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Abstract—Carbon dioxide (CO,) is one of the main volatile components of natural magmas, but estimation of its initial contents
remains a challenge. Study of melt inclusions in minerals permits a direct estimation of the content of CO, in the melts. For the precise
determination of its content in melt inclusions, it is necessary to analyze the contents of CO, both in glass and in the fluid daughter phase
of the inclusions. In this work, we constructed a calibration dependence of the density of CO, in the range 0.01-0.22 g/cm? on the distance
between its characteristic peaks in Raman spectra (Fermi diads). The accuracy of density determination is +0.03 g/cm®. The calibration plot
was used to estimate the density of CO, in the gas phase of melt inclusions in magnesian olivine (Fog, 5 ¢5 5) from basalts of the Karymskii
Volcano, eastern Kamchatka. The estimated density was 0.03—0.21 g/cm®. Using these values, we have first evaluated the minimum initial
content of CO, in the parental magmas of the Karymskii Volcano, 0.45 wt.%. These data, along with the known initial content of water
(~4.5 wt.%), indicate that the parental magmas began to crystallize at a pressure of at least 7 kbar (depth of >25 km). To increase the reli-
ability of the above method of estimation of the CO, content in the gas phase of olivine-hosted melt inclusions, we propose to carry out
preliminary experimental reheating of inclusions for the complete homogenization of the fluid phase and determination of the 3D size of
melt inclusions. The performed study provides a reliable evaluation of the content of CO, in parental magmas, the depth of crystallization,
and the degree of magma degassing and permits a comparison of the compositions of magmatic fluids and high-temperature volcanic gases.
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INTRODUCTION

Carbon dioxide (CO,) is one of the main fluid components
of both moderately reduced and oxidized natural magmas,
including island-arc magmas (Wallace, 2005). Since the sol-
ubility of CO, depends strongly on pressure (Blank and
Brooker, 1994), CO, degassing of magma begins at a signifi-
cant depth. Melt inclusions in olivine from primitive island-
arc rocks are the only source of direct information about the
content of volatiles in parental magmas (Sobolev, 1996;
Wallace, 2005; Portnyagin et al., 2007). This is because the
melt inclusion is isolated by the host mineral from the sur-
rounding magma and can preserve the volatile components.
In contrast to melt inclusions, the erupted magmas (rocks)
are significantly degassed during their ascent to the surface
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and eruption. Melt inclusions in olivine are potentially capa-
ble to preserve the initial amounts of CO,, because the rate of
CO, diffusion in olivine is very slow (<1072 cm?/s at 1250~
1400 °C) (Tingle et al., 1988). In the course of the melt in-
clusions evolution, the internal pressure decreases and a
daughter fluid phase forms (Danyushevsky et al., 2002;
Schiano, 2003; Wallace et al., 2015). A significant portion
of CO, initially dissolved in the melt is redistributed into the
fluid phase. At the same time, the residual melt is depleted
in this volatile component (Mironov and Portnyagin, 2011;
Steele-MaclInnis et al., 2011; Bucholz et al., 2013; Aster et
al., 2016). The bulk CO, content in melt inclusions, deter-
mined most often by analysis of CO, in residual glass, is
usually underestimated (Mironov et al., 2015). The degree
of this underestimation varies for different objects and sam-
ples and can exceed 90% (Mironov et al., 2015; Moore et
al., 2015; Wallace et al., 2015; Aster et al., 2016). The in-
vestigations of the fluid regime of island-arc magmas, taking
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into account the CO, content in the glass and fluid phase of
melt inclusions, are few and usually do not aim at estimating
the CO, content in the most primitive magmas (Mironov et
al., 2015; Moore et al., 2015, 2018; Aster et al., 2016; Robi-
doux et al., 2018). Such data are missing for Kamchatka vol-
canoes (Naumov et al., 2020), except for Klyuchevskoi
(Mironov et al., 2015; Moore et al., 2018).

Three methods are used to take account of the CO, con-
tent in a gas bubble and to estimate the total CO, content in
melt inclusions: (1) calculation of the composition and
amount of equilibrium fluid (Steele-Maclnnis et al., 2011;
Wallace et al., 2015; Aster et al., 2016; Moore et al., 2018;
Tucker et al., 2019), (2) experimental homogenization of in-
clusions (Mironov et al., 2015; Wallace et al., 2015), and (3)
mass balance calculation based on the estimated proportions

Ol
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i CO, =0.24 wt.% 50x 4020 pm

Fig. 1. Micrographs of experimentally reheated and quenched olivine-
hosted melt inclusions from the Karymsky Volcano. a, Typical olivine
grain (K7) containing melt inclusions (MI) (K7a, K7b, and K7c; Ta-
ble 1) and numerous small crystalline chrome spinel inclusions (SP).
The same melt inclusions are shown in Fig. 2 together with Raman
spectra of their fluid bubbles; b, melt inclusion K4 (Table 1), consisting
of glass (GL) and bubble (f), in two orthogonal cross sections. In con-
trast to most of the studied melt inclusions, K4 is a flattened inclusion
with a thickness twice as small as the width, which one must take into
account for precise estimation of the gas bubble contribution to the
total CO, content in the melt inclusion (Fig. 5).

of glass and gas phase and their CO, contents (Naumov et
al., 2006; Steele-Maclnnis et al., 2011; Hartley et al., 2014;
Moore et al., 2015; Aster et al., 2016; Robidoux et al., 2018,;
Taracsak et al., 2019). Raman spectroscopy is used to deter-
mine the CO, content in the gas phase, which is usually a
low-density fluid (Steele-Maclnnis et al., 2011; Hartley et
al., 2014; Moore et al., 2015).

Each of the proposed methods has its advantages and dis-
advantages, which are analyzed by Moore et al. (2018). In
particular, the advantage of the mass balance method (the
further development of which this research is aimed at) is its
relative simplicity. Along with Raman spectroscopy and ion
probe microanalysis, this method permits one to study a
large number of inclusions and to obtain statistically signifi-
cant results. A disadvantage of this method is the frequent
occurrence of carbonate on the walls of gas bubbles in natu-
rally quenched inclusions (Kamenetsky et al., 2002; Moore
etal., 2015; Aster et al., 2016; Robidoux et al., 2018), which
cannot be taken into account in measurements and calcula-
tions. Imprecise estimation of the bubble and melt inclusion
volumes also contributes to a large error in the calculation.
The melt inclusion volume is usually estimated on the basis
of optical measurements in one plane and on the assumption
that the inclusion is an ellipsoid with two equal axes (the
vertical axis z is equal to the visible width y) (Moore et al.,
2018).

The goal of this work was to develop and improve the
techniques of Raman spectroscopy estimation of the density
of CO, in the gas phase of melt inclusions at the Institute of
Geology and Mineralogy, Novosibirsk, and to compare the
volumes of melt inclusions and their bubbles estimated from
results of optical measurements in one plane (2D) and two
planes (3D) in order to improve the accuracy of estimation
of the bulk content of CO, in melt inclusions. The technique
was tested on a series of inclusions in olivine (Fog,gs55)
from basalt of the Karymsky Volcano in eastern Kamchatka
(Grib and Perepelov, 2008; Tobelko et al., 2019). The data
obtained are used to estimate the minimum initial content of
CO, in parental melts as well as the pressure and depth of
their crystallization.

METHODS

Raman spectroscopy. The key task of mass balance cal-
culation of the total CO, content in melt inclusions is to de-
termine the CO, content in their gas phase. In this work, the
density of CO, in the gas phase was determined by Raman
spectroscopy. The method is based on the accurate measure-
ment of the position of two characteristic vibration peaks of
CO, molecules (so-called “Fermi diads”) at ~1285 and
~1388 cm! and the direct dependence of the distance bet-
ween the peaks (the difference in wavenumbers) on the CO,
density (Frezzotti, 2012) (Fig. 2).

The measurements were performed at the Institute of
Geology and Mineralogy, Novosibirsk, using a Horiba
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Fig. 2. Raman spectra of gas bubbles in melt inclusions from the Karymsky Volcano, with characteristic peaks of CO, (Fermi diads at ~1285 and
~1388 cm™). Spectra for three melt inclusions are shown: K7a is a low-density gas bubble in melt inclusion with calculated CO, = 0.11 wt.%; K7¢
is a denser gas bubble in melt inclusion, with calculated CO, = 0.45 wt.%, which is the maximum content of CO, in the studied melt inclusions
from the Karymsky Volcano; K7b is the densest and largest gas bubble in melt inclusion, with calculated CO, = 1.9 wt.%, which indicates a
heterogeneous (melt + fluid) trapping of the melt inclusion and does not represent the true melt composition (see also Fig. 5 and Table 1). Inset shows
Raman spectra (750-1450 cm™") of the host olivine and glass and a gas bubble in the melt inclusion bul12 used for calibration (p = 0.14 g/cm?).

Labram HR800 Raman spectrometer with a solid-state laser
(excitation at 532 nm, 50 mW) and a semiconductor detector
(CCD matrix) cooled by the Peltier method. The measure-
ments were carried out for melt inclusions located at differ-
ent depths from the olivine surface in the centers of their gas
bubbles.

High spatial resolution was provided by an Olympus BX-41
confocal microscope. High spectral resolution was achieved
by using a holographic diffraction grating with 1800 grooves/
mm. The diameter of the studied gas bubbles in melt inclu-
sions varied from 10 to 35 microns (Table 1). The measure-
ments were made with a confocal aperture 200 um in diam-
eter, which ensured a high sensitivity and shortened the
signal integration time. The high-sensitivity detector allows
analysis of smaller gas bubbles or fluid inclusions using a
confocal aperture of smaller diameter. Analysis of such
samples requires more time to accumulate the signal, but the
spectrum quality remains almost unchanged.

Initial calibration was performed against the characteristic
585.25 nm line in the neon spectrum. The CO, spectra were
measured in one window in the interval 1250-1450 cm!.

The presence of other gases in the fluid bubbles was checked
for half of the studied melt inclusions in the intervals 1100—
1200 cm™! (SO,); 2280-2380 cm™! (H,S); 2550-2650 cm!
(N,); and 2900-2930 c¢cm™!' (CH,). None of the analyzed
bubbles had detectable amounts of gases other than CO,
(Table 1). The integration time of one spectrum was 5 s; one
analysis included 6 integrations. The spectra were processed
by the Origin 8.0 program. Each line of the Fermi diad was
processed separately. The straight line going through the av-
erage values of the background noise was taken as a base-
line. The baseline was subtracted before approximation.
Each line of Fermi diad was approximated by a Gaussian or
a Lorentzian function. The exact wavenumber of the line
was determined at the half width of the approximated peak.
The correctness of approximation was verified by the close
coincidence of the approximated line and the measured
spectrum.

Eight gas bubbles in olivine-hosted melt inclusions with
a density between 0.013 and 0.22 g/cm™ from the Klyu-
chevskoi Volcano were used as reference samples. The den-
sities of CO, in these inclusions were previously estimated



Table 1. The size of melt inclusions (MI) and the density and content of CO, in gas bubbles of the melt inclusions in olivine from the Karymsky Volcano

Content of  Fo olivine, Other
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N.d.

0.033
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3.4
2.4

4.9

3.6
2.8

13
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34
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1170
1170
1170
1170
1170
1170
1170
1170
1170
1170
1170
1170
1170
1170

85.9 N.d.

0.045
0.173
0.244
0.112

0.040
0.099
0.167
0.083

102.99

22
4.0

2.2
4.1

3.0
4.5

K1b

K2
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N.d.

86.9

103.15

4.9
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N.a.

85.9

103.33

1.7
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4.1
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4.5

3.8
35
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29.5%24
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N.a.

84.8

103.11
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N.d.

0.105
1.874
0.454
0.214

0.073

103.08

3.6

3.6
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3.8

4.5

52
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K7a
K7b
K7¢
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N.a.

0.253

103.56

10.5%
6.3

10.7*
6.4

3.1

12.1*
7.1

17.0
5.7
3.1

18.9%*
6.0
3.7
4.3

35

N.a.

88.4

0.202
0.183
0.196
0.171

103.42
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N.a.

103.37

3.1
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N.a.
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3.5
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N.d.

0.090

103.13

4.4

15

47

K14

Note. Length (x), width (y), and thickness (z) of melt inclusions are given according to the data of optical measurements in one section (z1) and measurements in two orthogonal sections (z2). The bold-typed

values are the most precise estimates. The asterisked values for the inclusion K7b were obtained under assumption of the spherical shape of a fluid bubble with a diameter of 29.5 um. The composition of the

host olivine for representative inclusions (Fo, mol.%) was analyzed with a JEOL JXA 8200 (GEOMAR, Kiel, Germany) electron microprobe under the same conditions as described by Tobelko et al. (2019).

Other gases in the bubbles were either not detected (N.d.) or not analyzed (N.a.).

by Raman spectroscopy at Virginia Tech, USA (Moore
et al., 2018). These samples were used to determine a
correlation between the CO, density and the distance be-
tween the Fermi diad lines (Fig. 3). The measurements
were carried out during two analytical sessions with a
four-month gap between them. The calibration plot was
stable during the course of this study. It is unique for the
applied instrument and the analytical conditions and dif-
fers from calibrations used in other laboratories (Fall et
al., 2011; Wang et al., 2011; Lamadrid et al., 2017). The
derived calibration equation is as follows:

pCO, (g/cm?) = 0.3776 x AF (cm™") — 38.851, (1)

where AF is the difference between the wavenumbers of
the Fermi diad lines and pCO, is the CO, density in the
gas phase (Fig. 3).

The reference samples were analyzed in total 2 to 15
times for an individual bubble, and the reproducibility of
AF (26) varied from 0.007 to 0.049 ¢cm™ (on average,
0.03 cm™), which corresponds (Eq. 1) to density varia-
tions from 0.005 to 0.019 g/cm? (on average, 0.011 g/cm®).
Thus, we estimate the overall uncertainty of the density
estimates at £0.03 g/cm®, which includes an external er-
ror of 0.020 g/cm® (Moore et al., 2018) and the average
reproducibility of the reference samples in this study
(0.011 g/cm’) (Fig. 3).

The gas bubble in each of the melt inclusions from
the Karymsky Volcano was analyzed twice, and the re-
sults were averaged. The AF variations for the two anal-
yses were in the range 0.01-0.03 cm!, which corre-
sponds to the uncertainty of determined density of
<0.01 g/cm’. All selected melt inclusions with gas bub-
bles for which a clear optical focus was observed were
successfully analyzed, regardless of their location in the
olivine grain.

This Raman spectroscopy technique was earlier used
to determine the CO, density in gas bubbles in melt in-
clusions by non-Russian researchers only (Hartley et al.,
2014; Moore et al. 2015, 2018; Robidoux et al., 2018).
Our study is the first case of its application at a Russian
geological research institute.

Study of melt inclusions. The study of melt inclu-
sions included several steps: (1) selection of representa-
tive olivine grains with melt inclusions from the >0.5 mm
fraction of basaltic scoria from the Karymsky Volcano
(Tobelko et al., 2019; sample K6-06); (2) high-tempera-
ture experiment on melting of daughter crystal phases in
melt inclusions, which contained melt and fluid phase
after experiment; (3) mounting olivine grains into epoxy
resin and their polishing; preliminary optical measure-
ments of inclusion and gas bubble sizes; (4) Raman mea-
surements, spectrum processing, and calculation of the
CO, density in bubbles; (5) measurement of the melt in-
clusion and bubble sizes in the orthogonal sections of
olivine grains; (6) mass balance calculation for estimat-
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Fig. 3. Calibration plot for estimation of the CO, density in gas bubbles
of melt inclusions as a function of the distance between characteristic
CO, peaks (Fermi diads). The calibration plot was obtained using a Ho-
riba Labram HR800 Raman spectrometer (532 nm, 1800 grooves/mm)
at the Sobolev Institute of Geology and Mineralogy, Novosibirsk,
based on the earlier measured density of CO, in gas bubbles in melt
inclusions from the Kliuchevskoi Volcano (Moore et al., 2018). The
error bars (top right) correspond to the average reproducibility of AF
(206, 0.03 cm™) for reference samples and the overall uncertainty of
density determination (0.03 g/cm?), see text (Methods, Raman spec-
troscopy). The obtained calibration is unique for this instrument and
the described analytical conditions. The calibration line is shifted rela-
tive to the calibration lines obtained in other laboratories under the
same or similar conditions (Horiba Labram HR800; 514 nm and 1800
grooves/mm (Fall et al., 2011); 532 nm and 1800 grooves/mm (Wang
et al., 2011), with a calibration plot for the entire density range and a
linear dependence for the low density region, <0.2 g/cm?, given by La-
madrid et al. (2017); and 532 nm and 1800 grooves/mm (Lamadrid et
al., 2017)). The observed difference confirms the previous conclusion
(Lamadrid et al., 2017) that each Raman spectrometer requires an inde-
pendent calibration.

ing the minimum bulk content of CO, in melt inclusions,
i.e., the amount of CO, in their gas phase, not taking into
account the amount of CO, in glass.

Homogenization experiments. Most of the studied melt
inclusions were partially crystallized at room temperature
before the high-temperature experiments, and only one of
them was a naturally quenched glassy melt inclusion. A
high-temperature experiment on remelting of the daughter
phases in the partially crystallized melt inclusions was car-
ried out in a vertical Nabertherm RHTV 120-300/17 tube
furnace at 1 atm at the Institute of Geochemistry and Ana-
lytical Chemistry, Moscow. This furnace allows high-tem-
perature heating in the redox-controlled atmosphere (Kra-
sheninnikov et al., 2017). The experimental conditions
(T=1170 °C, f,,= QFM + 1.5, = 5 min) were identical to
the estimated crystallization parameters (7, f;,) of the paren-

tal melts of the Karymsky Volcano (Tobelko et al., 2019).
An unwelded platinum ampoule with grains was kept in the
inert-gas atmosphere at ~900 °C for 5 min before a heating
experiment in order to remove air and reach the desired
redox conditions. Afterwards, the ampoule was kept at
1170°C for 5 min and then was dropped in water for quench-
ing (Krasheninnikov et al., 2018). After quenching, the in-
clusions consisted of glass, a gas bubble, and, often, small
single crystals of spinel, which were probably trapped by
olivine together with melt (Fig. 1). Optical examination
showed that the gas bubbles of the heated and experimen-
tally quenched inclusions, in contrast to bubbles in naturally
quenched inclusions, were almost free of crystalline phases,
except for a few small crystallites of native sulfur and un-
known phases.

Estimation of the size and volume of melt inclusions.
The literature data on the size of melt inclusions are usually
based on the assumption of their three-axis ellipsoid shape
(Moore et al., 2015; Aster et al., 2016; Tucker et al., 2019).
To estimate the ellipsoid volume, the visible length (x) and
width (y) of inclusions were measured. The thickness (z)
was assumed to be equal to the inclusion width (z = y)
(Moore et al., 2015) or to the average of the visible length
and width (z = x/2 + y/2) (Tucker et al., 2019). In some stud-
ies, the volume was calculated under assumption of the
spherical shape of melt inclusions (diameter = x/2 + y/2)
(Mironov et al., 2015). To assess the correctness of such as-
sumptions and the error that they add to the calculation of
the inclusion volume, we carried out an additional study
(see below).

The thickness of inclusions was estimated by two meth-
ods. In the first method, the thickness was measured with a
built-in microscope micrometer by focusing on the top and
bottom of the inclusion. The fine-ribbed surface of the inclu-
sion walls (Fig. 1b), typical of the studied melt inclusions,
made it possible to do this. The obtained values were multi-
plied by the coefficient corresponding to the average value
of the refractory index of olivine Foy g, (1, — n,, 1.65-1.71,
on average, 1.68) (Troeger, 1979). The unknown optical ori-
entation and composition of olivine grain introduce an error
of 1.8% into the estimated melt inclusion thickness. If the
location of either the top or the bottom of an inclusion is
optically uncertain, for example, when the inclusion is part-
ly exposed on the surface, the distance from its top or bot-
tom to the plane of the largest cross-section area can be
measured.

The second method implied measuring the melt inclusion
dimensions in the orthogonal cross sections of olivine
grains. For this purpose, after the Raman analysis, the grains
with melt inclusions were remounted into epoxy resin so
that their polished planes were oriented at a right angle to
the mount surface. The grains were then ground and pol-
ished again (Fig. 1b). Then, the inclusion dimensions were
again measured under microscope. The orthogonal section
allowed a direct measurement of the third dimension (thick-
ness, z) of the melt inclusion. The error in measurement of
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Table 2. Mass balance calculation scheme of the CO, content in melt inclusion bubble

Calculation steps 1 2 3 4 5
Calculation param- ¥y, pm® V,, pm’; T My, P m(CO,),, wt.%
eter m(CO,),, pg (10* ) Mg, Pg
Calculation formula Vi =4/3-wx/2-y/2:212 V, =4/3-n(d/2)%; Vo=V Vi myy = mgtm(CO,),  m(CO,), 100/myy
m(CO,), =V, p mg=Vyps
p is CO, density, Raman data, p=2.7g/em?

g/cm®= pg/um?

Notes. MI, melt inclusion; b, bubble; g, glass; x, v, z, linear dimensions of melt inclusion: length, width, and thickness, um; d, diameter of bubble, um.

the thickness might be due to the nonorthogonal orientation
of grains on remounting (in our case, up to ~10°) and is es-
timated not to exceed —1.5 rel.%. The melt inclusion vol-
umes were then estimated using a formula for the volume of
a three-axis (x, y, z) ellipsoid (V = 4/3-n'x/2-y/2-z/2). The
error in linear microscope measurements was assumed to be
+2 pum. In the cases when the shape of the inclusion differed
significantly from ellipsoidal, e.g., for the inclusion K13 be-
ing a flattened truncated cone, an error of £5 um was taken.

Despite their simplicity, 3D optical measurements and
study of melt inclusion shapes are unknown in literature, al-
though similar studies were carried out for examining the
morphology of heterogeneous fluid inclusions (Bakker and
Diamond, 2006).

Mass balance calculations. To determine the mass frac-
tion of CO, in the gas phase of inclusions, we applied a com-
mon mass balance calculation scheme (Hartley et al., 2014;
Moore et al., 2015; Moore and Bodnar, 2019). This scheme
includes a subsequent calculation of: (1) the volume of melt
inclusion, (2) the mass of CO, in the bubble, based on the
bubble volume and the CO, density estimated by Raman
spectroscopy, (3) the volume and mass of glass in the melt
inclusion (the glass density was assumed to be 2.7 g/cm?
(Shishkina et al., 2010)), (4) the total mass of the melt inclu-
sion (glass + bubble), and (5) the mass fraction of CO, in the
gas phase (Table 2). If the content of CO, in the glass is
known, the total content of CO, in the melt inclusion can be
calculated as a sum of the measured CO, content in the glass
and the calculated CO, content in the gas phase. If the content
of CO, in the glass is unknown (as in this study), the mass
fraction of CO, in the bubble is regarded as the minimum
total CO, content in the melt inclusion (Table 1). The total
CO, contents of melt inclusions estimated from the ion probe
data (SIMS) for glass and from the Raman spectroscopy data
for fluid bubbles will be presented in next publications.

RESULTS

Types of inclusions, their size and volume. The studied
melt inclusions were single or multiple in olivine grain
(Fig. 1a), without a regular location. A characteristic feature
of the studied olivines was also the presence of numerous
scattered small crystalline spinel inclusions (Fig. 1a). All
except for one of the studied olivine-hosted melt inclusions

were experimentally quenched. They consisted of glass and
a gas bubble and usually contained small single spinel crys-
tals (Fig. 1b). In most of the experimentally quenched melt
inclusions, there were occasional or no crystalline phases on
the walls of gas bubbles. However, abundant crystalline pha-
ses were present on the walls of a low-density (0.06 g/cm?)
gas bubble in a naturally quenched inclusion (K-06-8, Ta-
ble 1). Although the phases were not studied by Raman
spectroscopy, some of them might be carbonates (Kame-
netsky et al., 2002; Moore et al., 2018; Robidoux et al.,
2018). Noteworthy, the olivine hosting this naturally
quenched inclusion has a high-Fo (Fogg 5) composition, like
the olivines hosting two reheated inclusions with the highest
bubble densities (0.20-0.21 g/cm?), but the gas bubble den-
sity in this inclusion is much lower (0.06 g/cm?). This differ-
ence is in agreement with crystallization of daughter carbon-
ate phases on the walls of a gas bubble in the naturally
quenched inclusion.

The size of the melt inclusions varied (average length x,
width y, and thickness z) from 35 to 95 pm, and the diameter
of gas bubbles, from 10 to 35 um. Most of the melt inclu-
sions had a smooth oval or short-prism shape and character-
istic finely ribbed walls (Fig. 1). The average length-to-
width ratio is 1.3, and the width-to-thickness ratio is 1
(Table 1), as assumed in many research works (Moore et al.,
2015, 2018; Aster et al., 2016; Taracsak et al., 2019). In
some inclusions, however, the width-to-thickness ratio varies
from 0.7 to 2.0, reaching a maximum in flattened inclusions
(Fig. 1b, y/z=2). The gas bubbles in the melt inclusions were
near-spherical, with the difference among the diameters in
three directions not exceeding 5 rel.%. One melt inclusion
contained a flattened gas bubble (K7b is a heterogeneously
trapp inclusion, melt + fluid, Fig. 2; Table 1).

The volume fractions of gas bubbles in the studied melt
inclusions, which are estimated from 3D measurements of
the inclusions (x, y, z), vary from 2.8 to 6.0 vol. % (on aver-
age, 4.2 vol.%) (Figs. 4 and 5; Table 1). The largest bubbles
(5.4-5.7 vol.%) are typical of inclusions in the most magne-
sian olivines (Fogg 4 g5 5). The inclusions from more Fe-rich
olivines contain smaller bubbles (Table 1). One melt inclu-
sion differs from the other in a significantly larger volume of
the gas bubble (17 vol.%) (Fig. 4a). The linear correlation
between the volumes of melt inclusions and their gas bub-
bles (Frezotti, 2001) and the volume fractions of bubbles not
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Fig. 4. Correlation between the volumes of studied melt inclusions and their gas bubbles. The first diagram (a) shows a correlation between the
volumes of bubbles and melt inclusions. The linear correlation implies a homogeneous trapping. The inclusion K7b (Fig. 2), strongly deviating
from the general linear trend (a bubble occupies 17 vol.% of the inclusion), contains excess fluid and resulted from a heterogeneous trapping
(melt + fluid). For comparison, the volumes obtained from 2D and 3D measurements are presented. For 2D measurements, two estimates are
made: under assumption that the thickness of melt inclusion is equal to its width (z = y) (Moore et al., 2015) or that the volume of melt inclusion
can be estimated as the volume of a sphere with a diameter equal to the average linear diameter of the inclusion (d = x/2 + y/2) (Mironov et al.,
2015). The second approach yields smaller values for the bubble volume. One more estimate (not shown in the plot), when the thickness of melt
inclusion is taken to be equal to the average of the length and width (z = x/2 + y/2) (Tucker et al., 2019), virtually coincides with the volume of a
spherical melt inclusion (Table 1). For 3D measurements, z2 and corresponds to the thickness of melt inclusion in the orthogonal cross section.
Dark squares mark inclusions with the maximum content of CO, in the bubble (~0.45 wt.%, see also Fig. 5 and Table 1) among homogeneously
trapped melt inclusions. The second diagram (b) shows correlation between the relative volumes of bubbles in melt inclusions estimated by two
alternative 3D measurement methods. The volumes estimated from the melt inclusions thickness measured in the orthogonal cross sections (z2)
are plotted along the X axis, and the volumes estimated from the optical data on the inclusion thickness (z1) are plotted along the Y axis.
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Fig. 5. The content of CO, in the gas phase of melt inclusion depending on its density and relative volume. Large squares mark the results of mass
balance calculation of the CO, content in the gas bubbles of melt inclusions from the Karymsky Volcano. They show the minimum bulk contents
of CO, in the melt inclusions and trapped melts. The wide range of the CO, contents (0.05-0.45 wt.%) can be explained by the variable degassing
of parental magmas with ~0.45 wt.% CO,. The error in the density estimation (20) is +0.03 g/cm?, which includes an external error of 0.02 g/cm?
in (Moore et al., 2018) and the average reproducibility of reference samples in this study (0.011 g/cm?) (Fig. 3). The error in the estimation of the
relative bubble volume is based on the errors in determination of the absolute volumes of melt inclusions and their bubbles. The errors in volume
estimation were calculated by the formula errV = V-n/2-d?-errL, where errV is the absolute error for the volume of melt inclusion or fluid bubble,
7 = 3.14 (Pi-number), d is the average diameter of melt inclusion (x/3 + y/3 + z/3) or fluid bubble, and errL is the error in the measurements of
linear dimensions (+2 pm for melt inclusion and +0.5 pm for bubble). The error in the relative bubble volume was then calculated using in stan-
dard rule of error propagation. For the ellipsoid (x, y, z), z is taken as z2, i.e., the thickness of melt inclusion in the orthogonal cross section. For
comparison, we present data for the case when the thickness of melt inclusion is not measured but is taken equal to its width (z = y) (Table 1).

exceeding the “critical” values of 6-8 vol.% (Aster et al.,
2016) suggest a homogeneous composition (melt) of the
trapped melt inclusions (Fig. 4a).

Comparison of the melt inclusion volumes estimated
from the results of 3D (x, y, z) and 2D (x, y, z = y) measure-
ments shows a significant and nonsystematic error in the
estimation of the bubble volume fraction in the latter case
(Fig. 4a). The difference between the two alternative vol-
ume estimates can be as large as 2.6 vol.% (Table 1). This
will also strongly affect the estimate of the CO, content in
the gas bubbles of melt inclusions (Fig. 5). In the 2D mea-
surements, the minimum gas bubble volume is obtained un-
der assumption of a spherical melt inclusion, i.e., when its
diameter is equal to the average of its length and width (d =

x/2 + y/2) (Fig. 4a; Table 1). Similar results are obtained
when the thickness of melt inclusion is taken to be the aver-
age of its length and width (z = x/2 + y/2) (Tucker et al.,
2019) (Table 1). Comparison of the bubble volumes esti-
mated from the results of optical measurements of melt in-
clusion thickness (z1) and measurements in the orthogonal
cross sections (z2) (i.e., two alternative 3D measurements)
shows good agreement (Fig. 4b). Their values are within the
error in the estimation of the relative volumes of gas bubbles
of the melt inclusions, and the difference between the two
estimates varies from 0 to 0.8 vol.% (not exceeding
10 rel.%), averaging 0.4 vol.%. (Fig. 4b; Table 1).

This study shows that a correct estimation of the bulk
content of CO, in melt inclusions and, accordingly, in the
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parental melts requires a direct 3D measurement of the lin-
ear sizes of the melt inclusions. To elaborate the most effec-
tive and precise method for estimating the melt inclusion
volume, it is important to compare the calculated volumes of
melt inclusions as ellipsoids (as in this paper) and the real
volumes of the melt inclusions. The real volumes can be
estimated by either X-ray microtomography (Creon et al.,
2018) or 3D mapping using Raman spectroscopy (https://
www.horiba.com) for melt inclusions of different shapes in
olivine.

Density and weight content of CO, in the gas phase.
The density of gas bubbles in the studied melt inclusions,
calculated from the obtained calibration plot (Fig. 3), varies
from 0.03 to 0.25 g/cm? (Fig. 5, Table 1). The bubbles can
be tentatively divided by density into two groups: (1)
bubbles with a density of <0.1 g/cm? and a calculated CO,
content of <0.2 wt.% and (2) bubbles with a density of 0.17—
0.21 g/em’® and a calculated CO, content of >0.2 wt.%
(Fig.5). The maximum CO, content in the bubble (0.45 wt.%)
was found in two melt inclusions from two olivine grains
(K7c and K13, Table 1), with a fluid phase density of 0.20—
0.21 g/cm?. The fact that the olivine hosting these melt in-
clusions is the most magnesian (primitive) and the gas bub-
bles have the largest relative volume indicates that these
inclusions are the earliest among the trapped melts of the
studied series. The bubble in the melt inclusion K7b is
anomalously large (17 rel.%) and has a maximum density
(0.25 g/cm®) and, accordingly, an abnormally high calculat-
ed content of CO, (1.9 wt.%). That is, this inclusion, in con-
trast to the other in the same sample, resulted from a hetero-
geneous trapping of melt and CO,-rich fluid. The inclusion
evidences that it was trapped by an olivine phenocryst crys-
tallizing from CO,-saturated melt. The exact compositions
of the host olivine and the melt inclusion glass have not yet
been determined. Hence, it is not clear which stage of crys-
tallization of olivine (K7) this particular melt inclusion be-
longs to, as this olivine phenocryst contains two other melt
inclusions: inclusion K7¢ with a high CO, content in bubble
(0.45 wt.%, host Ol Fog,) and inclusion K7a with a much
lower CO, content (0.11 wt.%) (Figs. la and 5; Table 1).

DISCUSSION AND SOME PETROLOGICAL
IMPLICATIONS

The observed variations in the CO, content in the gas
bubbles of melt inclusions (0.45-0.05 wt.%) (Fig. 5; Tab-
le 1) might be due to olivine crystallization and trapping of
melts variably depleted in CO, during the magma ascent and
degassing. The least degassed were melts represented by
two melt inclusions, K7¢ and K13, with the calculated CO,
content of ~0.45 wt.% in the bubbles (Fig. 5; Table 1). This
value can be taken as the minimum initial content of CO, in
the parental melts of the Karymsky Volcano.

The estimated contents of CO, (0.45 wt.%, this work)
and H,0 (~ 4.5 wt.% (Tobelko et al., 2019)) in the parental

melts of the Karymsky Volcano and the application of the
CO, and H,O solubility models (Shishkina et al., 2010;
Duan, 2014) allow estimation of the minimum pressures at
which the crystallization of the melts and their fluid satura-
tion began. According to the H,0-CO, solubility model
(Duan, 2014), these pressures are estimated at 7-8 kbar for
the average composition of the Karymsky Volcano parental
melt (Tobelko et al., 2019). Knowing the Kamchatka crust
density p (kg/m?), we can calculate the depth of crystalliza-
tion, 4 (m), from the equation P = p-g-h, where P is pressure
(Pa) and g is free-fall acceleration (9.8 m/s?). The average
density of the upper 30 km crust in the Eastern volcanic belt
of Kamchatka, ~2.8 g/cm?® (~2800 kg/m?), was calculated
from the data presented by Nurmukhamedov et al. (2016)
for the eastern part of the profile 3-3” north of the Avachin-
sky group of volcanoes: a depth of 0-2 km — 2.66 g/cm?,
2-8 km — 2.72 g/cm?, 8-20 km — 2.73 g/cm?, and 20—
30 km — 2.95 g/em?. Thus, for the obtained crust density, a
pressure of 1 kbar (0.1 GPa) corresponds to a depth of
3.64 km. Accordingly, the minimum pressure of crystalliza-
tion of the Karymsky Volcano parental melts, 7 kbar, cor-
responds to a depth of ~25 km.

The estimated depths of the beginning of parental-melt
crystallization (>25 km) are consistent with the data on seis-
micity beneath the Karymsky volcanic center. For example,
seismic events occur at a depth of <20 km during the quies-
cent periods of the Karymsky Volcano, while during its
eruption (as in 1996), seismic events were recorded at depths
of 60-20 km (Gordeev et al., 1998; Zobin et al., 2003).
These deep events seem to be related to the transport of the
parental volcanic magmas, which begin to crystallize in this
depth interval. Similar estimates of the initial crystallization
pressure were obtained by different methods for other volca-
noes of Kamchatka: Avachinsky, Klyuchevskoi, and Tolba-
chik (Portnyagin et al., 2005; Mironov et al., 2015; Mironov
and Portnyagin, 2018), which perfectly matches the seis-
motomographic data on the presence of magmas at the men-
tioned depths (Koulakov et al., 2017). This suggests that the
parental magmas of the Eastern volcanic belt of Kamchatka
began to crystallize at least in the lower mafic crust or in the
mantle (Balesta and Gontovaya, 1985; Nurmukhamedov et
al., 2016; Koulakov et al., 2017).

CONCLUSIONS

In the course of the study, the dependence between the
CO, density and the distance between the characteristic CO,
Raman lines (Fermi diads) was calibrated with a Horiba
LabRam HR800 Raman spectrometer at the Sobolev Insti-
tute of Geology and Mineralogy, Novosibirsk. This depen-
dence is described by the equation pc, (g/em®) = 0.3776 x
AF (cm™) —38.851. Study of a series of olivine-hosted melt
inclusions from the Karymsky Volcano has demonstrated
how this dependence can be used for the estimation of gas
bubble densities and initial CO, contents in melt inclusions
and parental magmas.
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The data obtained can be used as a basis for regional
works to estimate the initial CO, content in parental island-
arc magmas and their crystallization pressure and degree of
degassing and to establish the relationship between the CO,
content in magmas and their origin conditions. To improve
the Raman spectroscopy method of estimation of the initial
content of CO, in melt inclusions and the mass balance cal-
culation technique, we propose to carry out a preliminary
high-temperature experiment on the complete remelting of
daughter phases in melt inclusions and to perform more ac-
curate optical 3D measurements of the melt inclusion size.
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