The sample-to-detector dis-
tance was 4cm. A total of 3577 exposures (step=0.2°,
time/step = 20s) covering the entire reciprocal sphere with
a redundancy of ~12 was collected. Final unit-cell parame-
ters were refined using the Bruker AXS SAINT program on
reflections with 7 > 10 o7 in the range 6° <26 < 75°. The
intensity data were processed and corrected for Lorentz, po-
larization and background effects using the APEX?2 software
program of Bruker AXS. The data were corrected for absorp-
tion using a multi-scan method (SADABS, Bruker AXS).
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The absorption correction led to an improvement in Rjy.. No
violation of R3m symmetry was detected.

Structure refinement was done using the SHELXL-2013
program (Sheldrick, 2015). Starting coordinates were taken
from Lussier et al. (2016). The variable parameters were
the scale factor, extinction coefficient, atom coordinates,
site-scattering values (for X, Y and Z sites) and atomic-
displacement factors. As for the atomic model refinement
and in accordance with the chemical analysis results (see be-
low), the X site was modelled by setting the Na and K con-
tent to a variable content of atoms per formula unit (apfu) and
by allowing the remainder of the site to refine as Ca. The Y
site was modelled as Mg vs. Fe. The Z, T, B and anion sites
were modelled, respectively, with Al, Si, B and 02 scatter-
ing factors and with a fixed occupancy of 1, as refinement
with unconstrained occupancies showed no significant devi-
ations from this value. A final refinement was then performed
by modelling the site occupancy of the Ol site with O and F
fixed to the value obtained from the empirical formula (see
below). The position of the H atom bonded to the oxygen
at the O3 site in the structure was taken from the difference
Fourier map and incorporated into the refinement model; the
O3-H3 bond length was restrained (by the DFIX command)
to be 0.97 A, with the isotropic displacement parameter con-
strained to be equal to 1.2 times that obtained for the O3 site.
There were no correlations greater than 0.7 between the pa-
rameters at the end of the refinement. Table 2 lists crystal
data, data collection information and refinement details. The
crystallographic information files showing all structural data
have been deposited with the principal editor of the Euro-
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Figure 3. Ternary plot displaying the studied tourmalines on the
basis of their X site population. Data from Lussier et al. (2016) and
Likhacheva et al. (2019) are reported for comparison as “Ls” and
“Lk”, respectively.

pean Journal of Mineralogy and are available as a Supple-
ment (Celata and Bosi, 2024).

2.5 Site populations

In agreement with the structure-refinement results, the boron
content was assumed to be stoichiometric (B3+ =3.00 apfu).
The iron oxidation ratio was assigned on the basis of Moss-
bauer spectroscopic results reported in Lussier et al. (2016).
In accordance with Pesquera et al. (2016), Li concentrations
were considered insignificant as MgO > 2 wt % in the crys-
tals studied. The (OH) content and the formula were then
calculated by charge balance with the assumption (7 + Y +
Z + B) =18 apfu and 31 anions.

The site populations at the X, B, T, O3 (=V) and Ol
(=W) sites of the present crystals follow the standard site
preference suggested for tourmaline (Henry et al., 2011). The
Fe, Al and Mg site populations at the ¥ and Z sites were
optimized according to the procedure of Bosi et al. (2017),
as well as by fixing the minor Ti, V and Cr at Y. Calculated
and observed site-scattering values at the different structural
sites are listed in Table 3.

3 Discussion and conclusions

All the studied crystals fall in the maruyamaite—oxy-
dravite/dravite compositional fields, as displayed in Fig. 3,
with K contents ranging from 0.03 to 0.47 apfu (Table 1).
The T site can be considered to be practically fully oc-
cupied by Si, as shown by the limited variation of the mean
bond distances < T-O > ranging from 1.618 to 1.620 A (see
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Table 3. Observed and calculated site-scattering values (epfu?) for the tourmaline samples studied.

Sample/site X ‘ Y ‘ Z ‘ T

obs calc ‘ obs calc ‘ obsP calc ‘ obsP calc
24C2a 15.74(6) 16.53 | 43.01(13) 43.06 | 78.00 78.14 | 84.00 84.00
2C2b 15.40(6) 16.14 | 42.64(13) 42.84 | 78.00 78.68 | 84.00 84.00
14b 13.73(7) 13.95 | 42.34(13) 4242 | 78.00 78.24 | 84.00 84.00
25b 14.26(6) 14.69 | 42.59(13) 42.60 | 78.00 78.03 | 84.00 83.95
32a 13.71(5) 13.20 | 42.26(13) 42.14 | 78.00 77.59 | 84.00 84.00
111a 13.99(6) 13.30 | 42.26(13) 4223 | 78.00 77.90 | 84.00 84.00
92a 15.15(6) 15.19 | 42.64(13) 42.69 | 78.00 78.18 | 84.00 83.97
92b 14.19(7) 15.82 | 42.68(17) 4274 | 78.00 78.12 | 84.00 83.94
92¢ 14.87(6) 14.82 | 43.35(13) 43.17 | 78.00 77.42 | 84.00 83.98

Calculated site-scattering values are from the crystal-chemical formula (Table 5). # epfu: electrons per formula unit.

b Fixed in the final stages of refinement.

Table 4. Mean bond lengths of the tourmalines studied, bond-length (A x) and volume (vx) distortion indices, and discrepancy (8, in valence
units, vu) between the bond valence sum (BVS) and the mean formal charge at the X site.

Sample <X-O>(A) <Y-0>(A) <Z-0>(A) Ay (103 vy 8 (vu)
24C2a 2.687 2.009 1.933 0981 0.1922  0.225
2C2b 2.684 2.009 1.932 1.118  0.1928  0.225
14b 2.666 2.017 1.930 2,102  0.1955 —0.084
25b 2.674 2.017 1.930 1.624  0.1946 —0.036
32a 2.665 2.017 1.929 2135 0.1959 —0.186
111a 2.668 2.017 1.929 1.870  0.1953 —0.165
92a 2.681 2.009 1.932 1.184 0.1936  0.036
92b 2.673 2.014 1.931 1.567  0.1950  0.150
92¢ 2.677 2.011 1.932 1.326  0.1939 —0.016

Table 4), which correspond to the ideal distance <7 Si—
O>=1.619(1) A (e.g. Bosi and Lucchesi, 2007; Bacik and
Fridrichovd, 2021). The excess B (3.3 apfu) measured with
SIMS by Marschall et al. (2009) in tourmaline samples from
the Kumdy-Kol area was not evidenced by present structural
refinement of single-crystal diffraction data. We doubt that
B was deficient at the B site because the < B—O > of all
samples corresponds to the typically observed bond distance
for B in planar triangular coordination in inorganic structures
(Bosi and Lucchesi, 2007). Moreover, a B deficiency in tour-
maline is stereochemically unlikely (Hawthorne, 1996).

From a crystal-chemical viewpoint, the studied sam-
ples can be described as Fe>*-rich maruyamaite (samples
24C2a and 2C2b) and Fe?*- and F-rich oxy-dravite (see Ta-
ble 5). Our samples are also relatively rich in Ca (Fig. 3),
which is inversely correlated to K (2> =0.93) and only
roughly directly correlated to Na (2 = 0.62). Calcium repre-
sents the minor fluor-uvite component of the samples, sim-
ilarly to observations by Musiyachenko et al. (2020). The
relation among K, Na and Ca may be approximated as
K = (Na+ Ca), with the Na: Ca ratio in the range (1.5-2) : 1
(the limited extent of vacancy at the X site was not consid-
ered here).

https://doi.org/10.5194/ejm-36-797-2024

The compositional variability of our samples can be
ideally expressed as a sequence of substitutions going from
maruyamaite to oxy-dravite, dravite and fluor-uvite (or vice
versa) (Fig. 4). Leaving out the fluor-uvitic component, the
substitutions that lead from maruyamaite to oxy-dravite to
dravite are (1) XK + Altor + ©'0 <> *Na + Mgror + 10
and (2) *Na+Mgror + °'0 < ¥Na+ Mgror + °'OH,
respectively. Conversely, leaving out the maruya-
maitic  component, the substitutions that lead
from oxy-dravite to dravite to fluor-uvite are
(1) *Na+Mgror + °'0 <> ¥*Na+Mgror +°'OH  and
(2) ¥Na+ Mgror + °'OH < XCa + Mgror + °'F, respec-
tively. In our samples, the fluor-uvitic component increases
towards oxy-dravite and dravite.

In all samples, the Z site has a constant site population
with the Al: Mg ratio &5 : 1, which is supported by a range
of < Z-O > limited to 1.929 to 1.933 A (Table 4). The global
distortion of ZOg was calculated as the quadratic elongation
<Az > (Robinson et al., 1971), which shows an increase
with the structural expansion and thus with the maruyamaitic
component (Fig. 5), consistent with the correlation reported
by Bosi and Lucchesi (2007).

Eur. J. Mineral., 36, 797-811, 2024
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Table 5. Crystal-chemical formulas of the tourmaline crystal fragments studied and their classification.

Sample Crystal-chemical formula
24 P -

24C2a X(Ko.47Nag.33Ca0.20)1.00 M\AZmSerﬁmnow_ Ti0.13V0.01)%3.00 AZ@oZmo.@wmoo@mnwwbm@oo TSig013(BO3)3 owﬁomvm_ [(OH).15F0.0800.771=1.00
(maruyamaite)

24 o 2 .
2C2b X(Ko.45Nag 34Cag,1900.02)1.00 «Em_.:>:.~mmno‘+~o§o.ﬁ<po_Qo.o:Mu.oo z AZMEZmo.ﬁmoowmmowwbm@.oo TSig013(BO3)3 oﬁom%_ [(OH)o.18F0.0600.761=1.00
(maruyamaite)

24 2 .
14b X(Ko.11Nag,56Ca0,2000.05)1.00 ﬁZm_.ﬁZ_.;moow_ﬁo.cm/\o.o_Qo.o:mw.oo z AZM3Zmo.ﬁmmoymnw?vm@% TSig013(BO3)3 owﬁom%_ [(OH)o.14F0.1700.691x1.00

(oxy-dravite)

25b
(oxy-dravite)

24 2 13 .
X(Ko.19Nag 49Cag.2000.04)51.00 ¥ (Mg1.43A115Feg 5, Tio 08 Vo.01)x3.00 £ (Als 97Mgo seFeg haFep 4)x6.0017 (Sis.95Al0.05)56.00018] Awowvmxom%_ [(OH)o.19F0.1700.641x1.00

32a
(oxy-dravite)

24 o 2 .
X(Ko.03Nag 52Cag.3500.10)x1.00 ¥ Mg 51Al110Feg b Tio.08 V0.01Cr0.01)£3.00 NA>_M87\_mc.£mno.w_mnww%m@.oc TSig013(BO3)3 865%_ [(OH).14F0.2900.571x1.00

111a
(oxy-dravite)

24 o 2 .
X (Ko.06Nag 46Ca0.3500.13)51.00 ¥ (Mg 51Al1 10Feg 5 Tio.08 Vo.01Cr0.01)x3.00 NA>_woo§mc.ﬁﬂno.wmﬂawwavm@.cc TSig013(BO3)3 865%_ [(OH)9.25F0.2200.531x1.00

92a
(oxy-dravite)

24 2 .
X(Ko.28Nag 42Ca0.2600.04)5:1.00 ¥ (Mg1 32A11 27Feg 5, Tio 00 Vo.01)£3.00 N3:.8Zmo.&mnoﬁmmnw?vm@ocHﬂAm_m.ﬁko.c@m@.cco;_ Awowvm#om%_ [(OH)o.14F0.2100.651x1.00

92b
(oxy-dravite)

2 . 2 3 .
X(Ko.35Nag 33Ca0.2500.02)5:1.00 ¥ (Mg1 38Al1 20Fef 53 Tio 09 Vo.01Cro.01)53.00 Z (Als 06Mgo 87Feg b, Fep ) 6,007 (Sis.04Al0.06)56.00018] (BO3)3 ownomv%_ [(OH)g.17F0.1800.651x1.00

92¢
(oxy-dravite)

X(Ko.22Nag 45Ca0.2900.05)51.00 ﬁimi_k_.Nmmowwmﬂo.%/\o.o_va.oo NA>:.SZ%.oo_unw.wuvmgo?Ama.@mko.owvm@.oo 013] (BO3)3 865%_ [(OH).18F0.1800.641x1.00
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Figure 4. Substitutions that ideally tie maruyamaite to oxy-
dravite, dravite and fluor-uvite. Data are reported in atoms per
formula unit (apfu). Total Al and total Mg apfu from both the
Y and Z sites were considered to avoid any issue due to cation
disorder. Labelling of samples as in Fig. 3. Data from Berry-
man et al. (2016) are not shown because their maruyamaite (ac-
tually potassium-dravite) was synthesized under conditions not
representing natural environments. Red dots refer to the left y
axis and represent the studied compositional series, the trend of
which is ideally shown by the dashed red line that leads from
maruyamaite to oxy-dravite to dravite through the following sub-
stitutions: (1) K+ Altor + 10 < ¥Na+ Mgror + ©'0 and
(2) *Na+ MgroTt + 010 & XNa+ Mgrtor + OlQH. Blue dots re-
fer to the right y axis and represent the same studied samples, the
trend of which is shown by the dashed blue line that leads from
oxy-dravite to dravite to fluor-uvite through the following substi-
tutions: (1) XNa+Mgror + 010 & XNa + Megrot + OIOH and
(2) ¥Na+ Mgror + °1OH < X Ca + Mgpor+°!F.

A more pronounced chemical variation is instead observed
at the Y site, which is dominated by Mg ranging from 1.28
to 1.51 apfu, followed by Al 1.10-1.27 apfu, Fe?T 0.29—
0.33 apfu, and Ti up to 0.25 apfu. The variation of a small
cation like Al significantly influences the < Y-O > values,
as shown in Fig. 6a. It is worth noting that when Y Al is
3apfu, < Y-O > equals 1.906 A, which aligns perfectly with
the ionic radii of Bosi and Lucchesi (2007).

The largest chemical variation is observed at the X site,
which is characterized by the substitution of K for Na and mi-
nor Ca (Table 5). The incorporation of K at the X site causes
the enlargement of the XOg polyhedron, as demonstrated by
the linear increase in < X—O > from 2.665 to 2.687 A with
the K content (Fig. 6b). The sample synthesized by Berry-

https://doi.org/10.5194/ejm-36-797-2024
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Figure 5. Relation between the ZOg quadratic elongation <Az >
(Robinson et al., 1971) and the Al content at the Y site.

man et al. (2016) lies off this trend, perhaps because their
sample, actually a potassium-dravite, has a significant pro-
portion of vacancies at the X site (0.3 apfu) that may further
enlarge < X—-O >, according to the bond lengths for the X
site calculated by Bacik and Fridrichova (2021). The enlarge-
ment of XOg due to an increase in the K content determines
a parallel increase in the unit-cell ¢ parameter from 7.197
to 7.223 A (Fig. 6¢) and the unit-cell volume from 1582 to
1586 A3 (Fig. 6d). Conversely, no correlation between the K
content and the a parameter was observed.

The uptake of K along the oxy-dravite—maruyamaite se-
ries is related to the structural distortion of the XOg poly-
hedron. Distortion indices for XOg can be calculated in
terms of bond-length distortion, using the formula Ay =
éZ?[(di —d, /d,,,]2 (Ertl et al., 2002), or polyhedral vol-
ume distortion, using the formula vy = (V; — V;,)/ Vi, where
Vi and V,, are ideal and observed polyhedral volume (Bali¢-
Zuni¢ and Makovicky, 1996; Bali¢-Zunid, 2007). The result-
ing values are listed in Table 4, and they are positively cor-
related (> = 0.92) along the oxy-dravite—maruyamaite se-
ries. Figure 7 shows the inverse correlation between the vy
values, representing the volume XOg distortion with the K
content. The average value of vy (0.194+0.001) appears
to be intermediate when compared to the smallest one cal-
culated for povondraite (0.188£0.001 from five samples
reported in Bosi et al., 2023), to that for Y Al-rich oXy-
tourmaline (0.206 from sample RED-T4 in Ertl et al., 2005)
and to the largest one observed for buergerite (0.215, Barton,
1969). Disregarding buergerite, vy decreases with increasing
cell volume: 1526.9 A3 for sample RED-T4, 1586.6 A3 for
maruyamaite (sample 24C2a, present study) and 1705.2 A3
for povondraite (sample pov5, Bosi et al., 2023).

Eur. J. Mineral., 36, 797-811, 2024
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Figure 6. Structural vs. compositional parameters for the studied tourmaline samples. (a) Dependence of < Y-O > mean bond length on the
Al content at the Y site. Data from Lussier et al. (2016), Berryman et al. (2016) and Likhacheva et al. (2019) are reported for comparison as
“Ls”, “Ber” and “Lk”, respectively. (b) Dependence of < X—O > mean bond length on the K content at the X site. (¢) Dependence of cell
parameter ¢ on the K content at the X site. (d) Dependence of cell volume V on the K content at the X site. Symbol size is larger than the

experimental error.

At the X site, the distribution of local discrepancy (§)
between the bond valence sum (BVS, calculated from pa-
rameters of Brown and Altermatt, 1985) and the mean for-
mal charge reveals an XOg compression (overbonding) for
K > 0.21 apfu, which is towards maruyamaite, and an XOg
extension (underbonding) for K < 0.21 apfu, which is to-
wards oxy-dravite (Table 4 and Fig. 8). It is worth mentioning
that tourmalines with the X site completely occupied by Na,
such as oxy-chromium-dravite (Bosi et al., 2012), exhibit §
values of approximately —0.2 vu (underbonding). This find-
ing demonstrates that the tourmaline structure can effectively
accommodate the excessive overbonding of the X site, as oc-
curs for dravite at high-pressure (HP) conditions (O’Bannon
et al., 2018).

The issue of the structural stability of maruyamaite, as well
as the influence of genetic conditions (pressure vs. chemical

Eur. J. Mineral., 36, 797-811, 2024

environment) on K uptake in the tourmaline structure, is not
completely disentangled yet. Berryman et al. (2015) demon-
strated that K concentration in the crystallization fluid (and
absence of the competitor element Na) is the essential condi-
tion to have maruyamaite. From the same experimental work,
it turned out that pressure is as important as fluid composition
to squeeze the relatively large K cation into the tighter X cav-
ity (up to 4 GPa to obtain 0.583 apfu K). This is particularly
true where the tourmaline Z site is dominated by Al (e.g.
maruyamaite), which gives a smaller 3D framework made of
Z0g polyhedra. Conversely, in K-dominant tourmalines with
povondraite composition occurring in meta-evaporite envi-
ronments (Zacek et al., 1998), the accommodation of K at
low pressure is favoured by a larger 3D framework made of
ZFe**tOg polyhedra (Bacik et al., 2008; Hovis et al., 2023).
Compared to the K-dominant analogues with povondraite-

https://doi.org/10.5194/ejm-36-797-2024
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Figure 8. Plot of § for the X site vs. the K content for the nine
investigated tourmaline crystals. See text for explanation.

type framework, maruyamaite should hence only be stable in
ultrapotassic environments and relatively high pressure con-
ditions.

In other minerals stable at HP conditions, for example py-
roxenes, the ionic radius of K was considered too large to
fit the relatively small M20g polyhedron without leading to
catastrophic effects on the mineral stability, and K accom-
modation in the structure was commonly unaccepted up to
the 1980s (e.g. Papike, 1980). Multiple findings of K-rich

https://doi.org/10.5194/ejm-36-797-2024

pyroxene in garnet—clinopyroxene—carbonate rocks of the
Kokchetav UHP complex (Sobolev and Shatsky, 1990), K-
rich clinopyroxene inclusions in kimberlitic diamonds (e.g.
Sobolev et al., 1998; Stachel et al., 2000; Kaminsky et al.,
2000; Pokhilenko et al., 2004) and K-rich pyroxenes synthe-
sized at UHP conditions (discussed in Safonov et al., 2011)
revealed that clinopyroxene better accommodates K at the
M?2 site, with pressure increasing up to a maximum of 7—
8 GPa, since the relatively large K atom is sufficiently soft to
shrink and fit into the more comparatively small M20g poly-
hedron at high pressure. In contrast, in layered K-minerals
such as the white mica phengite that are commonly reported
in HP-UHP units (e.g. Gouzu et al., 2016), K is easily ac-
commodated in the crystal structure as an interlayer cation
even at room pressure due to the large volume of the cavity
where it is hosted.

The origin of maruyamaite and K-bearing tourmalines
from the Kumdy-Kol microdiamond deposit is under de-
bate with two primary models proposed: (i) metamorphic
(Shimizu and Ogasawara, 2005, 2013; Ota et al., 2008) and
(i) metasomatic (Lavrova et al., 1999; Korsakov et al., 2009;
Marschall et al., 2009). The discovery of diamond inclu-
sions within the ultrapotassic cores of the tourmalines sup-
ports the UHP metamorphic origin of maruyamaite (Shimizu
and Ogasawara, 2005, 2013; Ota et al., 2008). Addition-
ally, the stepwise decrease in the K content from the core
to the rim of the crystals is interpreted as indicative of these
zones growing during the exhumation of diamond-bearing
rocks (Shimizu and Ogasawara, 2005, 2013; Ota et al., 2008).
However, an alternative explanation arises from the lack of
other UHP mineral indicators (except for diamond), the un-
usual isotopic composition of B in K-bearing tourmaline, and
the high abundances of tourmalines in the rock samples (ap-
proximately 20 vol %). These factors suggest that the crystal-
lization of these tourmalines is more likely related to meta-
somatic processes (Korsakov et al., 2009; Marschall et al.,
2009).

Argon—argon (Ar—Ar) dating of K-bearing tourmalines
(with KO~ 1.6 wt %) and muscovite from a sample re-
vealed ages of 491.5+4.9 and 492 + 4.8 Ma, respectively,
supporting the metasomatic origin of these tourmalines at
mid-crustal levels (Korsakov et al., 2009). However, these K-
bearing tourmalines could not be classified as maruyamaite,
and the dating results were questioned (Shimizu and Oga-
sawara, 2013). More recently, Ar—Ar dating was performed
on three additional tourmaline samples (Korsakov et al.,
2023a). Two of these samples had maruyamaite composition,
while the third, with a K>O content not exceeding 1.8 wt %,
did not qualify as maruyamaite but contained diamond in-
clusions. All these tourmalines yielded well-defined Ar—Ar
ages of 502.3 £8.0, 502.2 £ 8.0, 506.0 & 8.0 Ma, which are
statistically identical within the stated error margin. This in-
dicates no correlation between Ar—Ar ages and different K
contents in tourmaline crystals. Moreover, these ages are sig-
nificantly younger than the 530 Ma age determined for the

Eur. J. Mineral., 36, 797-811, 2024
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peak of UHP metamorphism by various methods (Claoue-
Long et al., 1991; Shatsky et al., 1999; Hermann et al., 2001,
2006b; Katayama et al., 2001; Stepanov et al., 2016). Con-
sequently, it is likely that the crystallization of maruyamaite
and other K-bearing tourmalines from the Kumdy-Kol mi-
crodiamond deposit occurred significantly later than the peak
metamorphism.

K-feldspar inclusions commonly found in tourmaline
crystals with variable K content considered in this study (see
Fig. 2b) represent a valuable tool for constraining the up-
per stability limit of tourmaline. Experimental studies (e.g.
Seki and Kennedy, 1964; Yagi et al., 1994; Urakawa et al.,
1994) have shown that K-feldspar (sanidine) breaks down
at 1000-1200°C and 6-7 GPa under dry conditions. How-
ever, Hermann and Green (2001) observed that K-feldspar
was not stable above 1050 °C and 3.5 GPa in the K, O-CaO-
MgO-Al,03-Si0,-H> 0 system. This supports our hypoth-
esis that K-tourmaline from the Kokchetav Massif may have
crystallized under HP conditions, with an upper limit ranging
from 3.5 to 7 GPa during retrograde metamorphism, which
occurred after the UHP metamorphic peak.

Data availability. The full data set is available on Zenodo at
https://doi.org/10.5281/zenodo.13383156 (Celata and Bosi, 2024).
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