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Abstract. The main reason for the difference in the
cracking processes of oil in an aqueous environment based
on microthermometry and high-temperature FT-IR and
Raman spectroscopy of synthetic water-hydrocarbon
inclusions was established. Under the conditions of the
predominance of an aqueous solution over oil, the oil
dissolved in homogeneous, including supercritical fluids,
completely loses its ability to decompose due to the
formation of a true solution with water. Temperature
decreasing leads to the reversible release of the same
hydrocarbons and the continuation of cracking in the usual
way. When oil prevails over an aqueous solution, the
hydrocarbons entering into its composition, upon reaching
a homogeneous state, remain as such and continue to
undergo cracking and further deeper metamorphism up to
irreversible transformation into methane and residual solid
bitumen, up to graphite. The depths of these processes are
estimated at 12 and 22 km, respectively.

Keywords: growth of quartz, water-hydrocarbon
inclusions, oil replenishment of depleted fields, oil
metamorphization
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The phase composition, states and behavior of
water-hydrocarbon fluids formed by the interaction
of crude oil with pure water and aqueous solutions of
sodium bicarbonate and sodium carbonate, sodium
chloride and ammonium chloride were studied
experimentally. The water-hydrocarbon interaction
was carried out simultaneously with the growth of
quartz crystals with fluid inclusions in the same
autoclaves according to our previously developed
technique (Balitsky et al., 2005; Balitsky et al., 2007;
Balitsky et al., 2016; Balitsky et al., 2020 ). Newly
formed in the experiments phases and fluid
inclusions in quartz were studied using the methods
of gas-liquid chromatography, normal and high-
temperature local FT-IR spectroscopy,
microthermometry, polarization and fluorescence
microscopy. The experiments were carried out in two
stages. In the first one, quartz crystals were grown in
oil presence at temperatures of 240/280, 290/300,
300/330, 330/350, 350/380, 430/470, 490/500 and
680/700 °C (upper/lower autoclave zone) and
pressures - from saturated steam to 150 MPa.
Temperature gradient created conditions in the
autoclave for the growth of quartz crystals with fluid
inclusions and simultaneous the solution mixing. The
grown quartz crystals were used to make polished
plates 1-2 mm thick for a comprehensive study of
inclusions. In the second stage, the same plates with
the studied inclusions were subjected to heat
treatment in pure water for two weeks at
temperatures exceeding the temperature of formation
of inclusions by 10-15 °C.

Fig. 1 Water-hydrocarbon inclusions in the overgrown layer (a, b, ¢, d) and seed (e, f) after autoclave heat treatment at

300 °C under day light; g, h - inclusions in ultraviolet light.
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Fig.2. Upper row: primary water-oil inclusions formed at 240/280 °C (a); secondary inclusions after heat treatment at 350
°C under normal (b), polarized (c) and ultraviolet (d) light. Bottom row: secondary inclusions after heat treatment at 380

° C under normal (a) and ultraviolet (b) light.

Pressure in the autoclaves in this case not exceed
90-100 MPa and was set according to PV'T diagrams.
This created back pressure in the autoclave, which
excluded the destruction (decrepitation) of inclusions
in the plates. Heat-treated inclusions were studied
using the same methods that were used in the study
of primary inclusions. Comparison of obtained
results made it possible to clarify the effect of
temperature on the metamorphic transformations of
oil.

Two types of fluid inclusions were obtained
resulting of growth of quartz crystals. Inclusions of
the first type are located directly in the seed quartz
rods. They were formed due to the mother medium
penetrating into the etching channels of growth
dislocations. They have exits on the basal surface of
the seed rods. The inclusions are acicular, tubular,
drop-shaped, and spindle-shaped and oriented in a
direction close to the optical axis of the crystals. The
length of the inclusions reaches 1-2 mm with a
diameter of 0.005-0.02 mm. Inclusions are two- and
three-phase. The volumetric ratios of the phases in
them are L1> G and L1> G >> L2, where L1 - water
phase, L2 - oil phase and G - gas phase (mainly water
vapor). Inclusions of the second type are located in
an overgrown quartz layer, located in the growth
sectors of the basic pinacoid. They are also
characterized by a drop-shaped and tubular shape,
elongated in the direction of the optical axis, but,
besides this, negative crystal and complex forms are

widespread among them (Fig. 1, 2). They originated
on particles of solid phases, as well as in
microcavities of a rough relief, in cracks, and by
fouling oil droplets that fell on the surface of the
{0001} pinacoid and other faces.

The difference in phases and volumetric phase
ratios indicate to heterogeneous state of the solution
during the quartz growth and the capture of fluid
inclusions. This affects some differences in the
temperatures of partial (for example, the
disappearance of only the gas phase) and complete
homogenization of inclusions. At the same time, in
the process of repeated short-term (0.5—1.5 hours)
heating and cooling, the behavior and phase
transformations in the primary inclusions are fully
reproduced.

After autoclave treatment at a temperature of 300
°C for 15 days, no changes were observed in the
phase composition and volumetric phase ratios in the
inclusions. When they are briefly heated to 270-320
°C, a gas bubble disappears with the appearance of a
liquid two-phase water-oil fluid; then, at 355-370 °C,
the aqueous phase is completely dissolved in oil with
the transition of the fluid to a homogeneous state.
Cooling of inclusions leads to heterogenization of the
fluid at 353-360 °C with its transition back to the
two-phase (L1 + L2) state, followed by the
appearance of a gas phase at 265-300 °C.

An increase in the temperature of autoclave
treatment of inclusions to 320 °C leads to the
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appearance in oil of dark brown and black semi-
liquid and solid precipitates of irregular and spherical
shape, as well as fine-grained aggregates having a
high interference color (paraffins?) in polarized light
in crossed nicols. The amount of these phases
increases as autoclave treatment temperature. At the

same time, the temperatures of partial and complete
homogenization of the heat-treated inclusions change
during their short-term heating and cooling. Changes
in the composition and volumetric ratios of volatile
phases in inclusions were studied by local IR spectra

(Fig. 3).
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Fig.3. IR spectra of primary (280 °C) and secondary (after heat treatment at 350 and 380°C) water-oil inclusions. a — gas
(mainly CH, and CO,) and partially liquid hydrocarbon phases; b — liquid hydrocarbon and partly gas phases; ¢ — water

and partly gas phases.

Thus, as a result of experimental studies it was
shown that oil up to temperatures of 280-300 °C
retains a stable composition and do not undergoes
cracking and other changes. However, at
temperatures above 320 °C, oil methanization begins,
accompanied by an increase in the proportion of light
(gasoline, kerosene) fractions, the appearance of
carbon dioxide and residual solid bitumen. At 350-
380 °C this process reaches maximum intensity. It
indicates the inevitable irreversible changes in oil
when oil and gas deposits are immersed to deep
depth and the specified temperatures are reached.
The presence of solid bitumen in the rocks containing
gas condensate and pure gas (methane) deposits is in
good agreement with the obtained experimental data.

This study was funded by RFBR and CNRS
according to the research project No 21-55-15010
and Research Program AAAA-A18-118020590150-6
of the D.S. Korzhinskii Institute of Experimental
Mineralogy of Russian Academy of Sciences
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Under conditions of high alkalinity, zirconium
and niobium can enter the anionic group, forming
zirconates and niobates. Under natural conditions,
these phases are confined to ultra-alkaline complexes
(Khibinsky, Lovozersky, etc).

Niobates are compounds that are mixed oxides of
the composition mMxOy - nNb,Os, where M are
atoms of one or more metals. They are subdivided
into metaniobates MNbO;, ortho M;3;NbO,, pyro
M Nb,O,, poly M>O nNb,Os. They are known for a
lot of metals. They are close in composition and
properties to numerous peroxoniobates, fluoro- and
oxyfluoroniobates, chloro- and oxychloroniobates,
oxide niobium bronzes [1].
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Zirconates MZrO; (M - Ca, Sr, Ba) belong to the
perovskite family. They have a number of valuable
physicochemical and physicomechanical properties
(ferroelectric, piezoelectric, etc.) [2]. According to
the literature data, it is known that zirconium and
niobium can be part of garnets in octahedral and
tetrahedral positions [3].

Materials and methods. The experiments were
carried out in platinum ampoules with a diameter of
7 mm on high pressure gas installations at p = 2.2
kbar and a temperature gradient in the reactor of 650
° C in the upper part and 600 ° C in the lower part of
the reactor. A mixture of reagents stoichiometric to
the eudialyte composition was used as starting
materials, and a solution of NaOH with w (NaOH)
46% was used as a fluid; the sample: fluid ratio was
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15:1 by weight. The duration of the experiments was
10 days.

During the subsequent study on a Tescan Vega II
XMU scanning electron microscope (Tescan, Czech
Republic) equipped with an INCA Energy 450 X-ray
spectral microanalysis system with energy dispersive
(INCA Xsight) in the products of diagnostic
experiments isometric crystals of two types of
zirconium and niobium-containing garnets: with
Nb,Os content up to 10 wt% and ZrO, - 12 and 18
wt%, in which Zr and Nb are included in both
octahedral and tetrahedral sites (Fig. 1).

Conclusion: Crystallization of garnets at a

pressure higher than 2 kbar in alkaline conditions
confirms earlier conclusions about the p-t conditions
of crystallization of this mineral.
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Fig. 1. Splice of garnet crystals from the experiment Ne0044, Ne0045.

Tab. 1. Chemical composition of garnets.

Chemical composition of granates (mas. %)

Ne 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sampl 0044- 0044- 0044- 0044- 0044- 0044- 0044- 0044- 0045- 0045- 0045- 0045- 0045- 0045-
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Na,O - - - - - 0,18 - - - 0,01 - 0,27 - -
CaO 32,87 | 34,71 | 29,06 | 33,89 | 33,82 | 33,30 | 2427 | 34,15 | 33,08 | 27,30 | 31,87 | 2531 | 31,97 | 33,11
SiO, 30,90 34,26 34,22 33,25 32,74 33,44 31,22 32,50 32,35 32,63 29,01 29,46 32,99 30,94
Fe,0; 29,38 31,94 24,88 33,74 33,60 33,54 23,59 33,07 31,57 23,62 30,11 23,48 24,96 27,13
TiO, 0,02 - - - 0,26 - 0,23 0,17 - 0,18 0,25 - 0,20 -
71O, - 0,22 11,96 - - - 18,43 - - 10,72 - 15,63 3,06 1,13
Nb,Os 0,83 0,56 4,39 0,55 0,36 0,19 0,81 0,03 1,53 2,73 3,67 4,01 8,83 7,89
Total 94,00 101,69 | 104,51 | 101,43 | 100,78 | 100,65 98,55 99,92 98,53 97,19 94,91 98,16 102,01 | 100,20
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Formula coefficients (calculation for 8 cations)

Na _ _ _ _ - 003 | - } } - - 1005 ] - -
Si 2,73 2,84 2,93 2,77 2,74 2,78 2,92 2,73 2,76 2,97 2,62 2,78 2,85 2,70
Ca 3,11 3,08 2,67 3,03 3,03 2,97 2,43 3,07 3,02 2,66 3,08 2,55 2,96 3,09
Ti - - - - 0,02 - 0,02 0,01 - 0,01 0,02 - 0,01 -
Fe 1,96 1,99 1,60 2,12 2,11 2,10 1,66 2,09 2,02 1,62 2,04 1,67 1,62 1,78
Zr - 0,01 0,50 - - - 0,84 - - 0,48 - 0,72 0,13 0,05
Nb 0,03 0,02 0,17 0,02 0,01 0,01 0,04 - 0,06 0,11 0,15 0,17 0,35 0,31
Ne Formula and M = Mn, Fe, Co, and Ni. This phase was studied by X-
1 Cax 1 Fe, o(Si, ~-Nb 0 ray diffraction analysis according to two surveys: at low
> C ;;“ lgé.( 1;\;; ;03)22'39 120 (90K, nitrogen cooling) and room temperatures. The

23.08F€1.99(512.84Nbo.02Zro.01) 7287012 structural model in both experiments turned out to be
3 Cay 67F€1.60(S12.93Z10.50Nb0.17) 73.60012 identical, which indicates the high reliability of the data
4 Cas g3Fes 12(Siz77Nbg 02) v2.79012 obtained. A comparative crystal chemical analysis was
5 Cas 03Fes 11(Sia 4 Tio0aNbo o) 0 carried out with the minerals of pyrophosphates and

3057 2211397274 002 720017 32,7712 orthophosphates, and with other synthetic members of this

6 (Cay.97Nag.03) 53.00F€2.10(Si2.78Nbo.01) 5279012 structural family.
7 Ca2‘43Fel‘6"(812‘92&,0‘84Nl,)°‘04T1°'°2) 338201 Keywords: hydrothermal synthesis; X-ray diffraction
8 Cajy 07F€2.09(S12.73Tig.01) 3274012 analysis; crystal chemistry.
9 Cas.02Fe2.02(Si2.76Nbo.06) 72.82012
10 Ca, ssFe1.62(Siz.97Zr0.4sNbo. 11 Tig01) 3357012 The study of the crystallization of phosphates
11 Ca; 0sFe2 04(Si2.62Nbo 15Tl 02) 5279012 under hydrothermal conditions is of great interest,
12 (Cay 55Nag 05) y3.00Fe1.67(S1a.78Zr0.72Nbo.17) 367012 since it gives the idea of the mineralogy and crystal-
13 Cay g6Fe.62(Sin.gsNbg 3571013 Tig.01) 5334012 chemical features of phosphorus compounds. For a
14 Caj goFey 75(Sia.70Nbo31Z19.05) 5306012 long time it was believed that only orthophosphates
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Abstract. The study of the crystallization of phosphates
under conditions corresponding to the post-magmatic
hydrothermal stage is of great interest, since it enables
one to understand the processes of mineralogy and
crystal-chemical features of phosphorus compounds. And
also, it is interesting form the point of view of fundamental
science and practical application: ortho-and
pyrophosphates might have promising functional
properties. A new compound (NH4)was obtained by
hydrothermal synthesis at a temperature of 280 ° C and a
pressure of 70 atm 2 [(Mg)s(P,05), (H,0),], belonging to
the family of aqueous pyrophosphates with the general
formula A,M5(H,0),[P,05],, where A = K, NH4, Rb, and Na,

can be formed in nature. However, discovery of the
kanafite Na,CaP,0,x4H,O [1] and wooldridgite
Na,CaCu,(P,07), x10H,O hypergenic minerals [2],
as well as the isostructured triphosphates of
kanonerovite MnNa;P;0,0-12H,O [3] and hilbronite
MgNa;P;04y- 12H,0 [4] refuted this hypothesis.

A new compound (NHy), [(Mg)s(P,07), (H,0)],
belonging to the structural family of aqueous
pyrophosphates ~ with  the  general formula
A2M3(H20)2[P207]2, where A = K, NH4, Rb, and Na,
and M = Mn, Fe, Co, and Ni, was obtained under
hydrothermal conditions at a temperature of 280 ° C
and a pressure of 70 atm. For the first time this
structural type was described by Lightfoot et al. [5].
MgCl,, NH4H,PO,, and CaCl, taken in an equal mass
ratio where the starting components of the system.
The autoclave was kept in the oven for 20 days. An
X-ray spectral chemical analysis was carried out
using a JeolJSM-6480LV electron microscope
equipped with an  energy-dispersive  X-ray
spectrometer INCA Energy-350. It showed that the
composition of the new compound contains Mg, N,
P, and O atoms.

The X-ray diffraction studies of a single crystal
of a new compound were taken at room temperature
using an  Xcalibur Eos S2  single-crystal
diffractometer on MoKa radiation with A= 0.71073
A. The crystals of the new phase are monoclinic
colorless prisms. A crystal with the size of 0.1 x 0.06
x 0.025 mm was selected and prepared for these
experiments (Fig. 1)

The structure was modeled using the Jana 2006
software package [6], the R-factor was 2.37% and S-
1.04 and was determined within the spatial group
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P21/c. It  consists of the
[Mg3(P,0,),(H,0),], ~, and NH*" cations occupying

layers  of

the cavities in the interlayer space (Fig. 2).

Fig. 1. The single crystals (NH), [(Mg);(P,07), (H,0),], prepared for shooting on a diffractometer.

Fig. 2. The structure of (NH4),[Mg3(P,0,), (H,0),] in the projection ac. POy-tetrahedra is gray and MgOg¢-octahedra is

orange.

The new compound (NH4),[Mg;(P,O),(H,0),]
represents the diphosphate family with the general
formula AIzMII3(H20)2[P207]z, where A = K, NH4,
Rb, and Na and M = Mn, Fe, Co, Ni, and Mg. In the
work by Kiryukhina [7], the dependence of the
change in parameters a and b on the type of cation in
positions A and M is given. The new magnesium
diphosphate compound is in good correspondence
with this dependence is presented.
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Abstract. To obtain data on the distribution of Na
and K between feldspar and solution at 550°C and
1.5 kbar under hydrothermal conditions,
experimental studies of cation-exchange equilibria
were carried out: NaGaSisOg + KCl aq = KGaSisOg +
NaCl ag. The existence of a region of immiscibility of
a solid solution is shown, the concentration
dependences of the distribution coefficients of Na
and K between feldspar and fluid are determined.
The parameters of the unit cells of the (Na,K)GaSi;Og
solid solutions have been refined; it has been shown
that the dependence of the mixing volume on the
composition has an alternating character. The
composition of the solid solution, at which the
structural transition c1 — c2/m occurs, has been
determined. On the basis of the experimental data,
the calculation of the excess energies of mixing of
the solid solution was carried out and the parameters
of the Margules model were calculated; the
correlation of the excess integrated energies and
mixing volumes with the structural parameters has
been carried out.

Keywords: experiment, feldspar, unit cell parameters,
solid solutions, excess mixing volumes
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Gallium alkali feldspars of the NaGaSi;Os—
KGaSi;Og series are interesting for studying the
properties of minerals of the framework
aluminosilicate group, as well as models of solid
solutions in which structural ordering largely
determines their thermodynamic properties. The aim
of this study was to experimentally study the cation-
exchange equilibria of gallium feldspars with a
solution: NaGaSi;Og + KCl aq = KGaSi;0g + NaCl
aq to obtain data on the distribution of Na and K
between feldspar and solution, as well as to refine the
parameters of the unit cells of solid solutions of
synthetic gallium feldspars and estimates of excess
mixing functions.

EXPERIMENTAL METHOD Starting materials.
We used glasses NaGaSi;Og and KGaSi;Oyg, obtained
by melting mixtures of oxides and carbonates in a
KO-14 furnace at 1250°C for 6 hours, as well as
solutions of 1M NaCl + IM KCI; ratio (sample
weight)/(fluid weight) = 0.7 — 1.1. Equilibrium was
approached from two sides; the duration of the
experiments is 14 — 25 days.

Equipment. The experiments were carried out in
hydrothermal installations with external heating and
a cold seal (designed by IEM RAS) at 550°C and 1.5
kbar. The units used a water-cooled eccentric valve.
The accuracy of temperature regulation and control
was + 2°C, pressure was + 50 bar.

Analysis of the products of the experiments. The
composition of the synthesized solid products of the
experiments was determined using chemical analysis,
as well as by the method of local X-ray spectral
microanalysis using a Tescan Vega Il XMU scanning
electron microscope (Tescan, Czech Republic)
equipped with an INCA Energy 450 X-ray spectral
microanalysis system with energy dispersive
(INCAx-sight) and crystal diffraction (INCA wave
700) X-ray spectrometers (Oxford Instruments,
England) and the INCA Energy+ software platform.
Analysis of the solution for sodium and potassium
content was carried out by atomic absorption
spectroscopy on a "Kvant" device.

The study of solid solutions of gallium-
containing alkali feldspars was carried out on HZG-4
and Bruker diffractometers in continuous scanning
mode. The refinement of the unit cell parameters was
performed using the LCC, PUDI, MINCRYST
programs (Burnham, 1991; Chichagov, 1994).

EXPERIMENTAL RESULTS As a result of
experiments, crystals of feldspars were obtained,
sometimes quartz and needle crystals of Ga,0; are
found in small quantities. The K-phase (K) is
represented by elongated prismatic crystals; the Na-
phase (N) has irregular shapes and looks like an
accumulation of small gray crystallites (Fig. 1). The
compositions of feldspars generally correspond to the
stoichiometry of NaGaSi;Og—KGaSi;0g  solid
solutions. In a number of experiments, the

coexistence of phases of feldspars with different
composition is observed. This indicates the presence
of a region of decomposition of their solid solution.
Based on the data on the compositions of the
coexisting sodium and potassium phases of gallium
feldspars, the boundaries of the immiscibility field of
NaGaSi;0-KGaSi1;0g  solid solutions were
determined. In the mole fractions of the potassium
member, they correspond to X" = 0.108(51); Xx® =
0.872(62). The distribution of Na and K between
feldspars and fluid is imperfect; in the sodium part of
the system, potassium enriches the solution relative
to feldspar, then an inversion occurs and, at X >
0.8, potassium is redistributed to feldspar relative to
the fluid. Fig. 2a shows the results of cation
exchange experiments. To quantify the distribution,
you can use the following expression: K= [Xg"¥x(1
— XMV - XP)xxk™. Fig. 2b shows the
dependence of InKp on the composition of gallium
feldspar. This dependence is successfully described
by a third degree polynomial: InK, = 3.0798 +
14.897(X"™") — 20.4032(Xc"")* + 11.9309(X"*")’
(£0.20).

The position of the Cl«<C2/m structural
transition point for gallium feldspars was estimated
according to the method described in (Bambauer et
al., 1984), which is based on the fact that at the
C1+C2/m transition point, the unit cell angles a and
v become equal to 90°, and accordingly, the values of
the cosines of these angles become equal to 0. The
following equations are obtained: (1000*cos2a) =
5.776 - 15.201*X; (1000*cos2y) = 2.216 - 5.653*X.

Solving these equations for zero values
(1000*cos2a) and (1000*cos2y) gives the following
transition point value: X" = 0.385 (£ 0.015). These
values are close to the compositions of the Ab" «
San transition point for the (Al Si) — alkaline
feldspar system (X¢'® = 0.45) according to the data
given in (Smith, 1974; Kroll et al., 1986, etc.).

The refinement of the parameters of the unit cells
of solid solutions of gallium feldspars has been
carried out. To calculate the parameters, we used the
well-known unit cells parameters of end members
taken from different sources as reference input data
(Pentinghaus, 1980; Fleet, 1992; Kimata et al., 1995;
Kotelnikov, 1995). The calculation results are shown
in Fig. 3, which shows that unit cells parameters have
an alternating deviation from the ideal.

To describe the solid solution of gallium alkali
feldspars, we used the two-parameter Margules
model, a description of which was given in (Saksena,
1975; Perchuk and Ryabchikov, 1976). This model is
described by the following equation: G = (1-
X)X )WL+ (1-X™P) (X Fsp)*W2,
where W1, W2 are the energy constants of the solid
solution. The calculation of the parameters of the
Margules model can be carried out in two ways: (1)
on the boundaries of the solid solution decomposition
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region (Perchuk, Ryabchikov, 1976; Kotelnikov, solution using the Gibbs — Duhem equation (Orville,
1995); (2) from the dependence of the logarithm of 1963, 1972).

the potassium distribution coefficient in the feldspar

— fluid system on the composition of the solid

Fig. 1. Crystals of synthetic gallium feldspars. N — Na-gallium feldspars, K — K-gallium feldspars, G — Ga,0;, Qz —

quartz.
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Fig. 2. Distribution of potassium and sodium between gallium alkaline feldspars and fluid (a) and the concentration
dependence of the potassium distribution coefficient (InKp) on the composition of feldspar (b) at 550°C, 1.5 kbar.
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Fig. 3. Concentration dependences of the parameter a, [A] (a) and the volume of the elementary cells V, [A]3 (b).

Our data on the estimation of excess mixing convenient to estimate deviations from ideal behavior
functions of solid solutions of gallium alkali using the integrated values of G and V° (Kotelnikov,
feldspars allow us to compare with other solid 1995). These values are obtained by integrating the
solutions of feldspars and feldspathoids. It is values of the excess functions: G = of lchXi; Vi
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= JVedX; ; where X; is the mole fraction of the i-th
end-member of feldspars.

For comparison of solid solutions, it is
convenient to use the dependences of G, on the
given dimensionless quantities Al and A2; they are
equal to Al = (AR;) (<T-O>) and A2 = (AR)/RT;
where AR; is the difference in the average radii of
isomorphic cations in the frame structures of
feldspars; <T-O> — values of the average distances
oxygen — framework-forming cation; R;T are the
average radii of tetrahedrally coordinated cations in
feldspar framework structures. G° values versus
|A1] and |A2| are described by linear regression
equations (Fig. 4):

G = 0.3848 + 12.4270*%|A1| (kJ/mol); 1=
0.83,n=19, S, =0.75, Ex= 0.38;

Gine = 0.3120 + 3.5204*|A2| (kJ/mol); ry,= 0.84,
n=19, S, =0.72, E, = 0.36.

The dependences of the integrated excess mixing
volumes on the crystal-chemical parameters Al, A2
of solid solutions of feldspars with isovalent and
heterovalent types of isomorphic substitutions were

®
[ ]
4 o
° o o
- s
= s $
2 .
o o
e
o |
0,00 0,05 o010 0,25 0,20 0,25 0,30 0,35
|A1]

determined. The relationship between V°,; and the
parameters Al, A2 (for isovalent type of
isomorphism) is described by the following equations
of the second degree (Fig. 5 a):

Ve 0.08713 -  0.392059%(Al) +
6.230197*(A1)% n=8, $,=0.09, E,=0.07
A 0.05693 +  0.10277%(A2) +

0.33053*(A2)*; n=8, S,=0.17, E,=0.12.

For systems of solid solutions with a heterovalent
type of isomorphism (the V¢, values can have
negative values), the relationship between the
integrated mixing volumes and the parameters Al
and A2 is well described by the equations of the
second degree (Fig. 5b):

Ve = 0.0270 + 4.766*A1 + 10.3706*(A1)%; n=7;
S, =0.15; E,=0.12;

Ve = 0.0273 + 1.2821*A1 + 0.75080%(A1)%
n=7; S, = 0.14; E, = 0.12.
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Fig. 4. Dependences of the integrated energies of mixing of solid solutions of feldspars on the parameters A1, A2.
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Fig. 5. Dependence of the integrated mixing volumes on the crystal-chemical parameter A2 for systems with isovalent
type of isomorphic substitutions (a) and for systems with heterovalent type of isomorphic substitutions (b).
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Abstract. Brunogeierite crystals (Fe**),Ge**0, up to 500
pm in size were obtained in autoclave at a temperature of
600/650 °C and a pressure of 100 MPa as a result of the
interaction of a boric acid solution on a metal iron wire in
the presence of germanium oxide (GeO,). Synthetic
brunogeierite crystallizes in the space group Fd3m, has a
spinel structure with unit cell parameters: a = 8.3783(6) &,
V= 588.12(13) A3,

Keywords: brunogeierite, spinel,
hydrothermal solutions

synthesis, structure,

Introduction. The rare Ge-mineral brunogeierite
with a spinel structure was found first in the lower
oxidation zone of the hydrothermal polymetallic ore
deposit of the Tsumeb deposit, Namibia (Otteman
and Nuber 1972). Later brunogeierite was found in
several other locations in the French Pyrenees (Johan
and Oudin 1986, Holl et al., (2007). Natural crystals
were small, sufficient only to determine some
structural characteristics (Welch et al., 2001).
Brunogeierite belonging to spinel structural type
opens up the possibility of using it in various fields
of technology. For example, nanosized crystals of
(Fe),GeO, find application in technologies for
creating materials for lithium and sodium-ion
batteries (Han et al., 2018). In addition, germanates
are often used as structural analogs of high-pressure
silicates, since they allow to study phase
transformations and structural behavior at pressures,
which are more accessible experimentally than for
the corresponding silicate systems. The obtaining of
synthetic brunogeierite crystals of sufficient size to
determination the physical properties is actual
direction for sciences and technology.

Methods. The synthesis of brunogeierite crystals
was carried out under thermo-gradient hydrothermal
conditions at temperature of 600-650 °C and pressure
of 100 MPa in autoclaves made of Cr-Ni alloy.
Platinum-lined inserts with an internal volume of 5
ml were used (Fig. 1). Iron wire and germanium
oxide were used as nutrient material; their ratio was
2:1 and calculated from brunogeierite stoichiometry.
The wire was located along the insert length,
germanium oxide at the bottom. A solution of 30
wt% boric acid was poured into the inserts loaded
with a nutrient. The ratio of the solid phases and
solution was 1:1. The inserts were hermetically
sealed, weighed and placed in an autoclave
containing three inserts at a time. Next, the autoclave
was heated in an electric furnace up to temperature of
650 (lower part) and 600 °C (upper part). Pressure
was set by the filling factor of the insert and
autoclave and was estimated from P-V-T diagrams
for pure water (Wagner and Pruss 2002). Duration of
experiments was 20 days. The experimental products
were studied by optical (MBS-10, ADF), polarizing
(Nikon Eclipse LV100pol), and scanning electron
(Tescan Vega II XMU) microscopes. The
compositions of the new formed crystals were
determined wusing electron probe microanalysis
(Tescan Vega II XMU). The structural characteristics
were refined on a Rigaku Oxford Di raction “Gemini
R” CCD with MoKa (A =0.71073 A).

Experiment in Geosciences 2021 Volume 27 N 1

79


mailto:setkova@iem.ac.ru

Captive nut

Thermocompensating ring
Obturator
J— Gold/platinum cover

g 7 Gold/plati I
/] ? old/platinum ampoule
Z E g Insert body
E (A4
T &
'& = = ; Solution
Hiflifie 7
/ 3 p / Finefglrained sample
\ 7 Fe- wire
-
5 mm
—

Fig. 1. Scheme of insert filling in experiments on the
brunogeierite synthesis

Results. Crystals of brunogeierite with size of 50
to 500 pm of dark brown color were obtained.
Crystals were formed mainly on the surface of the
iron wire (Fig. 2a). The largest ones crystallize in the
upper growth zone, where supersaturation with
respect to germanium oxide is higher. The crystals
habit is mainly composed of the faces of the {111}
octahedron, with a wide development of twinning
according to the spinel law, less often faces of the
rhombic dodecahedron {110} are present (Fig. 2b).
Synthetic brunogeierite crystallizes in the space
group Fd3m with lattice parameters a = 8.3783
(6) A; V' =15.608 A3; Z = 8 (Tables 1-2). The
oxides of spinel family exhibit the general
formula 48,04, where the B cation coordinates
in edge-sharing octahedra and the A4 cation

occupies tetrahedra. The refined site occupancies
indicate that Ge and Fe are fully ordered at the A
and B sites, respectively, i.e. Fe,GeO4 is a
normal spinel (Welch et al., 2001). So, our
brunogeierite has a normal spinel structure with
eighth formula units [V(Fe*),""(Ge™)0,] in a
primitive unit cell. The normal spinel structure
consists of a cubic close-packed array of oxygen
atoms with divalent cations V(Fe’") occupying
half of the octahedral interstices and tetravalent
cations "V(Ge*") occupying one eighth of the
tetrahedral interstices.

In the structure of the synthetic brunogeierite
crystal the bond distances of Ge —O is 1.782(10) A
and Fe — O is 2.113(6) A. The bond distances of a
synthetic crystal are slightly differ than the
theoretical ones, which should be equal to the sum of
the ionic radii. The Ge — O and Fe —O bond lengths
are 0.39+1.38=1.77 A and 0.78+1.38=2.16 A,
respectively. At the same time, the data obtained
earlier on the distance of bonds in a natural sample
brunogeierite showed the correspondence to
calculated (Welch et al., 2001).

Conclusions. Brunogeierite crystals with a spinel
structure were obtained for the first time at
hydrothermal conditions (temperature 600/650 °C
and pressure 100 MPa) as a result of the interaction
of boric acid solution with iron wire in presence of
hexagonal germanium oxide. The refined structural
characteristics of the obtained crystals are in
agreement with the data for natural and synthetic
polycrystalline brunogeierite (Welch et al., 2001,
Strobel et al., 1980). The size and quantity of crystals
allows carrying out additional studies of the physical
properties of synthetic brunogeierite, which is

planned in the future.

Fig. 2. Brunogeierite
crystals formed on surface
of iron wire (a) in boric acid
solution at 600/650 °C and
100 MPa, enlarged image

(b).
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Table 1. Crystallographic characteristics, details of the X-ray experiment, and structure refined parameters for

brunogeierite Fe,GeO,.

Formula weight 248.29
Space group Fd3m
a,b,c A 8.3783(6), 8.3783(6), 8.3783(6)
V, A3 588.12(13)
Z
8
F(000) 928
p, g/lcm3 5.608
Radiation sours type MoKa, 0.71073
T, (K) 258(20)
Crystal size, um 112x69x49
Diffractometer Rigaku Oxford Diffraction “Gemini R” CCD
Omin - Omax, rpaa 6.9-32.4
h, k, 1 ranges -21<h<10, -11<k<9, -12<I<I12
Rint 0.0543
GooF 1.152
Table 2. Structural data for brunogeierite
Sample a(A) V(A3) Cell content (7) Density References
Natural (Tsumed, 8.4127(7) 595.4(1) 8 n.d. Welch et al.,
Namibia) 2001
Synthetic 8.4118 595.2 8 Calc. 5.54 Strobel et al.,
polycrystalline Meas. 5.51 1980
Synthetic single 8.3783(6) 588.12(13) 8 5.608 This study
crystal

n.d. — no data

This work 1is fulfilled under the Research
Programs AAAA-A18-118020590140-7 and AAAA-
A18-118020590150-6 of the Korzhinskii Institute of
Experimental Mineralogy RAS.
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Abstract: This work is devoted to the synthesis of
eudialite and the possibility of entering into its structure
Nb, Ti, La, Sr with the formation of eudialite-like phases.
Experiments on the synthesis of eudialite were carried out
in platinum ampoules with a diameter of 4-5 mm on high-
pressure gas installations at a temperature of 550-650°C
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and a pressure of 1.8-2.0 kbar in accordance with the
assumed physic-chemical conditions for the formation of
pegmatites of the Lovozero and Khibiny massifs.

Keywords: eudialite, synthesis, hydrothermal conditions,
alkaline pegmatites

The process of metal cations separation from
eudialyte and its decomposition has been sufficiently
studied and described just now (Smirnova et al.,
2015; Smirnova et al., 2015). However, synthesis of
eudialite is a problem, due to the low knowledge of
the conditions of its formation, and is an urgent task
for experimental mineralogy.

Eudialite is a ring sodium, calcium,
zirconosilicate  with  the ideal formula —
Na,sCagFe’3Zr3(Siy0+3)(0,0H,H,0)5(C1,0H),
(Rastsvetaeva et  al.,, 2020). Composition of
eudialite may contain impurities Nb, Ta, REE, S, Y,
etc. The crystal structure of eudialite is extremely
complex, since there are two types of rings made of
silicon-oxygen tetrahedra: ternary and ninefold. It is
found only among igneous alkaline rocks (nepheline
syenites) and in pegmatite separations in paragenesis
with nepheline, feldspar, etc. in ultra-alkaline massifs
(Lovozersky, Khibinsky, etc.) (Yakovenchuk et al.,
1999). There are known rocks with such a significant
distribution of eudialite that it becomes a rock-
forming one, for example, eudialite luyavrite. Large
deposits are located in the Khibinsky and Lovozersky
alkaline massifs (Kola Peninsula). There are also
deposits in Canada, the United States, Greenland and
Norway.

The studied samples were synthesized from
stoichiometric ~ simplified gels of eudialyte
composition using the following reagents: CaO,
Fe,05, ZrOCl,*8H,0, Nb,Os and amorphous SiO,.
Sodium was introduced into the system through an
aqueous solution of NaOH (46 wt.%) in the volume
corresponding to the stechiometric amount of sodium
to the mass of the gel based on the eudialite formula,
which corresponds to the ultra-alkaline conditions of
eudialite formation. Fluid (1M NaCl) was also added
to the system in a weight/fluid ratio of 10/1 by
weight. As a seed material was used natural eudialyte
of the Lovozero massif (pegmatite of the northern
quarry of the Umbozero mine) in the amount of 1%
of the mass of the initial reaction mixture and fluids.
Naturale seed material of eudialite has composition:
(Nay4.03K0.24)1427Ca3 34(F ez+2.30Mno.60)2.90(Zr3.23Tio.24)3.4
7(Si0.81Nb0.19)(Si25073)C11.OSSO.IZ-

The experiments were carried out in platinum
ampoules with a diameter of 4 and 5 mm on high-
pressure gas installations, at temperature conditions:
600-550°C and 650-600°C (bottom-top of ampoules

with a reaction mixture), and at a pressure of 1.8 and
2.0 kbar, respectively, which is comparable with the
assumed physico-chemical conditions for the
formation of pegmatites of the Lovozersky and
Khibinsky massifs (Ageeva et al., 2002; Pekov,
2004). Duration of experiments was 10 days.

As a result of the experiments, beige-green
crystal aggregates up to 40 microns were obtained
(Fig. 1). During a detailed microscopic study using a
scanning electron microscope Tescan Vega 11 XMU
(Tescan, Czech Republic), equipped with an INCA
Energy 450 X-ray spectral microanalysis system with
energy dispersion (INCA Xsight) and crystal
diffraction (INCA wave 700) X-ray spectrometers
(Oxford Instruments, England) and the INCA
Energy+ software platform, as well as during the
decoding of X-ray phase analysis spectra in
experiments where as a fluid a 1M NaCl solution was
used, at P-T parameters: 600-550°C / 1.8 kbar, a
typical association of alkaline pegmatites was found -
aegirine + elpidite + eudialyte (composition:
NaysCag(Fe*",Mn*")(Zr,
Nb)3[Si25073](0,0H,H20)3(C1,0H)2 (Table 1)) +
petrazite, corresponding to the pegmatites of the
Lovozersky massif.

The data obtained in the course of the work
showed that the newly formed eudialyte is different
in composition from the original one (naturale seed
of eudialite), and that during crystallization, niobium
enters its structure, and the new eudialyte is enriched
in cerium, titanium, lanthanum and strontium, the
migration of which, from the seed, is probably due to
an increase in their mobility in the alkaline fluid
medium.

Figure 1. Crystals of synthesized eudialite (Sample with
NaCl + NaOH).
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Table 1. Chemical composition (wt. %) of natural and synthetic eudialytes.

Sample with NaCl + NaOH Sample with NaOH
components Seed of eudialite Synthesized eudialite Seed of eudialite Synthesized eudialite
SiO, 53.56 4991 53.81 51.02
710, 18.59 14.12 17.43 14.89
TiO, 0.07 0.05 0.1 0.08
Al,O4 0.24 0.09 0.19 0.15
Fe,05 0.28 1.61 0.25 1.18
CaO 15.41 17.41 15.01 16.23
Na,O 7.84 11.50 7.73 11.17
SrO 0.79 0.49 0.75 0.55
Nb,O5 0.82 2.57 2.80 3.68
La,0; 0.25 0.15 0.23 0.11
Ce,05 0.25 0.19 0.20 0.13
Cl 1.8 1.05 1.16 0.65
Total 99.2 98.75 97.6 99.83
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