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Abstract. A series of experiments on the synthesis of
zirconosilicates were carried out at temperatures of 550—-600°C
and a pressure of 2 kbar for 10—14 days under conditions of
varying alkalinity of the mineral-forming fluid (in solutions of 1
M NaCl + 6% NaOH, 1 M NaCl + 11.5% NaOH, 1 M NaCl +
23% NaOH, 46% NaOH, 1 M NaF + 5% NaOH, 10%, 20%, and
30% NaOH). The synthesis was carried out from stoichiometric
mixtures corresponding, in bulk chemical composition, to
eudialyte, lavenite, and zirsinalite. In a number of experiments,
natural raslakite, a calcium-deficient eudialyte-group mineral
(EGM), was used as a seed in an amount of 0.5—1.5 wt.% of the
total charge. Based on the results of studies of the composition
and structure of the experimental products (data of electron probe
microanalysis, powder X-ray diffraction, and IR spectroscopy),
conclusions were drawn about the crystallization conditions of
zirconosilicates of various structural types.A comparative
analysis of the experimental results with geological and
mineralogical observations on zirconium mineralization in highly
alkaline rocks was conducted.
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Alkaline,  primarily  sodium (=  Ca)
zirconosilicates (minerals of the eudialyte and
lovozerite groups, lavenite, vlasovite, parakeldyshite)
are characteristic components of agpaitic rocks,
where they act as the main concentrators of
zirconium. The content of eudialyte-group minerals
in alkaline massifs sometimes reaches tens of percent
of the total rock volume. The literature notes that a
striking visual feature of the ultra-agpaitic stage
(Kalk > 40%) is the presence of replacement rims of
zirsinalite and other lovozerite-group minerals
(LGM) around eudialyte grains (Khomyakov, 1990;
Khomyakov, 1995). However, experimental studies
have shown that the most highly alkaline eudialyte-
group minerals (EGM) can crystallize together with
LGM (Kovalskaya et al., 2023; Kovalskaya et al.,
2024). Preliminary experiments on the hydrothermal
synthesis of eudialyte and a number of other
zirconosilicates have shown (Kovalskaya et al., 2023;
Kovalskaya et al., 2023; Kovalskaya et al., 2025) that
the phase composition of the reaction products and
the chemical composition of the phases therein
depend critically primarily on the overall chemical
composition of the reaction mixture, even minor

changes of which can lead to very significant
changes in the phase and chemical composition of
the products.

This paper characterizes the results of
experiments on the synthesis of zirconosilicates in
reaction systems of multi-element composition. The
starting materials used were sol-gels of eudialyte,
zirsinalite, and lavenite stoichiometry, prepared using
the gel method. The initial solutions used were 1M
NaCl, 1M NaF, 1M NaCl + 46% NaOH, 1M NaCl +
23% NaOH, 46% NaOH, 1M NaCl + 6% NaOH, 1M
NaCl + 11.5% NaOH, 10, 20, and 30% NaOH, 1M
NaF + 10% Na,COgz, and 1M NaF + 5% NaOH. In
some experiments, a natural EGM — raslakite — was
used as a seed in an amount of 0.5-1.5 wt.% of the
charge mass. The experiments were conducted in
platinum ampoules using a high-pressure gas
apparatus (designed at IEM RAS) at temperatures of
550-600°C and a pressure of 2 kbar. The charge, the
seed (where necessary), and the solution were loaded
into ampoules, which were then sealed and checked
for leaks. The duration of the experiments was 10-14
days. The chemical composition of the solid reaction
products was studied by electron probe
microanalysis. Typical chemical compositions of the
zirconosilicates obtained during the experiments are
presented in Table 1.

According to electron probe microanalysis,
powder X-ray diffraction, and IR spectroscopy data,
the synthesis using a mixture of 1M NaCl and 11.5%
NaOH yielded eudialyte and vlasovite (Fig. 1). When
using a mixture of 1M NaF with 10% Na,COsg;,
lavenite, its Ca,Fe-analogue, johansenite, Mn-bearing
hematite, and calcite were formed (Figs. 2, 3). Upon
adding a mixture of 1M NaF solution with 5% NaOH
solution, lavenite, namansilite, aegirine, and Mn-
bearing hematite were formed (Fig. 4). Using a 10%
NaOH solution yielded vlasovite, zirsinalite, and
pectolite (Fig. 5); using a 20% NaOH solution
yielded vlasovite and a silicate of composition
Nay.42—1.44Ca0.7770.84Z10.3870.47513.000x  (Fig. 6);
and using a 30% NaOH solution yielded vlasovite,
parakeldyshite, pectolite, and a silicate of
composition Nai.32—1.55Ca0.81—0.89Z0.38—
0-44513.000x (Fig. 7). Thus, the experimental results
show that under less alkaline conditions (using 5%
NaOH solution or 10% Na,COs solution), lavenite-
type phases (LTP) are formed, whereas under more

alkaline conditions, eudialyte, zirsinalite, and
vlasovite are formed.
The results of the experiments and their

comparison with natural post-magmatic parageneses
in alkaline massifs indicate the influence of the fluid
regime on the composition of the crystallizing phases
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under identical temperature and pressure conditions.
When using initial solutions with 1M NaF and 5%
NaOH (or 10% Na,COs3), lavenite and its Ca,Fe-
analogue appear, whereas in a more alkaline solution
(1M NacCl and 11.5% NaOH), eudialyte and vlasovite
are formed. Using a 10% NaOH solution yields
vlasovite, zirsinalite, and pectolite; using a 20%
NaOH solution yields vlasovite and a silicate of
COInpOSitiOl'l Na1.42*1.44cag.77*0.84.21'0.38*
0-47513.000x; and using a 30% NaOH solution yields

vlasovite, parakeldyshite, pectolite, and a silicate of
CompOSitiOIl Nal.3271.55Cao.3170.8921‘0.387
0-44513.000x. That is, with increasing alkalinity of the
solution, zirsinalite does not form, but crystallization
of parakeldyshite is observed, which under these
experimental conditions served as an indicator of
increased  alkalinity of the mineral-forming
environment.

Table 1. Chemical composition of some zirconosilicates obtained during the experiments.

Component EGM Zirsinalite Parakeldyshite LGM elpidite Vlasovite LTP
Content, wt.%
Na,O 19.11 24.20 17.28 8.40 8.41 13.51 10.69
K,0 b.d.L b.d.L b.d.l 1.29 b.d.l b.d.l b.d.l
CaO 13.09 7.76 0.56 3.29 2.14 b.d.l 10.56
MnO b.d.l. b.d.l. b.d.L b.d.L b.d.L. b.d.L. 10.99
FeO 0.94 1.04 1.18 2.79 b.d.l 0.39 3.42
710, 10.61 15.03 41.91 18.68 22.70 28.86 31.84
TiO, b.d.l. b.d.l. b.d.L b.d.L b.d.L. 0.16 b.d.L
SiO, 54.27 51.71 39.68 58.21 58.66 56.34 29.22
Nb,Os5 0.99 b.d.L b.d.l 1.49 b.d.l 1.45 b.d.l.
F b.d.l. b.d.l. b.d.L b.d.L 0.16 b.d.L. 2.44
-0=F, 0 0 0 0 0.07 0 1.03
Cl b.d.l. b.d.l. b.d.L b.d.L b.d.L. b.d.L. 0.12
-0=Cl, 0 0 0 0 0 0 0.03
Sum 99.03 99.74 100.61 94.15 92.01 100.71 98.22
Formula coefficients

Na 17.60 5.44 1.69 1.68 1.67 1.85 1.42
K 0 0 0 0.17 0 0 0

Ca 6.67 0.96 0.03 0.36 0.24 0 0.77
Mn 0 0 0 0 0 0 0.64
Fe 0.37 0.10 0.05 0.22 0 0.02 0.20
Zr 2.46 0.85 1.03 0.94 1.13 1.00 1.06
Ti 0 0 0 0 0 0.01 0

Si 25.78 6 2 6 6.00 4 2.00
Nb 0.22 0 0 0.07 0 0.05 0

F 0 0 0 0 0.06 0 0.53
Cl 0 0 0 0 0 0 0.02
Calcul. basis Si+Nb =26 Si=6 Si=2 Si=6 Si=6 Si=4 Si=2

500 pm

62. 1 — eudialyte, 2 — vlasovite.
Backscattered electron image of a
polished section under a scanning
electron microscope

Figure 2. Products of experiment
96. 1 — lavenite, 2 — phase
CaMnSi,Og. Backscattered
electron image of a polished
section under a scanning electron
microscope.
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Figure 5. Products of experiment 87. 1
— zirsinalite, 2 — pectolite, 3 - -
vlasovite. Backscattered electron image

vlasovite,

electron microscope.

It is interesting to note that in calcium-free
experiments, eudialyte-group minerals (EGM) do not
form, although almost calcium-free EGM occur in
nature in ultra-agpaitic pegmatites; however, at low
chlorine contents in the system, low-calcium EGM
are formed. In the experimental products, eudialyte is
associated either with elpidite and/or vlasovite, or
with highly alkaline =zirconosilicates (zirsinalite
and/or parakeldyshite), and these associations do not
overlap. EGM do not form from a charge of lavenite
composition, which is also in good agreement with
data on natural associations, where lavenite is also
rarely found in close association with EGM.
Parakeldyshite forms over a wide range of reaction
mixture compositions, but only under high alkalinity
conditions. Apparently, parakeldyshite has a very
wide stability field, which definitely overlaps with
the stability fields of EGM and lovozerite-group
minerals (LGM).

Figure 6. Products of experiment 88. 1

27
Backscattered electron image of a
of a polished section under a scanning polished section under a scanning
electron microscope.

The work was carried out within the framework
of the state assignment of IEM RAS FMUF-2022-
0002 and using budget funding from the VI
Vernadsky Institute of Geochemistry and Analytical

Figure 3. Products of experiment
98. 1 — Ca,Fe-analogue of lavenite,
2 — Mn-bearing hematite, 3 -
calcite. ~ Backscattered electron
image of a polished section under a
scanning electron microscope.

Figure 4. Products of experiment
97. 1 — lavenite, 2 — namansilite, 3
— Mn-bearing hematite.
Backscattered electron image of a
polished section under a scanning
electron microscope.

200 pm

Figure 7. Products of experiment
89. 1 — pectolite, 2 — vlasovite, 3 —

pectolite.
parakeldyshite. Backscattered
electron image of a polished section
under a  scanning  electron
microscope.

Chemistry of the Russian Academy of Sciences
(GEOKHI RAS). The IR spectroscopic study, as well
as (partially) the interpretation of analytical data,
were performed in accordance with the state
assignment (state registration number
124013100858-3), and the mineralogical studies
were carried out within the framework of the state
assignment of Lomonosov Moscow State University
(topic No. 121061600049-4).
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Abstract. Experimental studies of the interaction of Nb,Os
with 1 m NaF solutions at 7= 680 — 800°C, p=1-2
kbar, showed that during the chemical reaction sodium and
niobium oxy-fluorides are formed, and the solution itself is
significantly acidified. The products of the experiments are
represented by crystals ranging in size from 2 to 100
microns, which, according to XRD and RS studies,

Intensity, a.u.

Fig. 1. SEM images of products of experiments
at 680°C, 1 kbar.

correspond to pyrochlore-like and perovskite-like phases.
The influence of temperature, pressure and interaction
kinetics on the shape and structure of crystals is
considered.

Keywords: experiment, pyrochlores, perovskites, XRD
analysis, electron microscopy, Raman spectroscopy

The formation of sodium and niobium oxy-
fluorides was observed after interaction of Nb,Os
precursors and NaF solution under 7= 680 — 800°C,
p = 1 — 2 kbar. The Na/Nb ratio in the precursor was
~2.7. At 680°C, 1 kbar, the products of experiments
were represented by crystals having an octahedron
shape (fig. 1), and no other crystalline forms were
found. Powder XRD of products in these experiments
(fig. 2) corresponds to the pyrochlore-like phase
(defect pyrochlore = Pcl-L) with structure Fd3m and
LC (lattice constants) a=10.513 A. According to the
analysis on a scanning electron microscope, the
newly formed Pcl-L phase had an average
COl’IlpOSitiOl’l ofNal.93Nb205_10F1.73.

The products of experiments at 700 u 720°C, 1
kbar (fig. 2) were represented by both Pcl-L phases
(C) with composition of Na;¢NbyOs sF;s4 and
defect perovskites (O) NagoyNbO, 93Fg06. Moreover,
with increasing temperature of experiments from 700
to 720 and further to 800°C, the amount of Pcl-L
phase remarkably decreases (fig. 2, 3).

In experiments conducted at 800°C and pressure
2 kbar, only a sole phase Prv-L was detected in the
products of experiments. Powder XRD of this phase
corresponds to the orthorhombic crystal system. The
spectrum analysis was performed using the
FullProfSuit program [Rodriguez-Carvajal, 2001].

p=1kb
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Fig. 2. XRD of products of interaction between Nb,Os and 1.0 m
NaF solutions. Abbreviations: c-cubic; o-orthorhombic.
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Fig. 3. SEM images of run products at 700°C (a) and 800°C (b), 1 kbar.
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Fig. 4. Compositions of Pcl and Prv phases on the surface of crystals glued to CT (a) and on polished crystals in PS (b).

Fig. 4 shows the composition of Pcl and Prv
phases on the surface of crystals glued to carbon
adhesive tape (CT) and the slot is in polystyrene (PS)
in the experiments, carried out at HPE at 800°C with
Co—CoO buffers. The composition of Prv in the
polished samples were found to be corresponded to
the formula Na, NbO; F,,. The fluorine content in
perovskite is insignificant and is within a 3-fold error
of the analysis, however, the presence of fluorine
affects the habitus of crystals. The process of Prv
crystal growth occurs due to the dissolution of Pcl
crystals with removal of Nb’* by acidic fluoride
solutions. It leads to destruction of Pcl and formation
of metastable phases containing an excess of Na and

F over Nb.

The newly formed crystalline phases of Pcl and
Prv at 680 — 800°C were studied by Raman
spectroscopy at room temperature on a Renishaw
spectrometer (RM1000) at a laser wavelength of 532
nm with a power of 2 MW in the wavenumber range
from 100 to 4300 cm™ with a step of 1.2 cm™. Raman
spectra of the Pcl-L and Prv-L phases were
significantly different (figs. 5-6), especially in the
range of wave numbers in 130-500 cm™”. The
spectrum of Pcl-L is in good agreement with natural
pyrochlore [Popova et al., 2022], whereas for the
Prv-L phase, the wave numbers correspond to
NaNbO; from the study [Ji et al., 2013].
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Fig. 5. The Raman spectra of the Pcl-L phases.

According to the obtained data, perovskite is
formed at 700°C. The rate of formation of both
perovskite and pyrochlore from Nb,Os in the solution
of 1m NaF is significant, as evidenced by the absence
of Nb,Os in the products of experiments lasting 7
days. It is obvious that during the 2—-3 hours required
to heat the reactor to 690+£10°C, a significant portion
of the niobium pentoxide turns into pyrochlore, and
the solution itself is acidified [unlike Boivin et al.,
2022] due to the reaction

Nb205 + (15+X) NaF +pH20 + nH29
Najy 5:xNba(OsxF1y)Fo. 14x+y pH,O + 0.4HF,
wheren=0.0aty=0andn=0.2aty=0.2.

Upon further heating to 700—-800°C and holding
the experiments for 7 days, the unstable Pcl phase
dissolves and the stable Prv phase grows.

In the experiment conducted in Internally Heated
Pressure Vessel (IHPV) at 800°C and pressure 2
kbar, where it took only 15-20 minutes to bring the
container with the ampoule to the specified 7-p
parameters, the amount of newly formed pyrochlore
was insignificant and, after the experiment, it almost
completely turned into perovskite.

The conducted studies have shown that the
reaction Nb,Os with 1 m NaF solutions leads to the
formation of oxyfluorides Na-Nb and significant
acidification of solutions. The composition and
properties of the newly formed phases depend on T, p
and fO,. Pyrochlore-like octahedral crystals are
formed at 680°C. At 700-800°C, crystals of a
perovskite-like phase grow, estimated to be
orthorhombic crystal system with a Bravais primitive
lattice.

Intensity, a.u.
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Fig. 6. The Raman spectra of the Prv-L phases.
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Abstract. In this study, tourmaline crystals with a
composition related to the synthetic analogue of alumino-
oxy-rossmannite (OAIsAlg(SisAlO15)(BO3)3(0OH)30) were
grown on a natural seed using a temperature gradient
hydrothermal method at 600/650°C and 150 MPa. The
newly formed colorless tourmaline layer in the pinacoid
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direction reaches a thickness of 700 pm. Tourmaline of this
composition, lacking predominant secondary divalent or
trivalent cations, serves as an ideal reference standard for
studying the structural and spectroscopic characteristics of
the tourmaline supergroup.

Keywords: tourmaline, alumino-oxy-rossmannite,
hydrothermal  synthesis,  crystal  growth, = Raman
spectroscopy

Tourmaline is a widespread borosilicate mineral
has the ability to incorporate a wide variety of
elements as mono-, di-, tri-, and tetravalent cations
(Dutrow and Henry 2011). General formula is
XY3Z,To015(BO3)sVsW where X = Na', K, Ca”™,
vacancy; Y =AI", Cr'", V’* Fe*'/*", Mg*", Mn*™", Li",
Ti4+; 7= A13+, Cr3+, V3+, Fez+/3+, Mg2+; T= Si4+, Al3+,
B*"; ¥'=(OH), O*; W= (OH), F, O* (Henry et al.
2011). Natural tourmaline samples are typically
zoned, small, and chemically complex, which
complicates the study of their structural and
spectroscopic  characteristics,  including  the
incorporation of elements into specific structural
positions. Studying synthetic tourmalines with
simplified compositions facilitates the determination
of these characteristics. Alumino-oxy-rossmannite
(Chemical formula |:|A13A16(815A1018)(BO3)3(OH)30)
(Ertl, et al. 2022) is a tourmaline group mineral with
the minimum number of elements possible for
tourmaline structure. In present work, crystal growth
of Al-rich tourmaline with a composition close to
alumino-oxy-rossmanite was carried out.

The experiments were performed in gold
ampoules with a volume of 2 ml at a temperature of
600/650°C and a pressure of 100 MPa according to a
previously developed method (Setkova et al. 2019,
2025). The nutrient mixture was prepared from
ALO5/Si0, oxides in a ratio of 1/1. The total weight
of the solid oxide mixture was 1.5 g. In each
experiment, a natural seed crystal was placed in the
upper part of the ampoule to grow large tourmaline
crystals suitable for comprehensive study. Solution
was prepared based on boric acid and deionized
water. The amount of solution was set by the filling
factor of the ampoule, which, according to PVT
diagrams, corresponded to a pressure of 100 MPa.
The ampoule was placed in high gas pressure unit
with internal heating.

The elemental composition and morphology of
the phases obtained in the experiments were studied
using a Tescan Vega II XMU scanning electron
microscope (SEM) (Tescan, Czech Republic) with
secondary and backscattered electron detectors for
imaging and an INCA Energy 450 energy-dispersive
spectrometer with an INCA x-sight Si(Li)
semiconductor detector and an INCAWave 700
wave-dispersive spectrometer (Oxford Instruments,
UK) for electron probe microanalysis (EPMA). For

analysis, a flat-polished section of the sample and
quartz was pressed in epoxy resin and sputtered with
a carbon film. The analysis was performed at an
accelerating voltage of 20 kV and an absorbed
electron current of 56 nA in the Energy+ mode. For
elements (O, Na, Mn, Al, Si, Ca, F) were determined
using an energy-dispersive spectrometer (EDS), and
the B content was simultaneously determined using a
wavelength dispersive spectrometer (WDS). The
EDS acquisition time was 70-100 seconds. The WDS
data acquisition time was 40-100 seconds. Boron
reference samples was YAI3(BOj). Calculations of
the analysis results were performed using the
Microanalysis Suite Issue 18d +SP3 (INCA Suite
version 4.15) software package. Oxygen contents
were calculated based on the stoichiometry of the
corresponding oxides. Quartz (SiO,) was used as a
reference sample for oxygen. The values of atoms per
formula unit (apfu) of tourmaline were calculated for
15 cations in 7, Z and Y sites, the H,O by
stoichiometry, the amounts of OH and O* in ¥ and
W positions by charge balance (based on the formula
electroneutrality). Additionally, the B,O5 content was
calculated stoichiometrically and compared with
measured values. Raman spectra of the samples were
collected using RM1000 (Renishaw) spectrometer
with solid-state single-mode laser (wavelength of 532
nm). The secondary phases obtained in the
experiments were determined by X-ray analysis on a
Bruker Advance § diffractometer.

As a result of the experiments, a colorless layer
up to 700 um in thickness on the seed was obtained
(Fig. 1a). SEM examination of the overgrowth layer
showed that it is a homogeneous crystalline material
(Fig. 1b) with composition close to ideal formula of
natural mineral alumino-oxy-rossmanite (Table 1).
The element distribution profile in the seed and
overgrown layer was studied (Fig. 1). The seed
corresponds to fluor-elbaite in composition (ideal
formula Na(Lll5A115)A16(Sl601g)(BO3)3(OH)3F)
and is characterized by the presence of manganese
and titanium cations. Synthetic tourmaline belongs to
the vacant group, as there are no cations in the X-site.
Aluminum occupies YO; and ZOg octahedra. A slight
deficiency of silicon is observed in the T-site.
Additionally, the 704 tetrahedra may contain
aluminum or boron cations. The WDS data show that
the boron content in the seed and overgrowth layer is
coincides (Fig. lc) and close in value with the
calculated value for 3 apfu (Table 1). On the other
hand, the silicon content correlates with aluminum.
Therefore, it can be revealed that aluminum
incorporated into 704 tetrahedra.
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Table 1. Chemical composition (wt%) and atomic proportion in the chemical formula (apfu) of natural seed and
synthesized Al-rich tourmaline

Component (wt%) (Y+Z+T)=15 atoms per formula unit (apfu)
seed overgrowth seed overgrowth
layer layer
SiO, 37.27 35.17 X Na 0.42 0.00
TiO2 0.13 <d.l. Ca 030 0.00
Al,O4 40.84 49.03 Vacancy 0.28 1.00
MnO 0.36 <d.l. Y+Z Al 749 9.00
Li,O* 1.75 0.00 Li 145 0.00
CaO 1.72 <d.l. Mn 0.05 0.00
Na,O 1.34 <d.l. Ti 0.01 0.00 ) )
B.O 10.79 10.85 T Si 589 568 *Li,0 content in seed crystal was
B2 03 - - ’ ’ estimated according A. Pesquera
(Czalg) 11.01 10.78 Al 0.11 0.32 (Pesquera A. et al. 2016). d.1. =
F 0.98 <dl. B B 3.00 3.00 detection limit
H0 3.29 434 VAW 0 047 1.68
(calc)
Total 98.47 99.39 OH 3.03 2.32
F 0.50 0.00
a ' = C L * ALOs
overgrowth :; ] ¢ -
- = 1 . +
]aye_r\ /gé:‘l ?Cizﬁ— M o B @ 5 wigioy
ey : b g
/ el ;; z; | seed overgrowth
‘-.’; 15 layer
10 ¥ & 3 #ig 3 3 0t +B0s
o
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34 5 6, 7
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Fig. 1. (a) Growth of Al-rich tourmaline on natural seed; (b) SEM image of the seed and overgrowth layer, green line the

g)ogllllz (()g)EPMA analysis; (c) element distribution (in wt% component) in seed and overgrowth layer according profile
The Raman spectra of the natural seed and the vibrations (Watenphul et al, 2016). The main

overgrowth layer of Al-rich tourmaline were obtained  differences in regions of vibrations of the YOy and

in the range of 100-3800 cm’' with bands of different ZOg octahedron as well as YOH and “OH were

intensities (Fig. 2). The bands have similar topology  observed.

were distinguished to regions with corresponding

X YO _Z0:¢, si0x BO: Si0« | B YOH “OH

B-O-Al

overgrowth layer

¥

Intqnsit
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Fig.2. Raman spectra of overgrowth layer of Al-rich tourmaline in comparing with natural seed.
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In results, tourmaline crystals with a composition
close to alumino-oxy-rossmannite were successfully
grown on natural seeds using a hydrothermal
temperature-gradient method (600 / 650 °C, 150
MPa). The colorless overgrowth layer achieved a
thickness of 700 pm in the pinacoid direction,
providing an ideal, chemically simple reference
standard for studying the structural and spectroscopic
characteristics of the tourmaline supergroup.

The research was supported by RSF grant No. 25-27-
00194 https://rscf-ru/project/25-27-00194/
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Abstract. Synthetic high-silica mica with the chemical
formula K;Mgs g16Alg.031Si7.94900,0(0OH)4 was obtained as
spontaneous crystals up to 1 mm in size by hydrothermal
synthesis at 600-650 °C and 150 MPa in a high gas
pressure vessel (IEM RAS). By the chemical composition
the synthesized mica corresponds to Mg-analogue of
montdorite and (OH)-analogue of yangzhumingite. Unit cell
parameters of synthetic mica: @ = 5.2599 (1) A, b =
9.1056 (1) A, c=10.1917 (1) A, B = 99.969 (1)°, space
group C2/m. The structure is characterized by a
trioctahedral arrangement, with magnesium distributed
across the octahedral M1 and M2 positions. The tetrahedral
layers are predominantly occupied by silicon, with
aluminum appearing only as a minor impurity, allowing the
synthesized phase to be classified as a high-silica micas.

Keywords: mica, tetrasilicic mica, synthesis, single crystal
XRD

Introduction. Micas are a large group of
phyllosilicate minerals with a layered structure and
the general formula 4,M, 7305 Xy, where 4 is K, Na
or Ca or less commonly Ba, Rb, or Cs; M is Al, Mg,
or Fe or less commonly Mn, Cr, Ti, Li, etc.; T is
chiefly Si or Al, but also may include Fe’" or Ti; X is
OH, F (Feininger, 2003; Rieder et al., 1999).
Phyllosilicate with the composition
K,Mgs(Si4010)2(OH),4 was first synthesized by Seifert
F. and Schreyer W. in 1965 (Seifert and Schreyer,
1965). In addition, a F-analogue KMg, sSi,O,oF, of
this phase was synthesized from the melt at 1400°C
by cooling to 1100 °C (Toraya et al., 1976). Later,
minerals corresponding to these synthetic analogues
were found in nature. One of them was named
"montdorite” in honor of the Mont Dore
stratovolcano (France), in whose rocks it was
discovered (Robert and Maury, 1979). Another
member of the mica group is yangzhumingite with
the ideal formula is KMg,sSi,O¢F,. Through its
tetrasilicic, fluorine-dominant and interlayer K-
dominant character, yangzhumingite represents the
Mg-analogue of montdorite.

The object of this study was synthetic tetrasilicic
mica, a Mg-analogue of montdorite or (OH)-
analogue of yangzhumingite. The objectives of the
study are to synthesize crystals of synthetic
tetrasilicic mica of the required quality for structural
studies and refine the structure using the single
crystal XRD.

Methods. The synthesis was carried out in the
hydrothermal gradient conditions at temperature
600/650 °C and pressure of 150 MPa on high gas
pressure  vessels with internal heating. The
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advantages of using this setup are that gas pressure
vessels have a large internal volume and a wide
controller zone as gradient and gradient-free. The
temperature was determined with an accuracy no
higher than £5°C according to the calibration curve
using Pt;oRh/PtsRh thermocouples with an electrode
thickness of 0.3 mm, the junction of which was
inserted into the two position of gradient zone with
higher 650°C and lower 600°C temperature. The
pressure in the system was set by the Ar gas. An
aurum ampule volume of 2 ml was used. The starting
composition (0.5g) consisted of oxides MgO (99.96),
ALOs (99.96) and SiO, (99.96) in a ratio close in
stoichiometry to phlogopite (KMg;AlISi;0,0(OH),),
at that magnesium and aluminum oxides were a
powdered and silica in the form of a quartz crystal
rod. The ampoule was filled with a 5 wt% KOH
solution based on deionized water in an amount
corresponding to the filling factor (Wagner and
Pruss, 2002) that according to pressure 150 MPa. The
ratio of the solution and solid phases was 1:2. The
duration of the experiments was 14 days.
Morphology of the obtained crystals was studied by
optical (MBS-9, ADF STD16, and Nikon Eclipse
LV100pol) and scanning electron (Tescan Vega Il
XMU) microscopy.

The chemical compositions of experimental
samples were determined by electron probe
microanalysis (EPMA) using Tescan - VegalIXMU
electron microscopy with INCA Energy 450 energy
dispersive spectrometer (EDS), equipped with an
INCA x-sight semiconductor Si (Li) detector and an
INCA Wave 700 wavelength-dispersive spectrometer
(WDS) (Oxford Instruments) at IEM RAS. Polished
samples were preliminarily coated with ~15 um
carbon film. The microprobe measurements were
carried out at an accelerating voltage of 20 kV, a
focused beam current of ~10 nA, and counting times
of 70s. The following standards were used: Si — SiO,,
Mg - MgO, Al — Al,O;, Fe - iron metal and K -
orthoclase.

Crystals were selected under a polarizing light
microscope and attached to glass fibers. The data
were collected at ambient temperature on a Rigaku
XtaLAB Synergy-S single-crystal diffractometer (-
scan mode) with a graphite monochromatized MoKa
radiation source (A = 0.71073 A) and a Hybrid Pixel
Array detector. Unit cell parameters were determined
and refined, a semi-empirical absorption correction
based on the intensities of equivalent reflections was
applied, and the data were corrected for Lorentz,
polarization, and background effects using CrysAlis
software (“Rigaku Oxford Diffraction, CrysAlisPro
Software system, version 1.171.41.97a,” 2021). The
refinements of the structures were carried out using
the Jana2006 software package (Petricek et al.,
2014).

SEM HV: 20.00 kV
SEM MAG: 303 x
Virus A A

VEGAW TESCAN
Date(m/dly): 04/24/25 200 pm r

Det: BSE Detector + SE Detector RSMA Group IEM RAS n

Fig. 1. SEM images of crystals of synthetic mica.

Results and discussion. Colorless, transparent
mica crystals up to 1 mm in size were synthesized
(fig. 1). The formation of these crystals was largely
concentrated at the contact zone with the quartz rod,
which provided the silica necessary for the mica. The
morphology and chemical composition of the mica
crystals do not depend on their location in the upper
or lower growth zone. The obtained mica crystals are
characterized by a homogeneous composition. By the
variations in the Al and Si contents in mica, the
compositions of the synthesized mica correspond to
the composition of the end-member
montdorite/yangzhumingite: 58.69 SiO,, 0.37 Al,O;,
24.94 MgO, 11.16 wt%K,0.

The crystal structure was refined in monoclinic
symmetry (sp. gr. C2/m) with lattice parameters: a =
5.2599 (1)A, b =9.1056 (1) A, ¢ =10.1917 (1) A, p
=99.969 (1)°. The crystal-chemical formula obtained
based on the structural data is (Z=2):
KM (Mgosislo.is2) M (Mo 546 0.154)2
*(OHo.086 lo.014)2]["*(Si0.094Al0.004 10.002)20512, where [
is the vacancy and the square brackets show the
composition of the O- and T-layers.

In micas with space group C2/m, the M1 site
corresponds to the Wyckoff position ¢, with
multiplicity of 2 and site symmetry of 2/m (Sokolova
et al., 2018). The crystal structure of the synthetic
mica K;Mgs(Si;,04¢),(OH), is similar to that of other
1M polytypes of trioctahedral micas and is based on
the triple-layered 7OT-modules (Fig. 2) (Backhaus
and Durovic, 1984; Chukanov et al., 2019; Ferraris
and Ivaldi, 2002; Nespolo and Durovic, 2002). These
modules contain central O-layer of edge-sharing
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Maog-octahedra (where ¢ denotes the anionic ligand,
represented by O*, OH) and two tetrahedral 7-
layers.
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Fig 2. General view of the crystal structure of the synthetic
mica with the general formula K,Mgs(Si4;O19)>(OH),
projected onto the ac plane

In the structure of new synthetic mica O-layer is
formed by two kinds of M@s-octahedra with similar
chemical composition. The M1@¢-octahedron (<M —
¢ > = 2.062 — 2.093 A) is occupied by Mg (0.818
apfu) and features a vacancy (0.182 apfu). The M2@¢-
octahedron (<M — ¢ > =2.068 — 2.089 A) is occupied
by Mg (0.846 apfu) and features a vacancy (0.154
apfu). The similar <M — ¢ > distances and vacancy
fractions suggest a lack of long-range ordering
between the two octahedral sites.

Tetrahedral 7-layers are formed by 704-
tetrahedra (<7 — O> = 1.596 — 1.638 A) which are
occupied by silicon, while aluminum is a minor
impurity phase. The triple-layer 70T modules are
linked by the interlayer A-site (<4 — ¢>=3.094 A)
which is located in the center of a large 12-vertex
polyhedron predominantly occupied by K. The X-site
is occupied by OH  linked to the oxygen atom of the
Mog-octahedron by weak hydrogen bond (with D---4
distances of about 3.05 A).

Polytypism in micas is known to be controlled by
their variable chemistry, as well as by specific filling
of the O layer. Furthermore, pressure and
temperature have a significant impact on the
distortions of coordination polyhedra (Ferraris and
Ivaldi, 2002; Zanazzi and Pavese, 2002). Thus, a
wide variability of micas is both due to changes in
the chemistry of the mineral-forming media and
changes in intensive parameters. The combined
information on the chemical composition and crystal
chemistry of micas allows us to consider this mineral
as an indicator of the geological regimes and
peculiarities of mineral-forming systems.

Conclusions.

This study demonstrates the successful
hydrothermal synthesis of large (up to 1 mm), high-
quality transparent mica crystals using high gas
pressure vessels at 600/650 °C and 150 MPa. The
experimental conditions and the use of a quartz rod
as a silica source facilitated the growth of
homogeneous crystals with chemical composition
corresponded to magnesian end-member of
montdorite and (OH)-analogue of yangzhumingite.

Single-crystal ~ X-ray  diffraction  analysis
confirmed that the synthetic mica, with the refined
formula KzMg5,019A10.031Si7'949020(OH)4, crystallizes
in the C2/m space group with unit cell parameters: a
=5.2599 (DA, b =9.1056 (1) A, ¢ =10.1917 (1) A,
£ =99.969 (1)°. The structure is characterized by a
trioctahedral ~ arrangement  where  magnesium
vacancies are distributed across both the M1 and M2
octahedral sites. The lack of long-range ordering
between these sites, supported by similar bond
distances and vacancy fractions, suggests a stable yet
flexible lattice. The tetrahedral layers are
predominantly occupied by silicon, with aluminum
acting only as a minor impurity, reinforcing the
tetrasilicic nature of the synthesized phase.

Thus, the combination of advanced hydrothermal
synthesis, structural refinement has allowed for the
characterization of a pure synthetic mica. These
findings contribute to the broader understanding of
trioctahedral mica stability and crystal chemistry,
providing a robust model for investigating the role of
octahedral vacancies and tetrasilicic substitution in
phyllosilicates.
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