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Abstract

This paper reports new FTIR data on the HoO and CO; concentrations in glasses of 26 naturally quenched and experimentally partially
homogenized melt inclusions in olivine (Fogs_91) phenocrysts from rocks of the Kliuchevskoi volcano. Measured H>O concentrations in the
inclusions range from 0.02 to 4 wt.%. The wide variations in the H>O content of the inclusions, which do not correlate with the host olivine
composition and contents of major elements in the melts, are explained by the HoO escape from inclusions via diffusion through the host
olivine during the magma eruption and the following cooling. The largest HyO loss is characteristic of inclusions from lava samples which
cooled slowly after eruption. The minimal HyO loss is observed for inclusions from rapidly quenched pyroclastic rocks. Parental magmas of
the Kliuchevskoi volcano are estimated to contain 3.5 wt.% HO. The new data imply a 40 °C lower mantle temperatures than that estimated
earlier for the Kliuchevskoi primary melts. The concentrations of CO; in glasses range from <0.01 to 0.13 wt.% and do not correlate with
the type of studied inclusions and their composition. The calculated pressures of melt equilibria with HoO—CO> fluid inside the inclusions are
lower than 270 MPa. They are significantly lower than a pressure of 500 MPa calculated from the density (~0.8 g/cm3) of cogenetic fluid
inclusions in high-Fo olivine. The significant pressure drop inside the melt inclusions after their trapping in olivine might be due to the H,O
loss and redistribution of CO2 from melt to daughter fluid phase. Compared with melt inclusions, cogenetic fluid inclusions provide independent
information about the crystallization pressures of olivine and initial CO; content in the Kliuchevskoi magma, which were estimated to be at
least 500 MPa and 0.35 wt.%, respectively. The maximum CO; concentrations in the primary Kliuchevskoi melts are estimated at
0.8-0.9 wt.%. The decompression crystallization of the Kliuchevskoi magmas starts at depths of 30—40 km and proceeds with a continuous
decrease in CO; content and an increase (up to 67 wt.%) and then a decrease (at <300 MPa) in H>O content in melts, which explains the
origin of the whole spectrum of rocks and melt inclusions of the Kliuchevskoi volcano.
© 2011, V.S. Sobolev IGM, Siberian Branch of the RAS. Published by Elsevier B.V. All rights reserved.
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Introduction

Studies of melt and fluid inclusions are of paramount
importance for the understanding of the physicochemical
conditions of formation and evolution of magmas (Metrich
and Wallace, 2008; Naumov, 2011; Smirnov et al., 2011; So-
kolova et al., 2011). H2O and CO; are major volatile compo-
nents of magmas, which is fundamental in magmatic pro-
cesses. They influence the melting of the mantle, the compo-
sition of magmas and their crystallization, the nature of
volcanic eruptions and climate (Carroll and Holloway, 1994).
During the past decade, there has been a significant increase
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in the number of studies of volatiles in magmas formed in a
subduction-related setting, especially those concerned with
melt inclusions in minerals (Naumov et al., 2010). Much
less attention has been paid to the question of the representa-
tiveness of glass compositions of melt inclusions for charac-
terization of the initial concentration of HoO and CO; in
magmas (Danyushevsky et al., 2002; Metrich and Wallace,
2008; Portnyagin et al., 2008). These studies have shown that
the processes occurring in inclusions after their entrapment in
host mineral can significantly change the initial content of
H>0 and CO; in melt inclusions. Underestimating the effect
of these processes leads to an incorrect interpretation of data
on the content of volatiles in inclusions and wrong petrological
conclusions.

In this work, we performed a systematic study of HyO and
CO; contents in melt and fluid inclusions in high-magnesian
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olivine from rocks of the Kliuchevskoi volcano using IR
spectroscopy and cryometry. The data are used to discuss the
evolution of HoO and CO; contents in melt inclusions and
conformity between the results for cogenetic melt and fluid
inclusions, as well as to estimate the possible initial concen-
trations of HoO and CO; in magmas of the Kliuchevskoi
volcano.

Characterization of samples studied
and inclusions in olivines

Composition of rocks and olivines of the Kliuchevskoi
volcano. The Kliuchevskoi volcano 4750 m high with a
volume of erupted magma of about 250 km? is the world-re-
nowned and largest volcano in Eurasia. It is located in the
Central Kamchatka Depression in the northern part of the
Eastern Kamchatka volcanic belt, whose magmatism is asso-
ciated with the subduction of the Pacific plate beneath
Kamchatka and the melting of the mantle wedge under the
influence of fluids separating from the subducted plate
(Portnyagin et al., 2007b). The Kliuchevskoi volcano is part
of the Kliuchevskoi group of volcanoes, which is the largest
in Kamchatka and includes 12 volcanoes, with a total volume
of erupted rocks of about 5000 km?> (Melekestsev, 1980) over
the past ~300 ka (Calkins, 2004). The Kliuchevskoi volcano
is the youngest among them; its age is about 7000 years
(Braitseva et al., 1995). The minimum average annual magma
output from the Kliuchevskoi volcano is 60 million tons,
which makes it the most productive island-arc volcano in the
world (Fedotov and Masurenkov, 1991).

The Kliuchevskoi volcano was the subject of many
petrological and geochemical studies (Ariskin et al., 1995;
Dorendorf et al., 2000; Mironov et al., 2001; Khubunaya et
al., 1994, 2007; Kersting and Arculus, 1994; Khrenov et al.,
1989; Ozerov, 2000; Portnyagin et al., 2007a,b). Issues related
to the HyO content of magmas of the Kliuchevskoi volcano
were considered in papers (Churikova et al., 2007; Khubunaya
and Sobolev, 1998; Mironov et al., 2001; Portnyagin et al.,
2007b; Sobolev and Chaussidon, 1996), which give estimates
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Fig. 1. Distribution of olivine phenocrysts (Fo) in Kliuchevskoi volcano rocks.
The figure shows the composition of all phenocrysts and phenocrysts with melt

inclusions (MIs) (Mironov, 2009). Fo = 100 - (Mg/(Mg + Feﬁ;)).

of the H>O content in melts and their sources based on ion
probe measurements of HyO. IR spectroscopy data on the HyO
and CO; contents in melt inclusions in olivine from the
Kliuchevskoi volcano are given in (Auer et al., 2009).

Rocks of the Kliuchevskoi volcano form a continuous series
from high-magnesian basalts to moderately magnesian high-
alumina andesite-basalts of normal alkalinity (Ariskin et al.,
1995). In this work, we studied samples of Cpx-Ol and
Ol-Cpx-Pl porphyritic varieties of lavas and pyroclastics
(bombs, scoria) of historic (Tuyla, Apakhonchich, Piipa) and
older (Bulochka, Luchitskogo, Ochki) eruptions on the slopes
of the volcano, which represent the full range of rock
compositions of the Kliuchevskoi volcano. The chemical
composition and a petrographic description of the samples
studied are given in (Churikova et al., 2007; Dorendorf et al.,
2000; Khubunaya et al., 1994; Portnyagin et al., 2007a,b).

Olivine phenocrysts are present in all types of rocks of the
Kliuchevskoi volcano (Khubunaya et al., 1994; Kersting and
Arculus, 1994). Its composition varies over a wide range
from Fogy to Fogs. The presence of melt and more rare fluid
inclusions is characteristic of the entire range of olivine
compositions (Fig. 1, Table 1).

Melt and fluid inclusions in olivine. In this study, we
investigated the largest inclusions in high-magnesian olivine
(Fo > 85), which were previously analyzed for the content of
major elements, trace elements, and volatiles (Portnyagin
et al., 2007b; Churikova et al., 2007) (see Fig. 1, Ta-
ble 1). Two types of magmatic inclusions, melt and fluid,
were studied (Fig. 2).

Melt inclusions (Mls) are divided into two types: recrystal-
lized inclusions (predominant type), which were previously
investigated in homogenization experiments (see Fig. 2, b, ¢),
and naturally quenched glassy inclusions (see Fig. 2, a). IR
spectroscopy was subsequently performed on 23 inclusions of
the first type (Fog46-906) and three naturally quenched
inclusions (Foge4-904) (see Table 1).

Devitrified inclusions were usually large and single or, less
commonly, multiple inclusions in a grain, with a smoothed
olivine faceting (see Fig. 2, b, c¢). The size of the inclusions
ranged from 55 to 165 um (mean diameter, see Table 1). The
inclusions varied in crystallinity from finely recrystallized (in
samples of bombs and scoria) to coarsely recrystallized
inclusions (in lava samples). The phase composition of the
recrystallized inclusions was represented by association Cpx +
glass + gas phase + Cr-Spl t Al-Spl = sulfide. The daughter
phases in the inclusions have a high-alumina composition
(e.g., Al20O3 = 7-15 wt.% in Cpx and 65 wt.% for Al-Spl),
which clearly distinguishes them from phenocrysts and crys-
talline inclusions in minerals and is a consequence of specific,
possibly metastable crystallization conditions in melt inclu-
sions (Portnyagin et al., 2005). The gas phase of recrystallized
inclusions was presented, as a rule, by one large bubble and
smaller bubbles scattered among clinopyroxene crystals. The
low density of the gas phase made it impossible to study its
phase composition.

Glassy naturally quenched inclusions were found in olivine
from a sample of volcanic sand of Apakhonchich lava
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Table 1. Characteristics and composition (major elements and volatiles) of melt inclusions in olivine
Parameters and 1 2 3 4 5 6 7 8 9 10 11 12 13

composition of E289  E291-2 E295-1 E296-1 E299  E312-1 E314  E316-1 E318  E319-1 AP4 AP3 OI20E
glasses of MIs

Flow/cone Luchits- Luchits- Luchits- Luchits- Piipa Buloch- Buloch- Buloch- Buloch- Buloch- Apa- Apa- Apa-
kogo kogo kogo kogo ka ka ka ka ka khon. khon. khon.
Sample No. KHUB-2 KHUB-2 KHUB-2 KHUB-2 PIKH KHUB-5 KHUB-5 KHUB-5 KHUB-5 KHUB-5 APl AP1 AP1
Rock HMB HMB HMB HMB HAB HMB HMB HMB HMB HMB HAB HAB HAB
Rock type Bomb Bomb Bomb Bomb Bomb Bomb Bomb Bomb Bomb Bomb Scoria  Scoria  Scoria
Tquench, °C 1190 1210 1182 1195 1145 1170 1190 1145 1145 1160 - - 1252
MI diameter, pum 143 140 65 84 98 150 94 85 115 80 63 70 98
Bubble diameter, um 73 N.d. 25 25 35 50 29 30 35 25 23 28 35
Bubble volume, rel.% 13.2 5.7 2.7 4.6 3.7 3.0 4.4 2.8 3.1 4.7 6.1 4.6
Host olivine, Fo 87.5 89.6 89.5 89.5 84.6 87.9 88.9 88.3 88.1 88.9 86.4 90.4 89.5
SiOy, wt.% 51.12 49.10 47.03 49.48 49.72 51.33 49.50 49.38 48.81 48.95 48.07 50.88 47.51
TiO2 0.98 0.82 0.92 0.80 1.03 0.96 0.84 0.87 0.95 1.08 1.10 1.05 0.69
AlLO3 16.23 14.80 16.52 14.17 17.39 15.17 14.47 15.65 1591 16.53 18.18 17.12 12.66
FeO 7.41 6.34 6.80 6.89 7.76 6.63 6.81 7.57 7.66 6.92 7.32 4.98 7.60
MnO 0.12 0.09 0.13 0.13 0.15 0.13 0.09 0.12 0.14 0.09 0.12 0.07 0.13
MgO 8.23 9.35 8.82 9.92 7.13 8.59 9.59 8.30 7.85 8.10 5.33 5.54 12.41
CaO 9.83 14.44 13.44 12.81 10.26 9.83 12.23 12.21 11.77 11.65 12.24 13.87 12.17
Na2O 2.99 2.25 2.57 2.33 3.46 3.12 2.54 2.65 2.79 3.02 3.51 3.06 1.99
K20 0.62 0.40 0.55 0.41 0.94 0.73 0.49 0.44 0.49 0.63 0.71 0.76 0.50
P05 0.13 0.10 0.14 0.07 0.17 0.20 0.16 0.08 0.16 0.13 0.20 0.17 0.14
Cl 0.04 0.06 0.11 0.06 0.06 0.09 0.08 0.06 0.06 0.09 0.14 0.09 0.10
S 0.09 0.19 0.25 0.20 0.21 0.09 0.19 0.17 0.19 0.15 0.32 0.19 0.21
Total 97.8 97.9 97.3 97.3 98.3 96.9 97.0 97.5 96.8 97.4 97.2 97.8 96.1
H>O (SIMS), wt.% 2.80 2.80 2.37 1.91 2.47 3.06 2.66 2.37 2.67 2.35 2.31 1.32 2.68
Reference P-07 P-07 P-07 P-07 P-07 P-07 P-07 P-07 P-07 P-07 P-07 P-07 P-07
Parameters and 14 15 16 17 18 19 20 21 22 23 24 25 26

composition of

glasses of M OI5$_av bull29- bull44- bull7-gl bul27-gl bul78-gl ol124-gl o0l177-gl 0179-g1 050-gl  t13-gl  35-g2  t75-gl

gl gl

Flow/cone Apa- Buloch- Buloch- Buloch- Buloch- Buloch- Ochki Ochki Ochki Ochki Tuyla Tuyla Tuyla
khon. ka ka ka ka ka

Sample No. AP1 KLU-98- KLU-98- KLU-98- KLU-98- KLU-98- KLU-96- KLU-96- KLU-96- KLU-96- KLU-96- KLU-96- KLU-96-

01 01 01 01 01 03 03 03 03 15 15 15
Rock HAB HMB HMB HMB HMB HMB MB MB MB MB MB MB MB
Rock type Scoria  Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava
Tque, °C - 1214 1242 1214 1253 1220 1231 1315 1190 1258 1275 1267 1292
MI diameter, pum 168 90 155 104 165 69 85 78 78 88 86 75 55
Bubble diameter, um 66 35 53 38 60 28 43 35 35 40 38 30 25
Bubble volume, rel.% 6.1 59 39 4.7 4.8 6.4 12.5 9.2 9.2 9.6 8.2 6.4 9.4
Host olivine, Fo 89.8 88.7 90.6 88.5 89.7 89.0 89.4 90.1 89.3 89.5 88.7 88.4 87.5
SiOy, wt.% 5022 48.49 47.33 483 47.81 47.58 48.99 48.82 49.2 50.31 50.17 48.51 49.26
TiO2 0.92 1.08 0.76 1.04 0.93 0.97 0.9 0.81 1.17 0.9 0.91 0.99 0.98
AlLO3 15.85 18.64 16.34 18.37 15.59 17.57 17.89 16.09 19.2 16.35 15.99 16.94 16.02
FeO 5.51 6.30 6.25 6.50 7.56 597 4.98 5.23 4.43 4.87 5.94 6.03 7.06
MnO 0.08 0.09 0.1 0.12 0.16 0.1 0.08 0.09 0.08 0.09 0.11 0.1 0.12
MgO 6.20 8.25 9.66 8.18 10.85 8.73 9.03 12.19 7.31 10.23 10.1 10 10.95
CaO 13.22 13.78 16.06 13.08 12.76 14.74 14.52 13.21 13.58 14.36 11.96 12.63 11.78
Na2O 2.74 3.28 2.47 341 2.78 297 3.01 2.86 3.95 2.89 3.43 3.28 3.19
K20 0.70 0.58 0.52 0.58 0.53 0.58 0.69 0.65 0.94 0.68 1.05 0.99 0.78
P>0s 0.16 0.16 0.09 0.14 0.11 0.12 0.13 0.1 0.18 0.13 0.2 0.21 0.18
Cl 0.11 0.08 0.08 0.07 0.08 0.09 0.09 0.09 0.11 0.09 0.11 0.11 0.06
S 0.15 0.12 0.12 0.08 0.16 0.11 0.08 0.12 0.06 0.12 0.16 0.15 0.16
Total 95.9 100.9 99.8 99.9 99.3 99.5 100.4 100.3 100.2 101.0 100.1 99.9 100.5
H>O (SIMS), wt.% 2.34 0.13 0.10 0.33 0.99 0.13 0.07 0.06 0.12 0.07 0.06 0.06 0.08
Reference P-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07 Ch-07

Note. Contents of major elements, volatiles, and host olivine (Fo) are given from data by (Portnyagin et al., 2007b)—P-07 and (Churikova et al., 2007)—Ch-07.
Rock type: HMB, MB, and HAB—high-magnesian, magnesian, and high-alumina basalts, respectively, from (Ariskin et al., 1995). Apakhon. means
Apakhonchich. Melt inclusions O15$ (column 14) and 0177-g1 (column 21) are shown on Fig. 2, a and Fig. 2, d, respectively.
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Fig. 2. Representative types of melt and fluid inclusions in magnesian olivine. a—d, Melt inclusions: a, naturally quenched glassy MI (Apakhonchich flow, OI5$
inclusion, see Tables 1 and 2), b, one type of recrystallization of recrystallized MIs (Apakhonchich flow), ¢, d, recrystallized MI before and after the experiment
(Ochki flow, 0177 inclusion, see Tables 1 and 2); e, f, fluid inclusions of CO2 (~ Foss, Ochki flow, 019 grain): e, general view of the distribution of inclusions in the
grain, f, one of the large inclusions in this grain, close shot. The photomicrographs were taken in secondary electron (a, b) and polarized transmitted light (c—f).

flow. These inclusions consisted of glass, a gas bubble, and a
prisoner spinel (see Fig. 2, a). The inclusions varied in size
from 65 to 170 um (see Table 1).

In high-magnesian olivines of the Kliuchevskoi volcano,
fluid inclusions (FIs) are rare (Khubunaya et al., 2007), and

we encountered them in Fogg olivine grains (Ochki flow)
(see Fig. 2, e, f) together with syngenetic melt inclusions
(MI 019—Churikova et al., 2007). The investigated FIs
consisted of a group of nine inclusions ranging in size from
5 to 45 pum (see Fig. 2, e). At room temperature of about
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20 °C, the inclusions were single-phase and changed into
two-phase inclusions upon cooling. The composition of the
FIs is close to pure CO; as shown by an experimental
cryometric study (see below).

Research methods

Experimental study of melt inclusions. Homogenization
of partially crystallized melt inclusions was carried out on the
Slutskii—Sobolev low-inertia high-temperature system for mi-
croscopic studies (Sobolev and Slutskii, 1984). Two-sided
polished grains of olivine with internal inclusions were
used. The experiments were performed in an atmosphere of
high-purity helium at a pressure of 1 atm. The thermocouple
was calibrated by the melting point of gold (T = 1064 °C);
during the experiment, a small piece of gold foil was located
on the surface of the investigated grain with an inclusion. The
temperature range of the experiments (quenching temperature)
was 1145-1315 °C (see Table 1). Complete homogenization
(with the disappearance of the gas bubble) was not achieved
in any of the experiments. As a rule, MIs were quenched at
1020 °C above the melting point of the last daughter
pyroxene crystal in the inclusion. The time at temperatures
above 1000 °C was not more than 15 min to prevent possible
loss of water from the MIs. High-water inclusions differed
from low-water inclusions in lower temperature during active
melting of daughter phases (1015-1045 °C and 1175-
1190 °C, respectively), lower melt viscosity, which was
evident from the velocity of motion of a gas bubble in an
inclusion during the experiment, and complete melting of
daughter crystals of pyroxene at lower temperature as com-
pared with low-water inclusions (1180 °C and 1250 °C on
average, respectively, see Table 1). Low-water inclusions were
characterized by the presence of residual alumina spinel (see
Fig. 2, d), which did not melt even at a significant rise in
temperature obviously higher than the temperature of inclu-
sions entrapment (up to 1320 °C).

Like naturally quenched inclusions, the inclusions
quenched in the experiment consisted of glass, a gas bubble,
and a spinel crystal. The constant presence of spinel in
primitive inclusions appears to reflect the same mechanism of
their entrapment in olivine involving the adhesion of a small
crystal of chrome spinel to the face of the growing olivine
crystal. The volume of the gas phase averaged 6.2% of the
volume of inclusions after quenching in nature or in the
experiment. Further studies showed that low-water (HoO <
1 wt.%) inclusions had a systematically larger volume of the
gas phase compared to high-water inclusions (H2O > 1 wt.%)
(7.5 and 5 vol.%, respectively) regardless of the quenching
temperature (see Table 1).

Experimental study of fluid inclusions. To determine the
composition and density, the FIs were examined using the
experimental cryometric setup of Vernadsky Institute of
Geochemistry and Analytical Chemistry (GEOKHI, RAS)
using the procedure of (Naumov, 1979). The homogenization
temperature (Thom), i.€., the temperature of transition of CO,

from the two-phase state (liquid + gas) to the single-phase
state was determined by double or triple heating of FIs cooled
below the homogenization temperature. The density of CO;
for Thom was determined using the model of (Span and
Wagner, 1996). The pressure of entrapment in olivine was
calculated for temperatures estimated independently from data
of the liquidus thermometry of melt inclusions (7' = 1200-
1250 °C), using the equation of state of CO, from (Sterner
and Pitzer, 1994). All calculations were performed using the
spreadsheet from (Hansteen and Kliigel, 2008).

All FIs in the grain studied (see Fig. 2, e¢) behaved the
same way. After freezing of the inclusions, the melting point
(-56.2 °C) was close to the temperature of the triple point
(gas + solid phase + fluid phase) of pure CO; (-56.6 °C),
indicating a negligible admixture of other components to
CO; in the FI. All FIs were homogenized into liquid. For
individual FIs, the interval of Tyom was 16.8-17.4 °C, which
corresponds to a density of 0.805-0.800 g/cm3. Cryometric
study of FIs was performed before and after the experimental
study of syngenetic melt inclusions in the grain. After a
high-temperature experiment (heating to 1250 °C), the FIs had
the same density as before the experiment.

Analysis of melt inclusions glasses by Fourier transform
infrared spectroscopy (FTIR). For FTIR studies of melt
inclusions (Mls), we prepared plates of individual grains of
olivine containing MIs which were opened and polished on
both sides. For this, grains with the largest inclusions analyzed
previously by electron and ion probes were selected. Each
grain was placed with the polished side down on an adhesive
tape at the center of a plastic ring 2.5 cm in diameter, which
was then filled with epoxy resin. The lower part of the epoxy
mount with an olivine grain at the center was cut to a thickness
of ~1 mm and glued onto a glass plate (~0.5 cm thick). The
plate was ground using corundum abrasive papers with water
until the appearance of another side of the inclusion on the
surface, and was then polished with 6, 3, and 1 um diamond
pastes. The resulting plate of olivine grain with the inclusion
was separated from the epoxide ring, glue, and glass holder
using acetone and washed in ethanol and deionized water. The
thickness of the plates fixed vertically on double-sided
adhesive tape was measured under a microscope. The thick-
ness of the plates varied from 100 to 25 wm, depending on
the size of inclusions (see Table 2). For the analysis, the plates
with Mls were put horizontally on the edge of a preparation
glass coated with double-sided adhesive tape so that only a
smaller part of a plate was stuck and the inclusion was
surrounded by air on both sides. The preparation thus pro-
duced allow transport and storage of inclusions.

The CO, and HyO content in glasses of melt inclusions
were determined by Fourier transform infrared spectroscopy
(FTIR) on a setup consisting of a Bruker IFS88 spectrometer
and an IR-Scope II microscope at the Institute of Mineralogy
at Leibniz University (Hannover, Germany). A detailed de-
scription of the method is presented in (Shishkina et al.,
2010a).

CO; was analyzed in the mid-infrared regime (MIR) based

on the intensity of the absorption peaks of CO%’ at wavenum-
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bers of 1530 and 1430 cm™ (Fig. 3, a, b). The H>O content
was estimated from the intensity of HyO peak at 3550 cm™!
in the MIR (see Fig. 3, a). High contents of HyO were also
analyzed in the near-infrared regime (NIR) based on the total
peak intensity of molecular HoO at 5200 cm™ and OH™ at
4500 cm™! (the actual position of the peak of OH™ in the
glasses was within 45004470 cm_l) (see Fig. 3, ¢). In addi-
tion to the analysis of pure glasses, we also obtained several
combined spectra for glasses and gas bubble inclusions in
them (see Fig. 3, a). The size of the analysis area ranged from
300 to 3000 um? and averaged about 1000 um? (36 X 28 {m).
We performed 70 measurements, of which the sharpest spectra
were subsequently selected for quantitative calculations of
H»>O and CO; concentrations.

The peaks of CO%_, OH", molecular H>O, and total HyO,
expressed in relative units of absorption were calculated
graphically from the maximum of the peak to its intersection
with the baseline. The calculation was performed for primary
spectra.

The absolute concentrations of CO, and H,O were calcu-
lated by the Beer—Lambert equation:

C=100~M~Aj/(d~p-8),

where C is the unknown concentration of H,O or CO, (wt.%),
M is the molecular weight of the compound (g/mol), A; is the
intensity of the absorption peak, d is the thickness of the plate
(cm), p is the density of the glass (g/1), and € is the absorption
coefficient (I/mol/cm).

The density of “dry” glasses was taken as 2757 g/l,
according to experimental data (Shishkina et al., 2010a) for
magnesian basalt of the Mutnovsky volcano in Kam-
chatka. The correction for a decrease in the density of glasses
with increasing HyO concentration was —22.1 g/l per 1 wt.%
H>O (Shishkina et al., 2010a). Density was calculated using
H>O contents obtained previously for the inclusions studied
using an ion probe. Calculated densities of glasses varied
between 2756-2689 g/l (see Table 2).

In the calculation of the CO; concentration, the absorption
coefficient was set equal to 317 I/mol/cm and in the calcula-
tion of the total HO concentration (MIR), it was 68 1/mol/cm,
according to experimental data (Shishkina et al., 2010a). For
OH™ and HOp,), we used absorption coefficients of 0.49 and
0.58 1/mol/cm (average), respectively, calculated by the for-
mulas from (Ohlhorst et al., 2001):

eog =—0.13 + 0.000257 - (CSioz)z’
e1,0=—0.15+0.000304 - (Cg;))*.

where (CSioz)z is the SiO, content in the glass (wt.%).

Taking into account the measurement and the absorption
coefficients estimate errors, the error in determining the HO
and CO; concentrations is 10-15 rel.% (Shishkina et al.,
2010a), and the detection limit of HyO and CO, for the
inclusions studied is estimated as 100 ppm in the MIR.

Results

H>0 in melt inclusions. The most reliable estimates of the
H5O content were obtained for a number of inclusions in the
NIR by summing the concentrations of hydroxyl and molecu-
lar H>O in the glass (see Table 2, Figs. 3 and 4). These values
are consistent with data of the ion probe at the Yaroslavl
Branch of the Institute of Physics and Technology (FTIAN),
RAS (Yaroslavl) within an error of 15 rel.% (see Fig. 4, a).
The largest deviation from the ion probe data is observed for
the inclusion with a measured concentration of 3.97 wt.% HyO
(E312-1, see Table 2), which may be due to inaccurate
calibration of the ion probe at the Yaroslavl branch of FTTIAN
for basaltic compositions with a high concentrations of HyO
(>2 wt.%) (Sobolev, 1996). The OH /H,O ratio (average of
1.45) is close to values for experimental hydrous melts
(1.8-1.6 at HoO = 2-2.5 wt.% (Dixon et al., 1995)), indicating
magmatic origin of water in studied glasses.

NIR mode is sensitive to the thickness of the sample
(especially for the peak of the molecular H,O), which must
be at least 50-60 um for reliable measurement of the
absorption intensities of HoO and OH™. For thinner samples,
the peaks are weak, which does not allow a quantitative
estimate of their intensity (see Fig. 3, ¢). Because it was
impossible to measure the HoO concentration in all samples,
the data of measurements in the MIR based on the intensity
of the peak at 3550 cm™ were also used in this work. As
shown in Fig. 4, a, for high-water inclusions (H,O > 1 wt.%),
the HoO concentrations measured in the MIR are underesti-
mated up to 60 rel.% relative to the concentrations calculated
from the data of the NIR and ion probe. This is due to the
high intensity of the peak at 3550 cm™!, the attainment of the
saturation regime of the detector at high concentrations of
H>0O, and, hence, an underestimation of the intensity of the
absorption peak in the calculations. Low concentrations of
Hy0O (<1 wt.%) in the glasses measured in the MIR regime
are consistent with the ion probe data within the measurement
error and were used as true values (see Figs. 4, a and 3, a).

The obtained H,O concentrations in the glasses range from
0.02 to 4 wt.%, which is in good agreement with previously
published data for inclusion in high-magnesian olivine from
the Kliuchevskoi volcano (Fo > 85) (Auer et al., 2009; Churik-
ova et al., 2007; Khubunaya and Sobolev, 1998; Mironov et
al., 2001; Portnyagin et al., 2007b; Sobolev and Chaussidon,
1996) (Fig. 5). The maximum value for the most primitive
compositions (Fo > 89) is 2.7 wt.%. There was no correlation
between the HpO contents of the inclusion glasses and the
host olivine. However, there are clear differences in H,O
content between inclusions from different types of rocks of
the volcano. High-water inclusions (>2 wt.% HO) are typical
of pyroclastic samples, and low-water inclusions (<1 wt.%
H,0) were found only in olivines from lava samples (see
Table 1, Fig. 5, a).

CO; content in melt inclusions. CO; was measured from
the intensity of the absorption peaks at 1530 and 1430 cm™!
(see Fig. 3, a, b). For most of the inclusions, the measurement
results are identical within 15 rel.% (see Fig. 4, b). Noticeable



1360 N.L. Mironov and M.V. Portnyagin / Russian Geology and Geophysics 52 (2011) 1353—1367

H2O10t a
3550 cm™’
H32
||
28
co?
COz mol H20mol J J 24
b 2350 cm™ P
ul27 20 E
-}
]
0lI5% 16 £
bul27+FB F5
12 &
[ <
0.8
050 I
4
050+FB 04
u""m;u
A SR RS B S SO T — 0
3700 3200 2700 2200 1700 1200
b
ﬂ 20
cos cos ;
1530 cm™ 1430 cm™ -1.8
HZOmol 1 F
1630 cm™ l l - 16
L 1.4
OI20E, H,0=2.5, CO,=0.13 : 2
-12 5
r [0]
r [&]
10 c
0I5$, H,0=2.5, CO,=0.043 h I
E289, H,0=2.9, C0O,<0.01 F 08 ©
-4
L 0.6
bul27, H,0=1.0, CO,=0.027 0.4
050, H,0=0.05, C0,=0.013 F o2
AR | [reTTTTTTT [rrTTTTTeT [rorTerTTE [roTTeeTTT [reTTeTTTT [rrrTTTeeT - 0
2000 1900 1800 1700 1600 1500 1400 1300 1200
c —0.55
H20mol 1
5200 cm”~
OH™ i
4500 cm™ -0.50
E312, H,0=4 wt.%, [=96 um
[2]
0I5$, H,0=2.5, (=80 [ 0.455
%f g
OI20E, H,0=2.5, [=68 : §
\”W%—OAO §
- L Qo
E295, H,Ogms=2.4, (=33 <
%;035
bul144, H,0=0.04, (=52 I
.................................... 0.30
6000 5500 5000 4500 4000

Wavenumber, cm™



N.L. Mironov and M.V. Portnyagin / Russian Geology and Geophysics 52 (2011) 1353-1367 1361

Fig. 3. Representative spectra of glasses of melt inclusions obtained by IR spectroscopy. a, Absorption spectra showing the peaks of H2Otot, CO2mol and CO7% in the
mid-infrared regime (MIR). The figure shows spectra of inclusions (O15$, bul27, and 050) with different contents of H2O (from top to bottom: 2.5, 1, and 0.05 wt.%)
and CO2 (0.043, 0.027, and 0.013 wt.%). For two inclusions (bul27 and 050), combined spectra of glass + fluid bubble are also given, which clearly shows the
molecular CO7 peak absent in the spectra of glasses. MI numbers are given above the spectra. b, Absorption spectra in the region of the carbonate doublet cot~.
From top to bottom are shown three spectra of high-water inclusions (2.5-2.9 wt.% H20) containing different amounts of CO2 and two spectra for an inclusion with
moderate amounts of water and CO2 (bul27) and for a low-water inclusion with a low content of CO2 (050). MI numbers and the estimated content of H20 and CO>
(wt.%) are given above the spectra. ¢, Spectra showing the peaks of molecular H>O and OH obtained in the near-infrared regime (NIR). From top to bottom are shown
three spectra high-water inclusions (2.5-4 wt.% H20) ~70-100 pm thick, for which a quantitative estimate of the total water content is possible. The 4th spectrum
(E295) shows no peaks and the impossibility of estimating the water content for thin samples. The 5th spectrum (bul144) is an example of a spectrum for a low-water
inclusion, in which the peaks of H2Omol and OH™ are also not identified. The names of the MIs, the estimated H2O content (wt.%), and the thickness of the plates
(I, um) are given on the left above spectrum.

overestimation of the concentrations obtained from the inten- from lavas (0.033 and 0.017 wt.% on average, respec-
. 1. . .

sity of the peak at 1530 cm™ is observed only for the OL20E tively). The maximum content of CO; (0.13 wt.%) was meas-
inclusion rich in CO; and HO (see Figs. 4, 3, b and Table 2),  ured in the glass of one of the water-rich inclusions (OL20E,
which may be due to the partial overlapping of the peak of  gsee Table 2, Fig. 6) which was quenched in the experiment
CO% at 1530 cm™! and the peak of molecular HyO at  at the highest temperature of 1250 °C, which was 50-100 °C
1630 cm™! in this spectral range. The data obtained for the  higher than the quenching temperature of other inclusions.

peak of CO% at 1430 cm™! were used as true concentrations Combined spectra of glasses and gas bubbles indicate the
constant presence of molecular CO; in the gas phase of the

to eliminate the effect of the absorption peak of molecular ) ) -
inclusions (see Fig. 3, a).

H0 on the CO, measurement (see Table 2). . . .
The CO, variations in the studied glasses were 0.13 to Estimates of pressure from the composition of inclu-

<0.01 wt.% (see Table 2, Fig. 6, a). Similar results were also sions. The data on the HO and CO3 contents in inclusion
obtained in (Auer et al, 2009) for glasses of naturally glasses allow one to estimate the equilibrium pressure between
quenched high-water natural inclusions in magnesian olivine ~ the melts and the fluid using data on the solubility of the
compositions of (Fogs.1_gs3) (see Fig. 6, a). There was no volatile compounds under different P-T conditions (Neuman
correlation between the CO, content and the composition of ~ and Lowenstern, 2002; Shishkina et al., 2010a). For high-
the host olivine (Fo). A systematic difference between the  Water inclusions the obtained estimates of the pressures range
experimentally partially homogenized inclusions and naturally ~ from 90 to 270 MPa (for most MlIs, 100-150 MPa), and for
quenched inclusions was not found although the statistics for =~ low-water inclusions, they are less than 100 MPa (see Table 2,
the latter is small (three measurements of CO5). In inclusions Fig. 7).

with a high HO content from pyroclastic rocks, the CO, con- The crystallization pressure estimated from measured
tent is somewhat higher than that in low-water inclusions  densities of the fluid inclusion is 520-550 MPa at T =

a b
| . 0151
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Fig. 4. Comparison of water contents estimated by IR spectroscopy (FTIR) and secondary ion mass spectrometry (SIMS). a, Comparison of the data obtained in the
present study using FTIR in the NIR and MIR with ion probe data (SIMS) (Churikova et al., 2007; Portnyagin et al., 2007b). All SIMS data were obtained on the
Cameca ims4f at the Yaroslavl Branch of FTIAN (Russia, Yaroslavl); b, comparison of CO2 concentrations calculated from the intensities of the absorption peaks of

CO%™ at 1430 and 1530 cm™". The figure shows the maximal measurement error equal to +15 rel.%.
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Fig. 5. Water contents in melt inclusions versus composition of the host olivine (Fo). a, The range of the compositions studied; b, the whole range of compositions
of melt inclusions in olivine for the Kliuchevskoi volcano. Gray circles show previous SIMS data (Churikova et al., 2007; Khubunaya and Sobolev, 1998; Mironov,
2009; Portnyagin et al., 2007b; Sobolev and Chaussidon, 1996). The figure also shows the FTIR data of (Auer et al., 2009) for naturally quenched inclusions and
calculated water contents in olivine for MI Fo < 82 (sidelong cross) obtained using the model of (Danyushevsky et al., 1996). In part a the dotted line shows the effect
of the diffusion of H2O from inclusions. In part b the dashed and dotted lines show the trends of fractionation of Kliuchevskoi volcano magmas: the dashed line refers
to an initial content of 3.6 wt.%, and the dotted line to an initial content of 2.8 wt.%. In the composition range from olivine to Fog1-8o, the trends were calculated for
the case of a closed crystallization system with the accumulation of H>O in the melt (H2O = H20 °/[1 — F]) on the basis of the relationship between the degree of
fractionation (F) and the composition of olivine (Fo): F =1 — exp [-0.0448 - (91 — Fo)] (Mironov, 2009; Mironov and Portnyagin, 2008). Upon reaching equilibrium
between the compositions and Fogo olivine, H2O begins to degas from the melt (Mironov et al., 2001). Estimates of the pressure at various stages of crystallization
were made on the basis of the data in Fig. 7.
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Fig. 6. CO2 content in glasses of melt inclusions versus composition of olivine (Fo). a, The range of the compositions studied; b, the whole range of compositions of
melt inclusions in olivine for the Kliuchevskoi volcano based on this work and (Auer et al., 2009). For notation see Fig. 5. In part b, triangle shows the CO2 content
in the melt (~0.35 wt.% at 500 MPa), estimated from the density of fluid inclusions of CO>. The thick dashed line shows the estimated trend of the evolution of melt
compositions during decompression of magma crystallization of the Kliuchevskoi volcano; the dotted line shows the effect of COz redistribution between the fluid
and melt in melt inclusions. Estimates of the pressure at various stages of crystallization were made using the data of Fig. 7.

1200-1250 °C. This, in turn, allows the CO;, content in the Discussion

equilibrium melt to be estimated as ~0.35 wt.% (Shishkina et

al., 2010a). The results show that the studies of syngenetic Evidence of diffusion of H>O from melt inclusions. The
melt and fluid inclusions give quite different estimates of  inclusions studied in this work contain HyO in amounts that
crystallization pressure and CO; concentrations in melts. differ by more than two orders of magnitude (from 0.02 to
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4 wt.%). Because these contents do not correlate with the
composition of the host olivine and glasses of MIs, they can
hardly be associated with variations in the composition of the
magma that existed in nature. The presence of dry magmas
among the parental magmas of the Kliuchevskoi volcano is
also difficult to explain, given the typical fractionation of these
magmas to high-alumina compositions in equilibrium with
olivine, pyroxene, and plagioclase only at elevated partial
pressures of HpO (Ariskin et al.,, 1995; Sisson and Grove,
1993).

A more likely explanation for the wide variations in the
H>O content in the MIs studied is the loss of the volatile
component of the inclusions during their evolution after the
entrapment of in the host mineral (Danyushevsky, 2002;
Portnyagin et al., 2008). The absence of a significant
difference in HoO content between glassy and experimentally
quenched MIs (see Fig. 5, a) indicates that short-duration
experiments on partial homogenization had no significant
effect on the HyO content in the inclusions, whose must be
associated with natural processes.

Undoubted evidence of HoO loss from the investigated
inclusions in nature is the correlation of its content with the
type of rocks that contained the inclusions. All melt inclusions
from slowly cooled lava samples contain less than 1 wt.%
H0. Inclusions from relatively rapidly quenched samples of
pyroclastic material (bombs and scoria) contain more than
2 wt.% H0 (see Fig. 5). Consequently, the loss of HyO from
the inclusions most likely occurred during and after the
eruption of magmas during their cooling at atmospheric
pressure. This conclusion is consistent with the data of a study
(Lloyd et al., 2010), in which a significant difference in the
H>O content in the inclusions was observed even for the
pyroclastic rocks of different sizes. According to (Lloyd et al.,
2010), inclusions from 6-7 cm volcanic bombs which cooled
to the melt-to-glass transition temperatures for 5-10 min
contained up to 1 wt.% less H>O than inclusions from ash and
up to 2 cm lapillies which cooled for less than 2 min. These
data indicate that almost all inclusions studied in this work
undergone loss of HyO during cooling, which could be 1 wt.%
for inclusions from pyroclastic rocks and up to 3—4 wt.% for
inclusions from lavas.

Further evidence of the loss of HyO from all inclusions
studied is their behavior during the homogenization experi-
ments, in which none of the inclusions studied was completely
homogenized at the expected liquidus and superliquidus
temperature of these melts. The effect of HyO loss from
inclusions on a significant increase in homogenization tem-
peratures or the absence of homogenization has been discussed
earlier (Danyushevsky et al., 2002; Sobolev and Danyu-
shevsky, 1994). These studies have shown two main reasons
for this effect. On the one hand, H>O loss causes an increase
in the equilibrium liquidus temperature of the melt and olivine
and crystallization of olivine on the walls of the inclusion. On
the other hand, during H>O loss by the melt, the component
with a large molar volume (~23 cm>/mol (Ochs and Lange,
1999)) has a significant effect on the increase in the density
of the residual melt and decrease in the pressure in the
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Fig. 7. H20 and COz contents in glasses of melt inclusions. For notation see
Fig. 5. Isobars of saturation of the melts with the H20-COz fluid are shown
according to experimental data (Shishkina et al., 2010a). In contrast to the
widely used model (Newman and Lowestern, 2002), the experimental data
(Shishkina et al., 2010a), obtained for compositions close to Kliuchevskoi
volcano magmas show a higher solubility of CO> at pressures above 100 MPa
and an insignificant effect of H2O on the solubility of CO; at a H2O content of
0 to 4 wt.%. Comparison of pressure estimates by the VolatileCalc program
(Newman and Lowestern, 2002) and the data of (Shishkina et al., 2010a) are
listed in Table 2. The thick dashed line shows the estimated trend of the
evolution of melt compositions during decompression crystallization of Kli-
uchevskoi volcano magmas.

inclusions. The effect on the melt density is probably the
greatest for inclusions trapped at relatively low pressures
(Danyushevsky et al., 2002; Sobolev and Danyushevsky,
1994). Thus, according to the model of (Ochs and Lange,
1999), the effect of loss of 1 wt.% H;O from a basaltic melt
at 100 MPa should lead to a 2.5 rel.% decrease in the density
of the melt. These theoretical calculations are fully consistent
with our experimental dependences between the size of gas
bubbles in inclusions and the HyO content in the glasses (see
Table 1) and with the low pressures in the inclusions that lost
the maximum amount of HyO (see Fig. 7).

The possibility of an almost complete loss of HoO from
MIs has been discussed previously (Portnyagin et al., 2008),
and it has been shown based on experimental data that the
loss of HoO from MIs is probably due to the diffusion of
molecular H>O along dislocations in olivine. In contrast to the
mechanism of HO loss from inclusions by its dissociation,
hydrogen diffusion from the inclusion, and the binding of
excess oxygen by oxidation of FeO in the melt, which has
been assumed previously (Sobolev and Danyushevsky, 1994),
the magnitude of HO loss by its diffusion in the molecular
form is not limited by Fe?* in the melt. It is likely that the
diffusion of molecular HyO can also explain the significant
variations of HO in the MIs of the Kliuchevskoi volcano
described in this paper.

Redistribution of CO, between the phases in melt
inclusions. In contrast to HyO, the varying CO, contents in
MlIs, which are considerably lower than those expected from
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the study of FIs, cannot be attributed to diffusion through the
host olivine. Evidence of this is the good preservation of
high-density fluid CO; inclusions in olivine from samples of
slowly cooling lavas. A more likely process leading to CO,
depletion of the residual glasses is a redistribution of CO, be-
tween the melt and fluid phase within the inclusions. The
presence of CO; in both the glasses and the fluid phase of the
inclusions is supported by IR spectroscopy data (see Fig. 3, a).

The depletion of CO; from the residual glasses of MIs has
been debated in the literature and is primarily associated with
the formation of a fluid phase in an inclusion upon cooling
and crystallization of the host mineral on the walls of the
inclusion (Anderson and Brown, 1993). As shown by (Cer-
vantes et al., 2002), a gas bubble of 3 vol.% in inclusions
subjected to cooling to about 100 °C can contain up to 80%
of the initial total content of CO; in the inclusion. In the case
of the inclusions from Kliuchevskoi volcano rocks, this
process could also occur. The efficiency of heating the
inclusions for the dissolution of CO3 from the fluid into the
melt is clearly illustrated by the maximum measured concen-
trations of CO» in the OL20E inclusion (0.13 wt.%), quenched
at the highest temperature (see Table 2).

Along with crystallization in the inclusions, an important
factor (in this case, probably the prime factor) in the depletion
of CO; in the glass inclusions could be a loss of HyO from
the inclusions, which has not been previously discussed in the
literature. As noted above, H>O loss from inclusions leads to
a significant reduction in pressure in the inclusions, resulting
not only in the impossibility of complete homogenization of
the inclusions, but also in a reduction the solubility of CO; in
the equilibrium melt and the redistribution of CO; from the
melt into the fluid phase in the inclusion. For this reason, the
glasses of partially homogenized inclusions from lavas that
have almost completely lost the initial amount of HyO contain
the lowest CO3 concentrations and have the lowest internal
pressure (see Fig. 7), and inclusions from pyroclastic rocks
have higher CO, concentrations (Figs. 6 and 7) and higher
internal pressures, although the amount of olivine melted in
the experiment (proportional to the MgO content in the
glasses) is approximately the same in both cases (see Ta-
ble 1). These observations suggest that differences in CO;
content in glasses of the inclusions studied are associated with
a redistribution of this volatile component between the gas
phase and the melt in the inclusions and do not represent the
compositions of the melts initially trapped in olivine.

We also note that the maximum of the currently measured
CO; concentrations (up to 0.2 wt.%) and HyO (5-5.5 wt.%)
in melt inclusions in olivine form the Kliuchevskoi volcano
were obtained for the same pyroclastic samples of the initial
phase of volcanic activity with an age of about 7 thousand
years (Auer et al., 2009; Mironov, 2009). Probably, these
samples characterize magmas that rose to the surface espe-
cially rapidly and were efficiently quenched during erup-
tion. Inclusions from these samples did not lose the initial HyO
content and experienced short-term cooling before eruption,
which favored the retention of high CO; concentrations in the
glasses.

Thus, the glasses of the melt inclusions analyzed provide
information only on the lowest possible CO; concentrations
in the parental magmas. Most of the CO» initially dissolved
in the melt is in the fluid phase of the inclusions; quantitative
analysis of this phase is difficult because of its low den-
sity. The lack of reliable computational models makes it
impossible to obtain even a rough estimate of the total
composition of the inclusions based on the CO; concentration
in the glass and the volume of the fluid phase after quench-
ing. In this case, the easiest method of obtaining an inde-
pendent estimate of CO; in the parental magmas is to study
fluid inclusions.

H,0 and CO; contents in the parental magma. Analysis
of the results leads to the conclusion that the measured H,O
and CO; contents in the inclusions provide information about
the lowest possible concentrations of these volatile compo-
nents in the parental magmas of the Kliuchevskoi vol-
cano. What were the actual concentrations of these
petrologically important volatiles in magmas and sources of
the Kliuchevskoi volcano?

Based on the results for the most primitive inclusions, the
minimum H>O content in the initial (equilibrium with Fog;
olivine) magmas is estimated at about 2.5 wt.%, which is
consistent with previously published results (Khubunaya and
Sobolev, 1998; Portnyagin et al., 2007a,b; Sobolev and
Chaussidon, 1996). However, as shown in Fig. 5, b, the initial
content of HyO is 2.5 wt.% and its accumulation during melt
crystallization can explain neither the composition of the
E312-1 inclusion in Fogg olivine, which contains 4 wt.% H»O,
nor the composition of many inclusions with 5-6 wt.% H,O
in less magnesian olivines of the Kliuchevskoi volcano
(Fogy_gs5). To explain the high H,O content in these differen-
tiated inclusions, its initial contents in magmas should be about
3.5 wt.% (see Fig. 5, b). Therefore, primitive Mls studied in
this paper could lose about 1 wt.% HO upon cooling in
nature, according to the data of (Lloyd et al., 2010).

Independent estimates of CO; in magmas were made by
calculating the concentrations in melts that would be in
equilibrium with COj-rich fluid inclusions at pressures of
500 MPa. These estimates based on experimental data (Shish-
kina et al, 2010a) are about 0.35 wt.% (see Figs. 6, b
and 7). However, fluid inclusions were studied in Fogg oli-
vine, which was crystallized from more differentiated magmas
than the presumed parental Kliuchevskoi melts in equilibrium
with Fogj olivine. Since the crystallization of magmas of the
Kliuchevskoi volcano probably occurred at decompression
(Ariskin et al., 1995; Mironov, 2009; Mironov and Portnyagin,
2008), the parental magmas could crystallize at high pressure
and had greater concentrations of CO; than their differentiates.

If we assume that the HyO/CO, ratio for the Kliuchevskoi
volcano corresponds to the average value for the emission of
volatiles from all island-all volcanoes of the Earth (H,O/CO, =
4 (Wallace, 2005)), then the estimated value of CO; in the
parental magmas reaches 0.8-0.9 wt.%. This concentration
corresponds to equilibrium pressures above 900 MPa for
basaltic melts similar in composition to Kliuchevskoi volcano
magmas (Shishkina et al., 2010b). In this case, we must
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assume that the original magmas were saturated with a mixed
H>O—-CO; fluid even at the Moho under the Kliuchevskoi
volcano (3040 km (Balesta, 1981)) and fractionated with a
continuous decrease in CO; in the melt (see Figs. 6, b and 7).

The estimates of 3.5 and 0.8-0.9 wt.% for the initial HyO
and CO; concentrations, respectively, in magmas of the
Kliuchevskoi volcano need to be confirmed by direct meas-
urements. For H>O, it seems promising to use an approach
based on finding primitive inclusions in samples of rapidly
quenched ash. Determination of CO; in the parental melts
requires complete experimental homogenization of the most
primitive melt inclusions at high pressures.

Applications of the results. Previously, Portnyagin et al.
(2007b) used the relation between the HpO content in the
primary magmas of the Kliuchevskoi volcano and the esti-
mated degree of melting of the mantle source to estimate the
temperature of magma formation (Fig. 8). The conclusion of
that study was that the parental magmas of the Kliuchevskoi
volcano formed at temperatures close to the dry peridotite
solidus at 1.5-2.0 GPa. New estimates of HyO content in the
parental magmas enable us to refine the previous results. As
shown in Fig. 8, the initial contents of HoO = 3.5 wt.%
imply, in accordance with the model (Portnyagin et al.,
2007b), that the temperature of the mantle source was 40 °C
below the dry peridotite solidus and that the H,O content in
the source was about 0.4 wt.%. On the one hand, this shows
that the parental magmas of the Kliuchevskoi volcano had
lower temperature than the sources of magmas of the Eastern
volcanic front (Portnyagin et al., 2007b). The unusually high
concentrations of H>O in the source at depths of 160 km from
the volcano to the subducting can suggest that the subduction
of the Emperor volcanic mountain chain indeed could be the
cause of the unusually hydrated source of the Kliuchevskoi
volcano and its high productivity (Dorendorf et al., 2000).

The parental magmas of the Kliuchevskoi volcano were
probably saturated with a HyO-CO; fluid even at depths of
30-40 km, and their subsequent evolution was accompanied
by simultaneous crystallization and degassing. The presumed
trend of the evolution of the HyO content in melts is shown
in Fig. 5, b. During crystallization at depth, HyO behaved as
an incompatible element and accumulated in the melt. About
40-50% of the fractionation of the original magma at depth
of 30-10 km lead to the accumulation of H>O in the melt up
to 6-7 wt.% and the formation of high-alumina magmas,
prevailing among the products of the Kliuchevskoi volcano
(Khrenov, 1989). The further evolution of the melts involves
decompression crystallization of the magmas as they rise to
the surface. HpO contents in the magmas reached saturation
at this stage (~Fog), which led to the separation the essentially
aqueous fluid from the magmas, a decrease in HpO in the
melts, and abundant crystallization of plagioclase (Mironov et
al., 2001). CO; contents in the melt probably decreased over
the entire range of magma crystallization (see Fig. 6, b).
However, it is currently difficult to estimate the exact
trajectory of degassing of the magmas in the coordinates HoO—
COs—pressure—equilibrium composition of the fluid (see
Fig. 7), especially at pressures below 300 MPa because data
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Fig. 8. Relationships between the degree of melting of peridotite () and H2O
content in primary magmas at different melting temperatures. Previous and new
estimates for Kliuchevskoi volcano magmas are shown with empty and filled
circles, respectively. Dashed lines show the deviation of the melting tempera-
tures from the dry solidus of mantle peridotite (DPS) according to (Portnyagin
et al., 2007b). New data on the content of volatiles in the primary melts of the
Kliuchevskoi volcano indicate that they can be obtained at a temperature about
40 °C lower than the DPS (1235-1290 °C at 1.5-2.0 GPa) and H2O contents in
the mantle source of about 0.4 wt.%. Estimates of the degree of melting of the
source of the Kliuchevskoi volcano and the ranges of compositions of the
primary magmas of Kamchatka, MORB, basalts of back-arc basins (BACK-
ARCS), Central American (CAVA) and Mexico (MVB) volcanic belts are
shown according to the data of (Portnyagin et al., 2007b).

on the composition of melt inclusions are available mostly for
compositions that were more or less modified by later
processes and do not reflect the composition of magmas that
actually existed in nature.

Conclusions

Primitive melt and fluid inclusions in olivine (Fogs_g1) from
Kliuchevskoi volcano rocks were studied by experimental
(high-temperature experiment and cryometry) and analytical
(IR spectroscopy) methods. The variations of HoO and CO»
contents in the inclusions were 0.02—4 wt.% and <0.01-
0.13 wt.%, respectively. Based on these results, it is con-
cluded that the measured concentrations do not correspond to
the initial compositions of the inclusions, which were modified
by later processes. All the inclusions lost HyO as a result of
diffusion through the host olivine during eruption and cooling
of the rocks. Almost complete loss of HyO is characteristic of
inclusions from lavas. Inclusion from pyroclastic rocks
(bombs and scoria) could lose up to 1 wt.% HO. The low
CO» content in the glasses and low pressures in the inclusions
is attributed to the redistribution of CO; between the melt and
fluid phase in the inclusions, which occurs after their entrap-
ment in olivine and significantly increases as H»O is lost
from the inclusions. The minimum estimate of the CO; content
in the primitive melts was obtained from studies of fluid
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inclusions in Fogg olivine, and it is 0.35 wt.% at 500 MPa
and 1200-1250 °C.

The estimated HoO and CO; contents in the parental
magmas of the Kliuchevskoi volcano are 3.5 and 0.35-
0.9 wt.%, respectively. The data obtained provide a better
understanding of the origin conditions of primary magmas and
serve as a basis for modeling their evolution in crust. Crys-
tallization of Kliuchevskoi volcano magmas occurred under
decompression and was accompanied by separation of the
HyO-CO3 fluid of variable composition from the magmas.
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