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Abstract—The solubility of volatile compounds in magmas and the redox state of their mantle source are the
main factors that control the transfer of volatile components from the planet’s interior to its surface. In theories
of the formation of the Earth, the composition of gases extracted by primary planetary magmas is accounted for
by the large-scale melting of the early mantle in the presence of the metallic Fe phase [1, 2]. The fused metallic
Fe phase and the melted silicate material experienced gravitational migration that exerted influence upon the
formation of the metallic core of the planet. The large-scale melting of the early Earth should have been accom-
panied by the formation of volatile compounds, whose composition was controlled by the interaction of H and
C with silicate and metallic melts, a process that remains largely unknown as of yet.
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INTRODUCTION

A series of experiments in the system Fe-bearing
melt + fused metallic Fe phase (0.1-7% Si) + C (graph-
ite) + H, at 4 GPa and 1550-1600°C allowed the char-
acterization of the nature of H and C compounds dis-
solved in silicate melts. The infrared and Raman spec-
troscopic measurements of the glasses as products of
quenching of reduced melts were used to elucidate the
mechanisms of H and C dissolution.

The study of the stability of the metallic Fe—Si phase
at a pressure corresponding to a depth of 100-150 km
has shown that its melting results in the formation of
silicate liquids that contain both oxidized and reduced
H and C species. The relationships between them substan-
tially depend on fO,. At AlogfO,(AIW) = —(2.0-2.5),
hydrogen occurs in the melt largely as the OH~ group
and H,0. Some amount of hydrogen is dissolved in the
molecular form. Carbon is soluble mainly in the atomic
form, as insignificant quantities of the carbonate ion

CO? , and as carbon bound in the melt with Si (bond of

the Si—C type). Thereby, the melts are characterized by
the preferential dissolution of H in comparison with C.
Atlower AlogfO,(IW) values of —(4—6) and in the pres-
ence of the liquid Fe-Si phase, the character of H and
C dissolution markedly changes. The H solubility as
OH- decreases, while the H solubility as H, increases.
The C solubility in the melt is related to the formation
of the C—H bond that corresponds to CH,. As fO, falls,
the amount of dissolved H (recalculated to water)
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decreases from 1.6-1.8 wt % H,O at AlogfO,(IW) =
—2.3 to 0.8-1.0 wt % at Alogf O,(IW) = -5.7. At the

same time, the C solubility increases from 0.2 wt % at
Alogf O,(IW) =-2.3 to ~2 wt % at Alogf O,(IW) =-5.7.

The experimental results lead to the conclusion that
the proportions of reduced and oxidized species of car-
bon in the primary melts substantially depend on the
fO, of the reduced mantle. At AlogfO,(IW) = -2,
which corresponds to the equilibrium of Fe with olivine
in the upper mantle, oxidized H species are prevalent in
the melt equilibrated with metallic Fe. If the chemical
fractionation of the early mantle occurred at lower fO,
values at Alogf O,(IW) = —(3-5), which are expected
for the enstatite-chondrite model of the mantle forma-
tion [3], then the compounds with C-H-type bonds
(CH, and other molecules with such a bond) should be
expected in the primary melt, together with oxidized H
species (OH~ group). These volatile H and C com-
pounds are associated with the formation of a liquid Fe
phase enriched in Si. The oxygen fugacity during the
formation of the magmatic ocean is of principal impor-
tance for the estimation of the gas composition with
respect to H,O, H,, and CH, extracted from the reduced
planetary matter and supplied to the surface in the
course of high-temperature volcanic activity.

FORMULATION OF THE PROBLEM

The origin and evolution of volatile components in
the Earth remain ambiguous in many respects (see, for
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example, [4]). A number of models describe the com-
position of volatile components deduced from the data
on the solar system during and soon after the accretion.
In particular, it is suggested that the primary contents of
H,O and rare gases were controlled by the participation
of H-bearing planetesimals in accretion [4, 5]. Another
point of view is based on the assumption that solar
gases enriched in hydrogen participated in accretion
[6]. According to [7], the homogeneous accretion of the
Earth was characterized by the formation of an outer
shell consisting of late carbonaceous chondrites
enriched in volatiles.

The study of isotopic and elemental compositions of
rare gases indicates that, despite the intense degassing
of accreted matter affected by impact processes, part of
the volatile components has been buried in the solid sil-
icate mantle [8]. According to [3], oxygen and carbon
were contained in the solid silicate mantle during or
after the main events related to the segregation of the
metallic core. In light of these data, H and C com-
pounds that occurred in the early mantle could have
served as an internal source of volatile components.

The degassing of the accreted material as a result of
impact processes that gave rise to the substantial heat-
ing and melting of deep-seated matter and to the forma-
tion of a magmatic ocean is considered the main cause
of the transfer of volatile components from the planet’s
interior, a process that gave rise to the formation of the
early terrestrial atmosphere [9, 10]. The proportions of
the reduced (CH,, H,, CO) and oxidized (H,O, CO,)
hydrogen and carbon species that were supplied into
the upper shells of the Earth remain a matter of debate.
A reduced atmosphere enriched in CH, is regarded as a
prerequisite for the prebiological evolution of organic
matter that eventually led to the origin of life on the
Earth’s surface [11].

The gas regime of the early Earth with respect to the
contents of oxidized and reduced H and C species was
closely related to the redox state of the planetary matter,
its dependence on the chemical differentiation of the
mantle and the conditions of metallic core formation,
as well as on the specific features of the dissolution of
volatile components in the products of the early melt-
ing [12].

The study of phase equilibria as a tool for the mea-
surements of oxygen fugacity shows that the present-
day lithospheric and asthenospheric layers are oxidized
to a moderate extent, and the respective fO, values are
above the equilibrium with the metallic Fe phase. The
Fe3* activity in minerals from the upper mantle fits the
fO, values that determine the prevalence of CO, and
H,O in deep fluids and the stability of carbonate
phases.

Nevertheless, the idea about the reduced state of the
Earth’s mantle controlled by chemical equilibrium with
the metallic Fe phase and the metallic core at the early
stage of Earth formation also has certain grounds [13—
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20]. If the mean olivine composition in the upper man-
tle is accepted to be Foy;, then fO, should be at least
two logarithmic units lower than the fO, of the Fe-FeO
equilibrium at IW buffer (Alogf O,(IW) =-2) or at least
six logarithmic units lower than the fO, of the lithos-
pheric and asthenospheric layers of the modern upper
mantle. At this redox state of the planetary matter, CH,
and H, in equilibrium with free carbon (graphite or dia-
mond) should be the predominant volatile components.
The early mantle was probably characterized by a lower
fO, than that following from equilibrium between Fe
and Foy,. According to Javoy’s model [3, 21, 22], which
assumes the participation of enstatite chondrites in the
formation of the Earth, the early mantle might have
been reduced, with Alogf O,(IW) varying from -3 to -5.
Such a mantle could not have contained water, so that
reduced H and C species and free carbon should be the
prevalent volatiles.

The causes that gave rise to the oxidation of the pri-
mordial mantle matter and brought about the change in
the fluid composition remain obscure in many respects.
It cannot be ruled out that the oxygen potential in the
mantle was gradually increasing, beginning in the early
Archean, due to the hydrogen dissipation, processes of
recycling [16, 18, 20, 23], or the addition of the “oxi-
dized” material of carbonaceous chondrites at a later
stage of accretion [3, 21, 24]. Some authors recently put
forth the idea of oxygen release as a result of mantle
interaction with the metallic core and the correspond-
ing oxidation of the mantle [3, 19, 25].

Physical theories of the genesis of the early Earth’s
mantle suggest the large-scale melting of the mantle
with the origin of a magmatic ocean that exerted influ-
ence upon chemical differentiation [1]. The melting
proceeded in the presence of a metallic Fe phase [2]
and, thus, at a low fO,. The properties of reduced mag-
mas equilibrated with Fe and its alloys remain ambigu-
ous in many respects, in particular, as concerns the dis-
solution of volatile components in silicate liquids.
However, the available experimental results on the
interaction of CH,, H,, and elementary C with silicate
melts revealed an important feature of redox reactions
in silicate melts [12, 15, 26-29]. It turns out that, even
when the oxygen fugacity is below the IW buffer equi-
librium, oxidized hydrogen and carbon species (H,O,

OH-, COg_) are stable. This feature of CH,, H,, and C
interaction with silicate melts may be crucial for the
elucidation of the mechanisms of CO, and H,O forma-
tion in the course of magma generation in the reduced
mantle in which these compounds are instable. Experi-
ments in the system Fe-bearing melt (ferrobasalt) + lig-
uid metallic phase Fe + H, + C (graphite) at 3.7 GPa,
1520-1600°C and Alogf O,(IW) = -2.4 lead us to sug-
gest that the magmas derived from the reduced C-bear-
ing planetary mantle may contain more oxidized C and
H species that the mantle source itself [12]. From this
point of view, the melting of the reduced mantle might
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be a possible mechanism of the H,O and CO, formation
in the geologic past and the transfer of these volatiles to
the surface.

However, many specific features of C and H disso-
lution in the reduced melts remain unclear. In particu-
lar, this concerns the effect of fO, on the proportion of

“oxidized” (H,O, OH~, CO,, CO%‘) and “reduced”
(H,, CH,, SiC, C) species in melts that might determine
the formation of the early magmatic melts with high
CH, and H, contents. In this work, continuing the pre-
vious investigations [12], we carried out experiments
on the equilibrium of Fe-bearing melt (ferrobasalt) +
liquid Fe phase + H, + C (graphite) at 4 GPa, 1520-
1600°C and Alogf O,(IW) = —(3-6). The silicate com-
ponent of this system is regarded as a model one, and
its reduction with the formation of metallic Fe phase
provides insights into the redox reactions in magmatic
liquids in the presence of H and C. The choice of low
fO, values for runs was based on available information
on the primordial redox state of the mantle matter in
terms of the chondrite and enstatite-chondrite models
of the Earth’s formation [3, 25]. To elucidate the mech-
anisms of H and C dissolution, infrared and Raman
spectroscopy were applied to the glasses produced by
the quenching of the reduced melts.

HIGH-PRESSURE EXPERIMENTS

The experiment was performed on an anvil-type
apparatus at 4 GPa and 1550—-1600°C under a controlled
hydrogen fugacity [12, 30]. The space inside the heater
was 6 cm? and was characterized by temperature and pres-
sure variations within the limits of £5°C and +0.1 GPa,
respectively. A sample was placed into the sealed Pt
ampoule 10 mm in diameter and 5 mm in height. The
temperature was measured with a Pt30%Rh/Pt6%Rh
thermocouple mounted radially at the cell center
between two capsules. The accuracy of temperature
measurements was £5°C at 1500°C and close to £10°C
at 1600°C. The pressure at a high temperature was cal-
ibrated on the basis of the quartz—coesite transition
[31]. The reproducibility of pressure in the runs is esti-
mated at £0.1 GPa.

As in the previous experiments [12], the silicate
component of the mixture was prepared from natural
ferrobasalt (wt %): Na,O (2.68), MgO (4.98), AL,O4
(13.12), SiO, (49.18), K,O (0.36), CaO (8.40), TiO,
(1.95), MnO (0.28), FeO (18.01), and P,0O5 (0.22). The
starting material was a powder of glass prepared by
melting in an alundum crucible at 1250°C in the pres-
ence of N, and then quenched into colorless glass. Its
composition and homogeneity were verified with
microprobe analyses. To create a low fO, in the exper-
iments, 5 and 10 wt % of finely dispersed SiC was
added to the glass powder. The weight of the mixture
was 200-300 mg. A graphite disc 0.2 mm in thickness
was placed above the sample (Fig. 1). The sample was
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Diffusion of H, through Pt
H, 2FeO (melt) = 2Fe (metal) + O, (melt) =—H,
Graphite w_| Pt
[ ]

H,

Fig. 1. Experimental conditions at a low fO, including the
following stages [12]: (1) diffusion of H, into the platinum

capsule from the outer assemblage of apparatus; (2) forma-
tion of a metallic Fe phase with the release of O,; and
(3) interaction of H and O with melt and graphite, formation
of “oxidized” and “reduced” hydrogen and carbon com-
pounds in silicate liquid.

isolated from the walls of the Pt ampoule with a tung-
sten foil 0.05 mm thick to eliminate interaction
between the Fe-bearing melt and Pt [30]. The runs
lasted 30—-60 min. The run products were quenched by
switching off power to the heater. The initial rate of
quenching was ~200°C/s.

HYDROGEN AND OXYGEN FUGACITY

The fO, buffering used in the experiment was based
on H, diffusion through Pt with the achievement of an
equal chemical potential of H, inside and outside the Pt
ampoule in the solid assemblage of the apparatus that
controls buffering fH, in the presence of H,O traces.
Ulmer and Luth [32] applied this method to study equi-
librium in the system graphite—C—O-H fluid. In our
case, f H, was buffered by the assemblage of the heater
at the fO, values that maintain the Fe-FeO (IW) equi-
librium [12]. At a given temperature, pressure, and fO,,
the fH,O/fH, ratio in the O—H system outside the cap-
sule acquires a constant value. Inside the platinum cap-
sule, the fO, values are controlled by the equilibrium
between graphite, H, buffered from outside, and com-
ponents of silicate melt that are reduced with the release
of oxygen and the formation of metallic Fe (Fig. 1).

Calculations for C-O-H system demonstrate that, at
a given fH,, the fO, value at equilibrium of graphite
with a C—O-H fluid inside the platinum capsule must
be much lower than in the O—H fluid phase outside the
latter (Fig. 2). Precisely these relationships are used to
attain a low fO, value in experiments. Our experiments
were carried out in the absence of a free C—O-H phase
within the Pt capsule, as was proved by the microscopic
and spectral examination of quenched glass. In the
presence of a free fluid phase during the runs, CH,
would be the prevalent component (Fig. 3).
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Alogf O, (IW)
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Mole fractions of H, in fluid

Fig. 2. fO, (relative to IW buffer) of C-O-H fluid in equi-
librium with graphite versus mole fraction of H, in fluid.
Location of oxygen buffers: Fe,SiO4—Fe;0,4-SiO, (FMQ),
FeO-Fe;04 (WM), Fe-FeO (IW), after [33]; SiC—C-SiO,
(MsCQ), after [34]; Si—SiO, (SiSiO,), after [26]. Reaction
C + O, =CO, (CCO) determines the upper limit of graphite
stability. The fO, value in experiments in the system silicate
melt + Fe + C + H, at 4 GPa and 1550-1600°C (see text) is
also shown.

The attainment of a very low fO, value in the runs
was confirmed by the study of redox reactions with the
participation of Fe in the melt [12]

FeO (melt) = Fe (metal) + 1/20,. (1)

The addition of 5 and 10 wt % SiC to the starting sil-
icate + graphite mixture allowed us to achieve much
lower fO, values. The initial SiC was unstable under
experimental conditions and was completely consumed
according to the reactions

S%C (initial) + O, . )
—  Si0, (melt) + C (graphite),
and

SiC (initial) — SiC(melt). A3)
The equilibrium

SiC (melt) + O, = Si0, (melt) + C (graphite) (4)
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Composition of fluid, mole fractions
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Fig. 3. Composition of C—O-H fluids in equilibrium with
graphite as a function of fO, in the system at 4 GPa and

1500°C. The C-O-H equilibria were calculated using the
data from [35]. Abbreviations of oxygen buffers are the
same as in Fig. 2.

controlled fO, value during the run along with equilib-
rium (1).

ESTIMATION OF REDOX STATE
OF THE GLASSES PRODUCED DURING MELT
QUENCHING

The coefficient of metal-silicate melt fractionation
is directly related to fO,. This relationship may be used
to estimate f O, in runs when the liquid phase is in equi-
librium with metal according to the reaction

2FeO (melt) = 2Fe (metallic phase) + O,. 5)

The equilibrium constant of this reaction is written as

logK = log(arofar,) — 1/2log f O3, (©)
where ap.o and ag, are the activities of FeO and Fe in
the Fe-bearing melt and Fe-alloy, respectively, and

fO5? is determined from high-pressure experiments.

The equilibrium constant of the reaction between
pure Fe and pure FeO (ag, = 1 and ap.o = 1), which is
determined by IW buffer, appears as

logK =—-1/2log fO,(IW), @)

where logf O,(IW) is an oxygen fugacity of Fe-FeO
equilibrium at P-T conditions of experiment.

The experimental fO, values may be presented rel-
ative to the IW buffer equilibrium as

1ogfOS™® = logf O,(IW) — AlogfO,(IW), 8)
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where Alog(IW) = logfO,(IW) — logf O3
ence between log fO, 1w, and logf 05" in experiment.
Combining Egs. (3), (4), and (5), we have
log(apeo/ag.) — 1/2(10gf02(IW)) - Alog fO,(IW)
= —1/2log fO,(IW)

1s the differ-

€))

and thus
2log(agcolag.) = Alog f O,(IW). (10)

The activities of Fe and FeO in the phases provide
an estimation of fO, relative to the Fe-FeO equilib-
rium. The activity coefficients of FeO in melt at 1550—
1600°C were calculated from the data reported in [36].

The obtained fO, values fit AlogfO,(IW) of —2.26
(sample Fb231), —3.67 (sample Fb841), and -5.71
(sample Fb770).

EXPERIMENTAL RESULTS

The experiments were carried out at 4 GPa, 1550-
1600°C, and AlogfO,(IW) = -3.86 and -5.71 %+ 0.05.
The products of the runs were examined under a micro-
scope in the transmitted and reflected lights. They are
yellowish and colorless glasses that contain Fe drop-
lets, 30—100 pum in size, with an exsolution texture that
arose during the quenching of the metallic liquid
(Figs. 4a, 4b). The Fe droplets mainly cluster at the
sample bottom. The spherical shape and dendritic
microstructure of the Fe phase indicate that it was lig-
uid during the experiment. Discrete hexagonal graphite
crystals, 100-300 um in size, occur in the glass; graph-
ite particles are also identified at contacts of the metal-
lic phase with glass (Fig. 4b). Separate oval areas, 100—
200 um in size, in the glass contain a finely dispersed
graphite phase that amounts to 0.5 wt %. As in the pre-
ceding experiments [12], the formation of such areas is
likely related to graphite crystallization during quench-
ing. Microscopic and spectral examinations did not
reveal inclusions of a C—O-H fluid phase in the glass.

The run products have been studied by several meth-
ods, including (1) electron microprobe analysis of sam-
ples in order to determine the structure and composi-
tions of phases, (2) infrared and Raman spectroscopy to
characterize the H- and C-bearing particles in the glass,
and (3) ion microprobe analysis to assess the hydrogen
(H,O) content in the glass.

ANALYSIS WITH
ELECTRON MICROPROBE

The analysis of the glass and metallic Fe phase was
conducted on a Camebax-microbeam and a Cameca
SX100 microprobe at the Institute of Geochemistry and
Analytical Chemistry (GEOKhI), Russian Academy of
Sciences.
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Fig. 4. BSE image of the quenching products. Sample
Fb841 after the run at 4 GPa, 1600°C, and Alogf O,(IW) =

—-3.67. (a) Glass with droplets of Fe—Si metallic phase and
related graphite; (b) microstructure of droplets of Fe—Si
metallic phase.

The analytical results are shown in Table 1. The
depletion in FeO from 18 wt % in the starting material
to 1 wt % in glass is the main chemical feature at
AlogfO,(IW) = -5.71. This feature is a result of FeO
reduction with the formation of a liquid Fe phase. The
relationship of SiO, versus FeO content in glass is
shown in Fig. 5. This figure also demonstrates the SiO,
contents calculated from the assumption that the
reduced portion of FeO was removed from silicate lig-
uid. Comparison of these calculations based on equilib-
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Table 1. Chemical composition of glass and metallic phase after runs

Glass
Run
number| 5 | . |alogro,aw) Si0, | TiO, | AL,O3| FeO |MgO | Ca0 |Na,0| K0 | P,Os | CoO | NiO | Total
Fb84l | 4 [1600] —3.61 |Average |61.61] 2.13 [13.81]2.90 | 4.87 [ 924 | 279 [ 0.47 [ 0.02 [ 0.02 [ 0.01 [97.85
of 8
G 0.61/ 0.03 | 0.20]0.18|0.06 | 0.14 | 0.12 | 0.02 | 0.02 | 0.02 | 0.01 | 0.61
Fb770 | 4 [1550| —5.71 |Average |66.13| 1.51 |14.42| 028|527 | 8.82 | 2.68 | 0.6 |0.16 | 0.01 | 0.01 |99.89
of 8
o 0.85] 0.08 | 0.33[0.08| 0.08 | 0.23 | 0.06 | 0.01 | 0.01 | 0.01 | 0.01 | 0.96
Metallic phase
Run
Pl T ,
number Gpal ¢ |Alogfo,aw) Fe Si P w Pt Total
Fbs4l| 4 [1600] —3.61 |Average | 93.06 0.14 1.04 1.0. 0.26 94.50
of 5
o 0.81 0.03 0.12 - 0.17 0.88
Fb770 | 4 |1550| -5.71 |Average | 84.43 8.54 0.93 0.02 0.02 93.94
of 5
o 0.38 0.93 0.29 0.00 0.00 0.61

rium of Fe with Fe-bearing melt (1) indicates that the
crystallization of Fe is responsible for the modified
chemical composition of the melt. However, at
Alog fO,(IW) = =5.71, the SiO, content is higher than

it follows from calculations. This may be accounted for

Si0, in glass, wt %

-5.71
65 -

m —3.67

1 1 ]
0 5 10 15 20
FeO in glass, wt %

45

Fig. 5. SiO, contents in glasses versus FeO content con-
trolled by fO, values during experiments at 4 GPa and

1550-1600°C. (/) glass composition calculated under the
assumption that part of FeO reduced during the experiment
was removed from the melt; (2) glass composition after runs

with sample Fb841, AlogfO,(IW) = -3.67 and sample
Fb770, Alog fO,(IW) = =5.71; (3) glass composition after
runs at 3.7 GPa, 1520-1600°C, and AlogfO,(IW) =-2.31
0.05 [12]; (4) initial FeO content in the silicate fraction of
the starting mixture, Alogf O,(IW) = —1.46. The SiO, con-

tents in samples Fb841 and Fb770 are above the calculated
values owing to the dissolution of initial SiC in the melt
according to reactions (1)—(3).
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by the addition of some amount of SiC to the silicate
liquid according to reaction (2).

The Fe contents in the tungsten foil and platinum
capsule are below 0.1 wt %; the Pt contents in the tung-
sten and W in the platinum are also below 0.1-1.0 wt %.
Thus, the effect of the Pt walls of the capsule and the W
foil on the extraction of Fe from the Fe-bearing melt
was very small.

Globules of metallic Fe phase were analyzed and
compared with the known C-bearing Fe alloys. The
results obtained yielded 5-6 wt % C.

SPECTROSCOPY OF H- AND C-BEARING
GLASSES—PRODUCTS
OF MELT QUENCHING

The infrared and Raman spectra of the glasses pro-
duced by melt quenching after the high-pressure exper-
iments served as the basis for the determination of
hydrogen and oxygen bonds in melts and, hence, the
mechanisms of H and C dissolution in silicate melt as a
function of fO,. The compared fO, values in runs at
4 GPa and 1550-1600°C correspond to Alogf O,(IW) of
—2.26 (sample Fb231), -3.67 (sample Fb841), and
—5.71 (sample Fb770). The spectral characteristics of
glasses at AlogfO,(IW) = -2.26 were reported in [12].

INFRARED SPECTROSCOPY OF GLASSES

In order to measure the transmission spectra of the
quenched glasses, thin doubly polished plates were pre-
pared. The thickness of the glass was determined using
the micrometric facilities of an optical microscope with
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an accuracy of 3 um. The IR measurements were car-
ried out with an IFS-113v (Bruker) Fourier spectrome-
ter combined with an optic microscope. The typical
FTIR spectra of C-H-bearing glasses of samples
Fb231, Fb841, and Fb770 are shown in Figs. 6 and 7.

O-H bonds. A wide asymmetric absorption band at
frequencies of 3490-3520 cm™! is a notable feature of
the high-frequency region of the glass spectrum (above
3000 cm™) for AlogfO,IW) = —2.26 and -3.67
(Figs. 6a, 6b). This band is a result of valence oscilla-
tions of the OH~ group and molecules of H,O [37, 38].
The weak absorption line at 4510 cm™ for
AlogfO,(IW)= 226 and at 4446 cm™' for
Alogf O,(IW) =-3.67 belongs to the composite oscilla-
tion of OH groups and the glass network. The peak at
1626-1632 cm™! (Fig. 7a) fits the deformational oscil-
lation of H,O molecules [39]. At passing to very low
fO, values (AlogfO,(IW) = -5.71), the absorption
bands at 3540 and 1630 cm™ become much less intense
(Fig. 6¢).

H-H bonds. The spectra reveal a very weak absorp-
tion band near 41174123 cm™! (Fig. 6a). This band is
thought to pertain to molecular hydrogen dissolved in
the glass [39].

C-0 bonds. The wide weak band with a maximum
within a region of 2360-2370 cm™! for AlogfO,(AIW) =
—2.26 (Fig. 6a) is interpreted as a result of oscillations
of the CO, molecule. According to [40], carbonates dis-
solved in silicate glasses have characteristic absorption
bands at 1600-1380 cm™'. At AlogfO,(IW) = -2.26, wide
and weak peaks on 1430-1435 cm™ (Fig. 6a) are
noticed. At Alogf O,(IW) = -3.67 and —5.71, no peaks
at 1430-1435 cm™ were identified. At the same time, a
wide and weak band within a region of 2360-2370 cm™ is
retained at Alogf O,(IW) = -3.67 (Fig. 6b).

C-H bonds. The appearance of absorption bands
within the region of 2900-3100 cm™ (3072-3076,
2957-2959, and 2989 cm™) is characteristic of the spectra
at AlogfO,(IW) = —3.67 and -5.71 (Figs. 6b and 6c).
According to [41], they correspond to the oscillations
of molecular CH, or other hydrocarbon groups, for
example, CH; or CH,. This indicates that the bonds of
the C—H type are present in the bands under reducing
conditions and at AlogfO,(IW) =-3.67 and -5.71. It is
possible that some absorption bands in the region of
1300-1400 cm™" (Figs. 7b and 7c¢) also fit the oscilla-
tions of hydrocarbon groups (1399 and 1368 cm™).

Double peak on 1720 and 1744 cm™. At
Alogf O,(IW) = -3.67 and -5.71, an acute intense peak
at 1722 cm™! is revealed in the first case and a double
peak at 1720 cm™' and 1744 cm™! is seen in the second
case. According to [42], an intense double peak within
the region of 1740-1710 cm™ is typical of the C=0
bond. It is suggested that such a bond is formed in glass
at a low AlogfO,(IW) (Figs. 7b and 7c¢).
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Fig. 6. IR spectra of C- and H-bearing glasses in a region of
50002000 cm™" at various fO, during experiments at 3.7—
4.0 GPa and 1550-1600°C for the following samples:
(a) Fb231, thickness is 121 £ 2 and 240 + 3 um, AlogfO,(IW) =
—2.26; (b) Fb841, thickness is 121 + 2 um and AlogfO,(IW) =
—3.67; (c) Fb770, thickness is 110 + 2 um and AlogfO,(IW) =
—5.71. Data for sample Fb231 are taken from [12].
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Fig. 7. IR spectra of C- and H-bearing glasses in the region
of 2000-1000 cm™". See Fig. 6 for explanation.
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Peaks at 1580 and 1599 c¢cm!. The nature of these
acute peaks in glass (Figs. 7b and 7c) is ambiguous. In
the Raman spectra, they mark C—C bonds in glass or the
graphite phase.

RAMAN SPECTROSCOPY OF GLASSES

The Raman spectroscopy of H- and C-bearing
glasses for AlogfO,(IW) of -2.26 (sample Fb231),
—3.67 (sample Fb841), and —5.71 (sample Fb770) was
conducted on a T64000 Raman spectrograph (Jobin
Yvon). The characteristic Raman spectrum of samples
within the region of 400-4300 cm™ are shown in
Figs. 8-10.

O-H bonds. The Raman spectra within the high-fre-
quency region (3000-3800 cm™!) contain a wide and
asymmetric band at 3560-3590 cm™! (Fig. 8a). The
shape of this band is similar to that found in water-
bearing glasses [43] and water-bearing glasses in the
Na,0-Al,0;-Si0, system [44]. This band fits oscil-
lations of O—H bonds in the molecule of H,O or in
OH~ groups in the structure of silicate melts. A
decrease in the intensity of this band with decreasing
fO, was detected.

H-H bonds. A band on 4136 cm™ at AlogfO,(IW) =
-3.67 (Fig. 8b) belongs to molecular hydrogen dis-
solved in the glass [44].

C-H bonds. The Raman spectroscopy within the
region of oscillations pertaining to C—H bonds reveal
peaks on 2920-2930, 3070, and 2724 cm™'. They are
poorly expressed at AlogfO,(IW) = —2.26 and are dis-
tinct at Alogf O,(IW) = -3.67 (Figs. 9a and 9b).

Si—C bonds. The Raman spectra of glasses within a
region of 2001200 cm™! and at AlogfO,(IW) = -2.26,
-3.67, and -5.71 are shown in Figs. 10a and 10b. The
Raman spectra were also measured for comparative
purposes in the glass obtained by quenching melts from
the runs at 1 atm and 1300°C and at AlogfO,(IW) =
—2.26 (Fig. 8a). As in the experiments under a high
pressure, the ferrobasaltic melt was reduced with the
formation of an Fe phase. Three bands: 912, 852, and
494 cm™! were revealed in this sample. They fit the fre-
quency bands established in all aluminosilicates in the
regions of 900-1200, 800-850, and 500-600 cm™! [45,
46]. Similar bands were also detected in the glasses
after the high-pressure runs, however, the two former
bands display a lower frequency, probably owing to the
dissolution of C and H in the melts (Figs. 10a and 10b).

A band at 784-792 cm™! (Figs. 10a and 10b),
which is absent from the starting glass, is observed
in all samples after runs at a high pressure. This
oscillatory peak may be ascribed to the Si—C bond
typical of moissanite [47]. The Raman spectrum of a
synthetic SiC crystal demonstrates two acute bonds
at 785.7 and 767 cm™! (Fig. 10c¢).
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Fig. 8. Raman spectra of C- and H-bearing glasses in a region of oscillations of O-H and H-H bonds. (a) Fb231, Alogf O,(IW) =
—2.26 and Fb841, Alogf O,(IW) = -3.67; (b) Fb841, Alog fO,(IW) = -3.67. Data for sample Fb231 are taken from [12].

Graphite. The focusing of the laser beam on the
glass regions with small black inclusions reveals a peak
at 1598 cm™! at AlogfO,(IW) =-2.26, an acute intense
peak at 1577 cm™' and a wide intense band at
AlogfO,(IW) = - 5.71 (Fig. 11a). These oscillations
correspond to graphite [48]. The graphite disc located in
the upper portion of sample during the experiments yields
an acute peak at 1582 cm™ and a band at 1359 cm™!
(Fig. 11b). Following Lespade et al. [48] and Rouzaud
etal. [49], we related bands at 1578-1598 and 1347—

GEOCHEMISTRY INTERNATIONAL  Vol. 44  No. 1

1365 cm! to the region of C—C oscillations in graphite
with various degrees of lattice ordering. According to the
authors cited above, the band at 1580 cm™! becomes wider
with a decrease in the degree of crystallinity and is shifted
to the higher frequency region with the simultaneous
appearance of a wide band at ~1350 cm™.. In our experi-
ment, the band at ~1350 cm™' becomes wider and more
intense, shifting toward lower frequencies.

The band at a frequency of 1052 cm™ corresponds
to silicate glass, which occurs in aggregates with graph-
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Fig. 9. Raman spectra of C- and H-bearing glasses in a region of oscillations of C—H bonds. (a) Fb231, Alogf O,(IW) = -2.26;

(b) Fb770, Alogf O,(IW) =-5.71.

ite crystals, and the weak lines at 794 and 797 cm™!
were attributed to bonds like Si—C in graphite or in
glass in aggregates with graphite, as was discussed
above (Fig. 10b).

EFFECT OF fO, UPON THE FORMATION
OF C-H BONDS IN MELT

The infrared and Raman spectroscopy of glasses
indicates a remarkable feature of C—H interaction
with a reduced silicate: an appreciable change in the

GEOCHEMISTRY INTERNATIONAL  Vol. 44

mechanism of their dissolution with a decrease in
fO,. The melting at Alogf O,(IW) = -2.26 produces
a melt with the hydroxyl group as the prevalent
hydrogen species in the melt, whereas melting at
Alogf O,(IW) = =5.71 results in the accommodation
of hydrogen in the melt mainly due to C—H bonds
(as CH,). This circumstance provides insights into
the conditions of magmatic transport of hydrogen
compounds and carbon from the deep zones of
reduced planetary matter.
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DETERMINATION OF 'H*/3%Si+
IN H- AND C-BEARING GLASSES WITH ION
MICROPROBE

Thin polished sections were prepared to measure the
'H*/30Si* ratios in glasses with a Cameca IVS 3f ion
microprobe at the Institute of Microelectronics and
Information, Russian Academy of Sciences, in Yaro-
slavl. The samples were subjected to ultrasonic clean-
ing and were coated with gold. The intensity of "H* and
30Si* peaks was measured under bombardment with a

O, beam (at a current of 10-15 nA, a beam size of

10 um, mass resolution of 1200, and filtration energy of
100 £ 20 V). The H,O (H) contents in glasses were
assessed using a calibration curve [50]. This curve was
calibrated on the ratio of H,O content (wt %) to SiO,
(wt %) within the interval of H,O contents from 0.09 to
8.0 wt %. No substantial effect of the standard matrix
upon measurement results has been detected in a range
of silica contents from 49 to 71 wt %.

It should be noted that the experiments in the system
silicate melt (ferrobasalt) + liquid Fe phase (with 2-8 wt %
of Si) + graphite + SiC + H, correspond to the region of
low fO, values, so that hydrogen occurs in glasses not

only as OH™ group but also as H,. Therefore, the H,O
content in glasses estimated with the above calibration
curve [50] should be regarded as the maximum esti-
mate. The measurements indicate that the water content
in the glasses reaches 0.87-1.65 wt % (Table 2) and
decreases with decreasing fO, in consistence with the
results of IR spectroscopy.

MAGMATIC TRANSFER OF HYDROGEN
COMPOUNDS AND CARBON
FROM THE DEEP-SEATED ZONES OF REDUCED
PLANETARY MATTER

The solubility of volatile compounds in magmas
and the redox state of their mantle source are the main
factors that control the transfer of volatile components
from the planet’s interior to its surface. In theories of
the formation of the Earth, the composition of gases
extracted by primary planetary magmas is accounted
for by the large-scale melting of the early mantle that
occurred in the presence of the metallic Fe phase [1, 2].
The Fe alloy and the fused silicate material underwent
gravitational migration that exerted influence on the
formation of the metallic core of the planet. The large-
scale melting of the early Earth should have been
accompanied by the formation of volatile compounds
whose composition was controlled by the interaction of
H and C with silicate and metallic melts; many aspects
of this process remain badly understood as of yet.

The experimental study reported in this paper,
together with previous investigations [12], allow us to
propose some explanations of the formation of hydro-
gen and carbon compounds in silicate liquids in the
presence of a metallic Fe phase.
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Fig. 10. Raman spectra of C- and H-bearing glasses in a
region of oscillations of Si—-C bonds. (a) Fb231,
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at 1 atm and 1300°C; (b) Fb841, AlogfO,(IW) =-3.67 and
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The nature of H and C compounds dissolved in sili-
cate melts was characterized in a series of runs in the
system Fe-bearing melt + fused metallic Fe phase (0.1—
0.7% Si) + C (graphite) + H, at 4 GPa and 1550-
1600°C. This study in the stability field of the Fe-Si
metallic phase under a pressure corresponding to a
depth of 100-150 km has shown that melting gives rise
to the formation of silicate liquids containing H and C
in both oxidized and reduced modes, in proportions
depending on fO,.

GEOCHEMISTRY INTERNATIONAL  Vol. 44

According to [12], hydrogen occurs in the melt
largely as the OH™ group and H,O at AlogfO,(IW) =
—(2.0-2.5). Some amount of hydrogen is dissolved in
the molecular form. Carbon is soluble in the melt
mainly in the atomic form and as insignificant quanti-

ties of the carbonate ion CO? ; carbon is also bound in

the melt with Si (Si—C-type bond). Thereby, the melts
are characterized by the preferential dissolution of H in
comparison with C.
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The character of H and C dissolution substantially
changes at a lower AlogfO,(IW) = —(4-6) in the pres-
ence of a Fe—Si liquid phase. The solubility of H in the
form of OH™ decreases, while the solubility of H as H,
increases. The solubility of carbon is related to the for-
mation of the C—H bond in the melt; this bond corre-
sponds to CH,. The amount of dissolved H recalculated
to water decreases with falling fO, from 1.6-1.8 wt %
H,O at AlogfO,(IW) = -2.3 to 0.8-1.0 wt % H,O at
AlogfO,(IW) =-5.71. At the same time, the carbon sol-
ubility increases from 0.2 wt % at AlogfO,(IW) =-2.3
to approximately 2 wt % at AlogfO,(IW) =-5.71.

The experimental studies lead to the conclusion that
the proportions of reduced and oxidized carbon species
in the primary magma substantially depend on fO, in
the reduced mantle. At AlogfO,(IW) = —2, which corre-
sponds to the equilibrium of Fe with olivine occurring
in the upper mantle, oxidized H species are predomi-
nant in the melt equilibrated with metallic Fe. If the
chemical fractionation of the early mantle proceeded at
a lower fO,, e.g., at AlogfO,(IW) = —(3-5), then the
formation of compounds with C-H-type bond (CH,
and other molecules with this bond) should be expected
in the primary magmas, along with oxidized H species
(OH~ group). These volatile compounds of H and C are
associated with the formation of a liquid Fe phase
enriched in Si.

Thus, the regime of fO, during the formation of the
magmatic ocean is of principal importance for the esti-
mation of the composition of gases that could have
been extracted from the reduced planetary matter and
come to the surface in the course of high-temperature
volcanic activity.

The transition of crystalline silicate matter into the
fused state must be crucial in determining the primary
composition of the volatile components of the Earth.
One of the main features of redox reactions in melts is
determined by the fact that, despite the oxygen fugacity
is below the IW buffer, oxidized hydrogen and carbon

species (H,O, OH, CO?) remain stable [12, 27, 51].
This specific feature of H, and C interaction with sili-
cate melts may be critical for the transformation of

reduced H and C species that were contained in the
early mantle [3, 21] into species that are predominant in

the modern mantle (OH-, H,0, and CO? ). Conceiv-
ably, the chemical evolution of hydrogen and carbon
during early episodes in the evolution of reduced man-
tle should have been strongly affected by liquid metal-
lic Fe formed by magma reduction. The regime of fO,
during the formation of the magmatic ocean is of prin-
cipal importance for the estimation of the composition
of gases with respect to H,O, H,, and CH, that could
have been extracted from the reduced planetary matter
and supplied to the surface in the course of high-tem-
perature volcanic activity. The enstatite-chondrite

GEOCHEMISTRY INTERNATIONAL  Vol. 44  No. 1

45
Table 2. H,O content in H- and C-bearing glasses
Run AlogfO,(IW) H,0, wt %
Fb231 —2.26 1.65 +0.03
Fb841 5K -3.69 1.16 £0.012
Fb770 3K =5.71 0.87 £0.03

model of the Earth formation [3] requires the enrich-
ment of the gases in CH, and H,.

CONCLUSIONS

(1) A series of experiments in the system Fe-bearing
melt + fused metallic Fe phase (0.1-7% Si) + C (graph-
ite) + H, at 4 GPa, 1550-1600°C, and AlogfO,(IW) =
—3.67 and —5.71 characterizes the nature of H and C
compounds dissolved in silicate melts. The infrared and
Raman spectroscopic measurements of the glasses pro-
duced by reduced melt quenching were used in order to
elucidate the mechanisms of H and C dissolution.

(2) The study of the stability field of the metallic Fe—Si
phase at pressures corresponding to depths of 100—
150 km has shown that melting results in the formation
of silicate liquids containing H and C both in the oxi-
dized and reduced forms. Their proportions strongly
depend on fO,.

(3) At AlogfO,(IW) = -2.4, hydrogen occurs in the
melt largely as the OH™ group and H,O [12]. Some

amount of hydrogen is dissolved in the molecular form.
Carbon is dissolved mainly in the atomic form and

insignificantly as the carbonate ion CO? . Experiments
at lower Alogf O,(IW) values of —3.67 and —5.71 in the
presence of a liquid Fe-Si phase showed a marked
change in the character of H and C dissolution in the
reduced melt. The solubility of hydrogen as OH~-
decreases, while its solubility as H, increases. The sol-
ubility of carbon increases owing to the formation of
the C—H bond corresponding to CH, in the melt.

(4) The experimental investigations lead to the conclu-
sion that the proportions of reduced and oxidized carbon
species in the primary melts appreciably depend on the fO,
values in the reduced mantle. At Alogf O,(IW) = — 2,
which corresponds to equilibrium between Fe and oliv-
ine in the upper mantle, oxidized hydrogen species are
predominant in the melt equilibrated with metallic Fe.
If the chemical differentiation of the early mantle pro-
ceeded at lower fO, values at Alogf O,(IW) = —(3-5),
then the compounds with the C—H-type bond (CH, and
other molecules with this bond) could be expected in
the primary melts along with oxidized hydrogen spe-
cies (group OH").
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