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Abstract—Experiments on the melting of samples of f luorite-containing ongonites from the Ary-Bulak mas-
sif at 700–800°C at a pressure of 100 MPa and oxygen fugacity corresponding to the Ni–NiO and Mt–Hem
buffers were carried out. In all experiments, the limit of the f luorine content in the aluminosilicate melt and
saturation with respect to f luorite and topaz were reached. The change in oxygen fugacity did not qualitatively
affect the phase relations in the studied samples but led to a slight increase in the solubility of topaz and a
decrease in the solubility of f luorite in the silicate melt. In the composition of the silicate melt, a correspond-
ing change occurred in the value of the agpaite coefficient Ka and the content of CaO.
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INTRODUCTION
Fluorite-bearing ongonites were described (Antipin,

2009; Kovalenko V.I. and Kovalenko N.I., 1976; Pere-
tyazhko and Savina, 2010) as one of the varieties of the
Ary-Bulak subvolcanic massif rocks in Eastern Trans-
baikalia. In terms of chemical composition, these rocks
differ significantly in Ca content from the classical ongo-
nites of the Ongon-Khaierkhan deposit in Mongo-
lia. While the classical ongonites are characterized
by an extremely low (<0.5 wt %) content of CaO
(Kovalenko V.I. and  Kovalenko N.I., 1976; Kova-
lenko et al., 1971), in the f luorite-bearing ongonites of
the Ary-Bulak massif the amount of CaO can reach
10 wt % or more.

Based on the results of the study of melt and fluid
inclusions in the phenocrysts of these rocks, the
authors of (Peretyazhko and Savina, 2010) concluded
that in the ongonite magma of the massif that coex-
isted with crystalline phases and silicate melt, water-
salt f luids and various f luoride melts occurred that
were similar in composition to f luorite, sellaite, cryo-
lite, or chiolite. In the same work, mineral associa-
tions characterized the coexistence in the subliquidus
region of a system of two immiscible melts, that is, sil-
icate and Ca–F salt. Signs of the existence of a Ca–F
melt were described for alkaline granites of Mongolia
(Peretyazhko et al., 2018) and granite rare-metal pegma-
tites of Canada (Vasyukova and Williams-Jones, 2014).

The formation of f luoride melts at the magmatic
stage of formation of massifs can affect the distribution
of ore components and, as a result, be one of the deci-

sive factors in the formation of deposits (Alferyeva
et al., 2019, 2020; Gramenitskiy et al., 2005). Numer-
ous attempts were made to experimentally model the
equilibrium coexistence of quartz-standard silicate
and Ca–F salt melts; however, the immiscibility of sil-
icate and mainly calcium fluoride melts were reliably
obtained only in the region of high supra-liquidus
temperature (Suk et al., 2018). It has been shown that
for f luorite-containing trachyrhyolites of Mongolia a
Ca–F salt melt coexists with a silicate melt at 1250°C.
The equilibrium silicate melt–Ca–F salt melt will
most likely also occur in the studied samples at a tem-
perature exceeding the crystallization temperature of
the f luorite melt. At a lower temperature for similar
systems in all experimental studies without exception,
a stable silicate melt–fluorite phase association was
obtained (Alferyeva et al., 2018a;  Dolejš and Baker, 2004,
2006;  Gramenitskiy et al., 2005; Lukkari and Holtz,
2007; Price et al., 1999; Scaillet and Macdonald, 2004).

From the point of view of the generally accepted
model, high-fluorine granite melts are formed as
residuals from crystallization of ordinary granites. The
liquidus temperature of a granite melt saturated with
water at P = 100 MPa is not more than 800°C (Holtz
et al., 2001). The addition of fluorine to the system leads
to a significant decrease in its crystallization temperature
(Holtz et al., 1993; Kovalenko, 1979; Manning, 1981).
According to the data of (Syritso et al., 2012), the crys-
tallization temperature of various massifs of ongonites
in Transbaikalia lies in the range of 600–700°C. The
liquidus temperature of the Ary-Bulak ongonite melt
415
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Table 1. The chemical composition of the initial samples of
rocks from the Ary-Bulak massif, according to (Peretyaz-
hko et al., 2007), wt %

* Only the main components are given. For a more detailed
chemical composition of these rock samples, see (Peretyazhko
et al., 2007).

Sample SiO2* Al2O3 Na2O K2O CaO F Sum

ARB-24 62.60 14.20 3.15 4.04 9.26 6.80 97.28

ARB-19 51.99 17.81 0.53 3.23 14.46 12.25 95.37
corresponds to 600–750°C (Antipin et al., 2009; Pere-
tyazhko and Savina, 2010). Based on these data, the
existence in nature of a f luorine-rich granite melt at a
temperature of 1250°C, which is higher than the liqui-
dus temperature of an ordinary granite melt, seems
impossible. One of the objectives of this experimental
work was an attempt to obtain a Ca–F melt at a low
temperature that meets the conditions of the subliqui-
dus of the granite system.

One characteristic feature that distinguishes the
composition of the Ca–F melt from fluorite is its sig-
nificant oxygen content (4–10 wt %). We propose that
an increase in O2 fugacity in the system can lead to an
increase in the amount of the oxygen impurity in f lu-
orite and, due to an increase in impurities, possibly in
its transformation into Ca–F melt at the subliquidus
temperature of the granite system. The aim of our
work was to determine the possible effect of oxygen
fugacity on the phase relations and the composition of
phases in the system corresponding to f luorite–con-
taining ongonite at T = 700–800°C and a pressure of
100 MPa.

MATERIALS AND METHODS

Natural samples of porphyry f luorite-bearing
ongonites (no. ARB–24) and aphyric rocks of the
endo–contact facies (no. ARB-19) on the southwest-
ern f lank of the Ary-Bulak massif were used as the ini-
tial compositions. All samples for experimental study
in the form of powders were provided by I.S.Peretyaz-
hko. The contents of the main components in the rock
samples are presented in Table 1. A detailed petro-
graphic description and complete data on the chemi-
cal composition of the samples were given in (Kova-
lenko V.I. and  Kovalenko N.I., 1976; Peretyazhko and
Savina, 2010). Data on the geological structure of the
Ary-Bulak massif can be found in (Antipin et al., 2009).

Porphyry f luorite-containing ongonite (sample no.
ARB-24) consists of 20–30% porphyry phenocrysts
represented by quartz, albite, and sanidine. Topaz and
mica of the zinnwaldite series are present in small
quantities. The micro-grained groundmass is com-
posed of the same minerals and glass; the presence of
fluorite (up to 5%) was noted. The rock of the endo-
contact facies (sample no. ARB-19) has a similar min-
MOSCOW UNIVE
eral composition and aphyric structure with rare (up
to 1–2%) phenocrysts in the cryptocrystalline
groundmass. In these two varieties of rocks, numerous
areas up to several millimeters in size were described
(Peretyazhko and Savina, 2010), consisting of “F–Ca
glass” and crystals of f luorite and dickite; their forma-
tion is attributed to the liquid immiscibility of silicate
and Ca–F salt melts.

The rock samples were ground in jasper mortars.
The resulting powder was loaded into platinum
ampoules; 10 wt % water was added to each ampoule.
The ampoules were then hermetically sealed. The
length of the obtained ampoules was approximately
1.5 cm, the outer diameter was 3 mm, and the wall
thickness was 0.2 mm.

In the first series of experiments, the oxygen fugac-
ity was set by the composition of the exoclave reactor;
it corresponded to the Ni–NiO buffer. The experi-
ments were carried out at 800 and 700°C, a pressure of
100 MPa on a high-pressure hydrothermal installation
with external heating and a cold seal at the Chair of
Petrology and Volcanology of the Department of
Geology of Moscow State University. The duration of
the experiments at 800°C was 3 days, at 700°C it was
7 days. The accuracy of temperature maintenance was
10°С and the pressure was 10 MPa. The hardening
time was approximately 10 min.

In the second series of experiments, the conditions
of increased oxygen fugacity were set using a buffer
Mt–Hem mixture. The temperature regime and the
duration of the experiments in this case were limited
by the time of the reaction between the components of
the buffer pair. The experiments were carried out at
the Institute of Experimental Mineralogy (IEM) RAS
(Chernogolovka) on a UVGD10000 high gas pressure
unit under the direction of V.Yu. Chevychelova.

The buffer mixture was made up of magnetite and
hematite, mixed in a ratio of 1 : 9. The sealed ampoules
with crushed rock samples and the required amount of
water were loaded into another ampoule with a vol-
ume of approximately 0.8 cm3. Buffer and water were
added to this vial. The ampoule was also welded. To
increase the buffer run time, this double ampoule was
placed in another external ampoule with a volume of
approximately 1.9 cm3, which was also filled with the
buffer mixture and water and sealed. Each stage of
ampoule preparation was accompanied by taking the
sample weight with an accuracy of ±10–5 g.

The temperature of the second series of experi-
ments was 750°C, the pressure was 100 MPa, and the
duration was 2 days. The hardening time was approxi-
mately 20 min.

According to the results of the analysis of the buffer
mixture phase composition at the end of the experi-
ment it consisted of 100% magnetite in the outer
ampoule, the Mt : Hem ratio in the middle ampoule
was ~4 : 1.
RSITY GEOLOGY BULLETIN  Vol. 76  No. 4  2021
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Table 2. The glass chemical composition of the experimental samples, wt %

Oxygen is measured; the error was calculated using the Student’s coefficient for small samples (5–8 analyzes of each glass sample) at a
confidence level of 0.95.

Experiment 
number Sample Buffer Т, 

°С Si Al Na K Ca F O* Sum

24NN800 ARB-24 Ni–NiO 800 31.1 ± 0.6** 7.99 ± 0.11 2.37 ± 0.15 3.54 ± 0.17 1.2 ± 0.6 2.3 ± 0.15 50.8 ± 0.8 99.6
24NN700 ARB-24 Ni–NiO 700 32.4 ± 1.6 7.3 ± 0.7 1.2 ± 0.4 3.5 ± 0.4 1.1 ± 0.4 1.5 ± 0.6 51.8 ± 2.1 99.1
24MH ARB-24 Mt–Hem 750 32.2 ± 0.6 7.9 ± 0.2 1.4 ± 0.6 3.46 ± 0.29 0.81 ± 0.12 2.28 ± 0.25 52.6 ± 1.9 100.1
19NN800 ARB-19 Ni–NiO 800 30.7 ± 0.6 7.45 ± 0.11 0.51 ± 0.06 3.91 ± 0.28 1.57 ± 0.22 3.79 ± 0.25 50 ± 0.9 98.3
19NN700 ARB-19 Ni–NiO 700 31.1 ± 1.1 7.7 ± 0.4 0.19 ± 0.14 3.59 ± 0.27 1.8 ± 0.5 2.8 ± 0.4 50.4 ± 1.6 97.9
19MH ARB-19 Mt–Hem 750 31.7 ± 0.8 7.31 ± 0.22 0.16 ± 0.04 3.39 ± 0.28 1.03 ± 0.24 3.03 ± 0.08 53.2 ± 1.1 99.8

Table 3. The chemical composition of glasses in oxides, wt %

Experiment 
number

SiO2 Al2O3 Na2O K2O CaO F O=2F Sum

24NN800 67.0 15.2 3.2 4.3 1.7 2.3 1.0 92.7
24NN700 70.0 13.9 1.6 4.3 1.6 1.5 0.6 92.3
24MH 68.3 14.8 1.8 4.1 1.1 2.3 0.9 91.4
19NN800 67.1 14.3 0.7 4.8 2.2 3.9 1.6 91.4
19NN700 68.0 14.8 0.3 4.4 2.6 2.9 1.2 91.8
19MH 67.7 13.8 0.2 4.1 1.4 3.0 1.3 89.0

Fig. 1. The phase relations in porphyry f luorite-containing
ongonite at 800°C under conditions of a Ni–NiO buffer
(experimental sample 24NN800).
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The determination of the chemical composition of
the samples was performed in the laboratory of local
methods for the study of matter at the Chair of Petrol-
ogy and Volcanology of the Department of Geology of
Moscow State University using an energy-dispersive
microanalyzer based on a Jeol JSM-6480LV scanning
electron microscope (INCA-Energy 350 spectrome-
ter). The dispersion characterizing the detection
threshold for F was 0.05 wt %, while for Na, K, Ca, Al,
and Si it was 0.02 wt %. The determination accuracy
was ±10 rel. % at a content of up to 1 wt %; ±5 rel. %
at a content from 1 to 5 wt %; and ±2 rel. % at a con-
tent from 5 to 10 wt %.

RESULTS AND DISCUSSION

As a result of the experiments, approximately 2–
10 mm samples were obtained, which mainly consist
of aluminosilicate glass and various crystalline phases.
The chemical composition of glasses according to
EDS analysis is given in Tables 2 and 3. The Ca–F salt
melt was not found in the studied samples. The change
in oxygen fugacity corresponding to the Ni–NiO and
Mt–Hem buffers did not lead to a qualitative change
in the phase relations in the system.

For the Ni–NiO buffer T = 800–700°С. Porphyry
fluorite-containing ongonite at 800°С (experiment
No. 24NN800) consists of 85% aluminosilicate melt.
Crystalline phases are represented by fluorite (10%) and
topaz (5%). Fluorite forms small (up to 10 μm) isomet-
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
ric well-faceted or rounded crystals. Topaz is repre-
sented by grains ranging in size from 2 to 10 μm, with
elongated short-columnar or isometric outlines (Fig. 1).

When the temperature was decreased to 700°С
(experiment no. 24NN700), plagioclase (~3%)
occurred in the sample, which consisted of elongated
subidiomorphic or skeletal crystals of andesine com-
position up to 20 μm. The size of f luorite crystals
  No. 4  2021
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Fig. 2. The phase relations in the aphyric rocks of the endo-
contact at 750°C under the conditions of the Mt–Hem buf-
fer (experimental sample no. 19MH).
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increased to 15–20 μm. According to the results of
EDS analysis, it has the following composition (at %):
Ca, 31.3; F, 66.5; O, 2; Si, 0.2; Al, 0.1; and K, 0.1.

In aphyric rocks at 800°C (experiment no.
19NN800), stable phases are represented by silicate
melt (55%) and approximately equal amounts of
quartz, topaz, and fluorite. Fluorite forms isometric
faceted or rounded grains of up to 10 μm. Topaz is rep-
resented by small (up to 5 μm) elongated short-colum-
nar crystals, quartz is represented by round irregular
grains up to 50 μm in size. They often contain inclu-
sions of aluminosilicate glass or crystalline phases.

When the temperature was decreased to 700°C
(experiment no. 19NN700), plagioclase also occurred
in the sample; its composition corresponds to bitown-
ite. It is represented by elongated idiomorphic crystals
of up to 10 μm. Fluorite consists of (at %) Ca (30.8), F
(65.7), Si (0.4), Al (0.3), and O (2.7). Topaz forms small
(up to 5 microns) grains of an irregular shape. Quartz is
represented by large (up to 70 microns) segregations of
an irregular rounded shape. They often contain inclu-
sions of glass, plagioclase, and topaz. The chemical
composition of quartz is characterized by the presence
of impurities (at %): Al, 0.6; F, 0.5; K and Ca, 0.1.

Mt–Hem buffer, T = 750°C. An increase in oxygen
fugacity in the studied samples does not lead to a qual-
itative change in phase equilibria. As in the previous
series of experiments, with the specified parameters
(experiments no. 24MH and no. 19MH), the samples
mostly consisted of silicate glass, 85 and 55%, respec-
tively (Fig. 2). In addition, f luorite (10 and 15%) and
topaz (5 and 15%) are present. In sample no. 19MH,
quartz was formed. The f luorite of both samples con-
sists in (at. %) Ca (31), F (65), Si (0.4), O (3.7), K (0.1),
and Na (0.1).
MOSCOW UNIVE
The obtained experimental data are fully consistent
with the results of previous studies of phase relations in
fluorine-containing magmatic systems (Alferyeva
et al., 2011, 2018a, 2018b; Dolejš and Baker, 2004, 2006;
Gramenitskiy et al., 1993, 2005; Lukkar and Holtz,
2007;  Price et al., 1999; Scaillet and Macdonald, 2004;
Shchekina et al., 2013). Both in model systems and
during melting of natural samples under subliquidus
conditions of a deeply differentiated granite system,
immiscible silicate and Ca–F salt melts are not
formed.

The Ca–F phase in all the obtained samples under
the experimental parameters is a stable equilibrium
crystalline f luorite, and not a Ca–F salt melt. Most of
the grains of this phase in the samples have character-
istic crystallographic shapes with well-formed crystal
edges and vertices. In some cases, the crystal vertices
are rounded, but, as a rule, even in these cases, facets
or their traces are clearly visible in the grains. In the
grains of this phase, no characteristic morphological
forms characterizing the coalescence of droplets or the
formation of a layer of molten salt were found. On the
contrary, between individuals in the case of their joint
growth, acute, right, or obtuse angles with a well-
defined apex are formed. Skeletal forms are absent
among the grains, which could indicate the crystalli-
zation of f luorite from the supercooled melt during the
quenching of the samples. The chemical composition
of rounded and faceted f luorite varieties is the same
within the same sample. The ratio of Ca and F in
grains is close to stoichiometric. It remains constant
and does not depend on the composition of the coex-
isting silicate melt.

According to the data we obtained, an increase in
oxygen fugacity promotes a slight increase in the con-
tent of oxygen impurities in fluorite: from 2—3 at % with
the Ni–NiO buffer and approximately up to 4 at % with
the Mt–Hem buffer. This correlation between the
oxygen content in fluorite and the oxygen fugacity
requires detailed verification by other analytical meth-
ods. The measured content of impurities does not lead to
the destruction of the crystal structure of fluorite and to
the expansion of the stability field of the Ca–F salt melt
into the subliquidus region of the granite system.

Our experiments simulated the equilibrium phase
relations in these rocks at the given parameters. The
composition of the glass in the samples (excluding the
content of volatile components) reflects the composi-
tion of the silicate melt under the parameters of the
experiment. The change in the composition of the
glass of the samples with decreasing temperature
shows the direction of the change in the composition
of the residual melt during the crystallization differen-
tiation of these rocks.

Figure 3 shows the trends of changes in the content
of SiO2 and F in the glasses with decreasing tempera-
ture. Since the liquidus minerals of these samples are
represented by high-fluoride f luorite and topaz, with
RSITY GEOLOGY BULLETIN  Vol. 76  No. 4  2021
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Fig. 3. The SiO2 and F contents in the glasses of experimental products, wt %.
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a decrease in temperature from 800 to 700°C, their
residual melt is depleted in f luorine. The absence of
high-silicon minerals in samples 24NN800 and
24MH led to a significant increase in the silica content
in the melt of sample 24NN700 at 700°C. Despite the
formation of quartz, in samples no. 19NN800, no.
19MH and no. 19NN700, the silica content in the
residual melt also increased with a decrease in tem-
perature from 800 to 700°C.

The obtained inverse proportional relationship
between the contents of SiO2 and F in the residual
melt is in accordance with the data of (Kovalenko,
1979; Kovalenko V.I. and Kovalenko N.I., 1976; Man-
ning, 1981). An increase in the f luorine content in the
system leads to an expansion of the quartz stability
field and a corresponding decrease in the silica con-
tent in the residual melt. The increase in oxygen fugac-
ity has practically no effect. The points of the glasses
composition obtained in the conditions of the Mt–
Hem buffer fall within the limits of errors on the trends
of changes in the content of these elements in the con-
ditions of the Ni–NiO buffer.

The change in oxygen fugacity affects the agpaitic-
ity coefficient of silicate glasses. Figure 4 shows that
considering the values   of the absolute measurement
error the composition of the silicate glass obtained in
experiment no. 24MH under the conditions of the
Mt–Hem buffer is more plumazitic than that of the
glasses obtained in samples no. 24NN800 and no.
24NN700 under the conditions of the Ni –NiO buffer.
The only crystalline phase that affects the melt
agpaiticity coefficient in experimental samples
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
24NN800, 24NN700, and 24MH is topaz. Therefore,
a decrease in the agpaite coefficient and an increase in
the Al2O3 content in the silicate melt in this case are
most likely due to an increase in the solubility of topaz
in it. In experimental samples based on the rock of the
endocontact facies (sample no. ARB-19) this effect,
considering the measurement errors, is almost not
manifested.

In the glasses of experiments with increased oxygen
fugacity, a reduced CaO content was noted. Figure 5
shows that the compositions of these glasses are sig-
nificantly lower than the trend lines obtained for sys-
tems with fugacity corresponding to the Ni–NiO buf-
fer. The only Ca-containing phase in these samples
(except for silicate melt) is f luorite. Therefore, appar-
ently, a decrease in the calcium content in the melt
indicates a decrease in the solubility of f luorite in it.
This effect is more pronounced for experimental sam-
ples based on the rock sample no. ARB-19 than for
specimen no. ARB-24.

The experimental data we obtained indicate that
the composition of the silicate melt and the solubility
of f luorine-rich phases in it can vary significantly
depending on the oxygen fugacity value. This effect is
most likely based on the principle of the acid–base
interaction of system components. An increase in oxy-
gen fugacity can lead to a redistribution of cations
between fluorine and oxygen and, as a result, contrib-
ute to a change in the stability fields of various phases.
In natural systems, a change in the regime of volatiles
can cause partial dissolution of already formed high-
  No. 4  2021
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Fig. 4. The values of the agpaite coefficient Ka = (Na2O + K2O)/Al2O3 (in molar fractions) and the SiO2 content (wt %) in the
glasses of experimental samples.
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Fig. 5. The SiO2 and CaO contents in the glasses of experimental products, wt %.
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f luoride minerals or, conversely, the beginning of
crystallization of new ones.

CONCLUSIONS
In all the experiments, the maximum limit of the

fluorine content in the silicate melt of the given com-
MOSCOW UNIVE
position and the saturation of this melt with respect to
fluorite and topaz were reached.

No signs of silicate–fluoride liquid immiscibility
were found in the products of the experiments. A
change in the oxygen fugacity within the Ni–NiO and
Mt–Hem buffers in the studied samples does not lead
to the formation of a Ca–F melt.
RSITY GEOLOGY BULLETIN  Vol. 76  No. 4  2021



THE COMPOSITION OF A SILICATE MELT OF FLUORITE-CONTAINING ONGONITES 421
The increase in oxygen fugacity promotes a slight
increase in the aluminum content and a decrease in
the calcium content in the silicate melt. Such varia-
tions in the composition of the quartz-standard f luo-
rine-containing melt are possible due to a change in
the solubility of topaz and fluorite in it.
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