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Abstract

Immiscibility between water and hydrogen-rich fluids may be responsible for the formation of super-reduced mineral assem-
blages and for the early oxidation of Earth’s upper mantle. In the current study, we present new data on the critical curve in
the H,-H,O system to 1400 “C and 4 GPa. We utilized a synthetic fluid inclusion method to trap fluids at high P-T conditions
within quartz and olivine crystals. Experiments were performed in a piston-cylinder type apparatus, employing a double-
capsule technique. The inner capsule contained the crystal and fluids of interest, while the outer served as oxygen fugacity
buffer, maintaining f{O,) at the iron-wiistite (Fe-FeO) equilibrium. Our results suggest that below ~2.5 GPa, the critical
curve has a mostly linear slope of 200 “C/GPa, while at more elevated pressure it becomes significantly steeper (400 ‘C/GPa).
This implies that in most of the modern, reduced upper mantle, water and hydrogen are immiscible, while localized heating
events, such as rising plumes, may close the miscibility gap. The steep increase of the critical curve at high pressure observed
in this study implies that even for very hot geotherms in the early Archean or the late Hadean, H,-H,O immiscibility likely
occurred in the deeper parts of the upper mantle, thus making a plausible case for rapid H, loss as a mechanism of early
mantle oxidation. To constrain the geochemical fingerprint of this process, we performed a series of element partitioning
experiments to unravel how the H,-H,O unmixing may affect element transfer. Noble gases such as Xe as well as methane
are preferentially incorporated in the hydrogen-rich phase, with a Xey,q/Xey, ratio of ~ 8. This partitioning pattern may, for
example, explain the underabundance of Xe isotopes produced by fission of Pu in the mantle. These Xe isotopes may have
been removed by a primordial H,-H,O unmixing event during the early stages of planetary evolution.

Keywords Hydrogen - Mantle fluids - Xenon - Piston-cylinder experiments - Super-reducing mineral assemblages -
Degassing - Immiscibility - Mantle oxidation - Archean

Introduction

Hydrogen speciation in the interior of planets depends on
oxidation state. For example, in Earth’s uppermost lith-
ospheric mantle, oxygen fugacity f{O,) ranges from+2 to
-3 log units relative to the quartz-fayalite-magnetite buffer
(AQFM) (Ballhaus 1993; Frost and McCammon 2008).
Such conditions are typically considered as relatively oxi-
dizing for the mantle, with the primary hydrogen species
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being molecular H,O or bound hydroxyl groups (OH™). At
greater depths and pressures, exceeding 200 km and 5-7
GPa, respectively, oxygen fugacity evolves towards more
reducing values, approaching the iron-wiistite (IW) buffer
with relatively little further deviation (1-1.5 log units)
(Frost and McCammon 2008). As the environment becomes
more reducing, the fraction of water in fluids decreases and
molecular hydrogen H, as well as methane CH, become the
primary H-species. Recent studies indicate that in the more
reduced parts of the mantle, H, may not only be present in a
free fluid phase, but also as dissolved species in minerals and
melts (Hirschmann et al. 2012; Yang et al. 2016).

While the depth-dependent fugacity profile described
above holds true for the majority of the contemporary mantle
environments, there may be local, though geologically sig-
nificant exceptions. Enigmatic super-reducing domains con-
tain mineral assemblages recording log f{O,) far below the
IW buffer. A characteristic phase, most commonly cited as
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an indicator of such super-reducing environments, is mois-
sanite (SiC). The formation of SiC requires extremely low
oxygen fugacities with log f{O,) approximately 5-8 units
below the IW buffer (e.g. Golubkova et al. 2016; Ulmer et al.
1998). In the past, it was sometimes questioned, whether
the moissanite in mantle samples is actually a natural phase
or a synthetic contamination. However, SiC has now been
discovered in situ in a wide range of geological settings,
including kimberlites and lamproites (Kaminsky 2012;
Shiryaev et al. 2011), ophiolites (Golubkova et al. 2016;
Pujol-Sola et al. 2018; Trumbull et al. 2009), alkaline basalt
tuffs (Dobrzhinetskaya et al. 2018), and syenites (Nazzareni
et al. 2019). In such super-reducing mineral assemblages,
moissanite is commonly associated with native iron, silicon,
various alloys, wiistite, phosphides and nitrides. Tradition-
ally, these phases were thought to originate at great depth
(<200-250 km), where conditions may perhaps be locally
more reducing. While this may be so in some cases, Bali
et al. (2013) suggested that super-reducing conditions can
emerge even at 100200 km depth from the percolation of
hydrogen-rich fluids, produced via unmixing in the H,-H,O
system.

At present, super-reducing domains are uncommon, since
Earth’s upper mantle is quite oxidized and comparatively
cold (e.g. Abbott et al. 1994; Herzberg et al. 2010). How-
ever, at the dawn of the Archean and before, its oxidation
and thermal state may have been dramatically different. This
is especially true for the first two hundred million years of
Earth’s history. During and immediately after core forma-
tion, as indicated by existing models (Rubie et al. 2011),
Earth’s interior likely was very reduced, with f{O,) being
several log units below the IW buffer. Throughout this
stage, our planet, as well as Mars and Venus, may have had
a hydrogen-rich atmosphere, supported by magma ocean
outgassing (Lammer et al. 2018). However, for Earth, the
upper mantle remained reduced at most for about 200 Myr.
Based on the oxygen fugacity estimates of Trail et al. (2011),
the redox state of the upper mantle was already close to that
prevailing today at 4350 Myr before present. An early oxi-
dation of the upper mantle has been noted for Mars as well,
suggesting that it may be a common phase of the evolution
of the terrestrial planets (Tuff et al. 2013).

The short timescale of the oxidation event points towards
a fast process responsible for it. While the exact mechanism
is still under discussion (Armstrong et al. 2019; Williams
et al. 2012), the emergence of the miscibility gap between
water and hydrogen upon cooling of the mantle was consid-
ered as a plausible cause (Bali et al. 2013). Global degassing
of a highly mobile and buoyant H,-rich phase could have
rapidly oxidized the remaining mantle. Moreover, it would
certainly have affected the mantle abundances of other ele-
ments, especially noble gases, such as Xe or Ar. An early
loss of radiogenic '*Xe and of Xe isotopes produced by
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Pu fission has indeed been reported (Kunz et al. 1998), but
linking it to H,-H,O unmixing requires the knowledge of
partition coefficients between water and hydrogen at reduced
upper mantle conditions that are currently unknown.

In this paper, we present new data on the position of
the critical curve in the H,-H,O system from 1 to 4 GPa,
which approximately doubles the data coverage from the
previous study of Bali et al. (2013). Moreover, we report
the first experiments on element partitioning between the
two coexisting fluid phases. The data will be applied to bet-
ter understand the formation of super-reducing domains,
the processes of mantle degassing during the first stages of
Earth’s history, and the causes for the rapid loss of Xe from
the early Earth.

Experimental methods
Starting material and capsule preparation

For trapping fluid inclusions, small cylinders (diameter
2.2 mm, length 1 mm) were cut out of bulk pieces of clear,
natural quartz (Brazil), natural olivine (Dac Lac, Vietnam),
and synthetic forsterite. Cylinders were thermally cracked by
heating them to 1000 °C in a furnace and then immediately
dropping them into distilled water. For experiments at pres-
sures below 2.5 GPa, quartz was used to trap the inclusions,
while forsterite was chosen for higher pressures. This change
of the host crystal is necessary because of the quartz—coesite
transition, which transforms a single crystal of quartz into a
polycrystalline aggregate of coesite unsuitable for trapping
inclusions (Lathe et al. 2005).

A double-capsule technique (for detailed discussion, see
Chou 1987) was used to buffer the oxygen fugacity at the
Fe-FeO equilibrium, to contain hydrogen during the experi-
ment, and to protect the crystals from Fe contamination.
In several early test runs for measuring the critical curve,
the forsterite crystal core was loaded directly into the buft-
ering mixture (Fe 4+ FeO), without the inner capsule. We
found out that with olivine, this method cannot be utilized
at temperatures above 1100-1200 °C in the selected pres-
sure range due to the precipitation of Fe-rich brucite and
pure iron that complicate the analysis of H, and H,O in the
fluid inclusions. Two low-temperature (900 and 1000 °C) 3
GPa samples produced in this way were used in the present
study, as they show no signs of the aforementioned addi-
tional solid phases. For the rest of the experiments in this
study, a double-capsule was used, regardless of the crys-
tal type. Depending on the purpose of the run—locating the
critical curve or element partitioning experiments—only the
contents of the inner capsule differed, with the rest of the
assembly remaining unchanged and being generally similar
to the technique utilized by Bali et al. (2013).



Contributions to Mineralogy and Petrology (2023) 178:36

Page3of 15 36

For experiments to determine the position of the critical
curve, the inner PtysRh5 capsule (outer diameter 2.5 mm,
inner diameter 2.3 mm, length 5-6 mm) contained only the
crystal cylinder, with the rest being filled up with ultrapure
water (Millipore, 6 =0.06 pS) (Fig. 1a). For element par-
titioning experiments the capsule was filled from bot-
tom to top in the following sequence: A layer of Ca(OH),
(Merck,>96%), XeF, crystals (Alfa Aesar, 99.5%), a layer
of synthetic diopside-glass powder doped with about 25
trace elements at the 0.5-1 wt. % level (sample MORB2-
2D2, Table S8 in supplementary file 1, Rustioni et al. 2019),
Au foil (24 carat, Noris Blattgoldfabrik), the crystal cyl-
inder, and ~ 10 pl of water containing 1000 ppm of both
Rb and Cs (Fig. 1b). The solution, replacing pure water in
this type of capsule, was prepared by the addition of RbCl
(chemPUR, 99.9%) and CsCl (chemPUR, 99.99%) to the
distilled water. Here, Xe and Rb/Cs were introduced for
use as internal standards during later analysis, assuming
that they would be incorporated primarily into the H, and
H,O phases, respectively. While adding Xe in the form of
the solid XeF, is convenient, the release of fluorine dur-
ing the decomposition of XeF, into Xe and F, upon heating
is undesired. The Ca(OH), layer binds this excess fluorine
in the form of CaF,. This prevents the formation of HF as
an unwanted component in the fluid. The thin gold mem-
brane separated H,O from XeF, during capsule preparation,
in order to avoid premature decomposition by hydrolysis
(XeF,+H,0 — Xe+0.50, + 2HF). After the addition of the
crystal and water or solution the capsule was arc-welded.
Following the welding procedure, the inner capsule was

inserted into the outer capsule machined of Fe (GoodFellow,
99.8%, outer diameter 5 mm, inner diameter 3 mm, length
10 mm), together with a mixture of distilled water and FeO
(Sigma-Aldrich, 99.7%) that ensured Fe-FeO buffer condi-
tions (Fig. 1c). This outer capsule was closed by inserting
the lid and was mechanically sealed on compression.

Piston-cylinder experiments

Experiments were carried out in an end-loaded piston-
cylinder apparatus using Y2’ talc/pyrex assemblies with a
tapered graphite heater. A friction correction of 18% was
applied to the nominal pressure, according to a calibration
by the quartz—coesite transition at 790 °C (Bose and Gan-
guly 1995). Temperature was measured with S-type ther-
mocouples (Pt—Pty;Rh,,) below 1300 °C, and with D-type
thermocouples (Wy,Re;—W,sRe,s) at higher temperatures.
To ensure minimal secondary alteration and recrystalliza-
tion of the inclusions, run durations varied between 24 and
5 h (for exact run durations see Table 1). At the end of the
run, 25-30% of the pressure was released over the period of
10-30 min, followed by several hours of continuous decom-
pression to ambient conditions. Simultaneously with the ini-
tial pressure release, the runs were quenched at~ 100 °C/
minute. According to previous research performed at simi-
lar conditions, this approach allows to preserve inclusions
and minimizes secondary changes (Bali et al. 2013; Tingle
et al. 1992). For pressures > 3 GPa, the decompression P-T
paths were slightly adjusted to avoid ice formation, with an
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Fig. 1 Design of the double-capsules used for experiments. a and b
show details of inner capsules, ¢ shows the entire double-capsule. For
experiments used to locate the critical curve, inner capsules of type

a were used, while type b was used for element partitioning experi-
ments. Diagrams are not to scale
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Table 1 List of experiments performed to determine the position of H,-H,O critical curve

Experiment Pressure, GPa Temperature, °C Run dura-  Crystal Double Run products description
tion, h capsule
KVHO01 3 900 24 Olivine (Dac Lac, Vietnam) - H,, H,0, H,+H,0*
KVHO02 3 1000 24 Olivine (Dac Lac, Vietnam) - H,, H,0, H,+H,0
KVHO03 3 1100 24 Olivine (Dac Lac, Vietnam) - H,, H,0, H,+H,0
KVHO04 3 1200 24 Olivine (Dac Lac, Vietnam) - H,+H,0+Fe+FeO+Brc
KVHO05 3 1250 24 Olivine (Dac Lac, Vietnam) - H,+H,0+Fe+FeO+Brc
KVHO06 3 1300 24 Olivine (Dac Lac, Vietnam) - H,+H,0+Fe+FeO+Brc
KVHO07 3 1250 22 Olivine (Dac Lac, Vietnam) - H,+H,0 +Fe +FeO + Brc
KVHO08 35 1100 22 Olivine (Dac Lac, Vietnam) - H,, H,0, H,+H,0
KVH09 3.5 1200 22 Olivine (Dac Lac, Vietnam) - H,+H,0 +Fe +FeO + Brc
KVHI10 3.5 1300 23 Olivine (Dac Lac, Vietnam) - H,+H,0 +Fe +FeO + Brc
KVH11 4 1200 20 Olivine (Dac Lac, Vietnam) - H,+H,0 +Fe +FeO + Brc
KVH13 3.5 1300 20 Olivine (Dac Lac, Vietnam) - H,+H,0+Fe+FeO+Brc
KVH14 4 1400 20 Olivine (Dac Lac, Vietnam) - Fe +FeO
KVH15 3 1200 24 Olivine (Dac Lac, Vietnam) - H,+H,0+Fe+FeO+Brc
KVH16 3 1175 24 Olivine (Dac Lac, Vietnam) - H,+H,0+Fe+FeO
KVH18 3 1225 24 Olivine (Dac Lac, Vietnam) - H,+H,0+Fe+FeO+Brc
KVH19 35 1200 21 Synthetic forsterite + H,, H,0, H,+H,0
KVH20 35 1250 21 Synthetic forsterite + H,. H,0, H,+H,0
KVH21 35 1350 21 Synthetic forsterite + H,. H,0, H, +H,0, Brc
KVH22 4 1300 21 Synthetic forsterite + H,. H,0, H,+H,0
KVH30 3 1150 20 Synthetic forsterite + H,, H,0, H,+H,0
KVH32 2.5 1100 22 Synthetic forsterite + H,+H,0
KVH33 2.5 1000 22 Synthetic forsterite + H,. H,0, H,+H,0
KVH35 2.5 950 24 Synthetic forsterite + H,, H,0, H,+H,0
KVH36 2.5 1050 24 Synthetic forsterite + H,+H,0
KVH37 2.5 1050 21 Synthetic forsterite + H,+H,0
KVH38 2.5 950 24 Synthetic forsterite + H,, H,0, H,+H,0
KVH39 2.5 1050 24 Synthetic forsterite + H,+H,0
KVH41 2.5 1150 21 Synthetic forsterite + H,+H,0
KVH42 2.5 900 24 Synthetic forsterite + H,, H,0, H,+H,0
KVH43 2 900 24 Quartz (Brazil) + H,+H,0
KVH44 2 800 24 Quartz (Brazil) + H,, H,0, H,+H,0
KVH45 2 950 24 Quartz (Brazil) + H,+H,0
KVH46 2 850 24 Quartz (Brazil) + H,, H,0, H,+H,0
KVH47 2 850 24 Quartz (Brazil) + H,, H,0, H,+H,0
KVH48 2 850 19 Quartz (Brazil) + H,, H,0, H,+H,0
KVH49 2 900 18 Quartz (Brazil) + H,+H,0
KVHS50 2.5 1050 21 Synthetic forsterite + H,+H,0
KVH51 2.5 1100 19 Synthetic forsterite + H,+H,0
KVH52 2.5 1150 19 Synthetic forsterite + H,+H,0
KVHS53 3.5 900 12 Synthetic forsterite + H,, H,0, H,+H,0
KVH54 3.5 1200 14 Synthetic forsterite + H,, H,0, H,+H,0
KVHS55 35 1300 9 Synthetic forsterite + H,, H,0, H,+H,0
KVH56 4 1250 10 Synthetic forsterite + H,, H,0, H,+H,0, Brc
KVH57 35 1350 7 Synthetic forsterite + H,, H,0, H,+H,0, Brc
KVH60 3 1250 10 Synthetic forsterite + H,+H,0
KVH62 1.5 650 24 Quartz (Brazil) + H,, H,0, H,+H,0
KVH63 1.5 700 24 Quartz (Brazil) + H,, H,0, H,+H,0
KVH64 1.5 750 24 Quartz (Brazil) + H,+H,0
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Table 1 (continued)

Experiment Pressure, GPa Temperature, °C Run dura-  Crystal Double Run products description
tion, h capsule

KVH65 1 750 24 Quartz (Brazil) + H,+H,0

KVH66 1 700 24 Quartz (Brazil) + H,+H,0

KVH67 1 650 24 Quartz (Brazil) + H,+H,0

KVH68 1 600 24 Quartz (Brazil) + H,, H,0, H,+H,0

KVH69 2 750 24 Quartz (Brazil) + H,, H,0, H,+H,0

KVH70 2.5 1000 19 Synthetic forsterite + H,, H,0, H,+H,0

KVH71 3 1200 10 Synthetic forsterite + H,. H,0, H,+H,0

KVH72 35 1300 5 Synthetic forsterite + H,. H,0, H, +H,0, Brc

KVH73 4 1300 5 Synthetic forsterite + H,, H,0, H, +H,0, Brc

*H, refers to fluid inclusions containing nearly pure hydrogen, H,O refers to nearly pure water inclusions, H, +H,O are mixed water and hydro-
gen inclusions, Brc is newly formed brucite, Fe are newly formed particles of Fe metal and FeO-newly formed wiistite

Experiments performed without the double-capsule technique were not used to constrain the critical curve, except for cases specifically men-

tioned in the text

addition of a low temperature heating step (~50-75 °C, max
time-2 h) during the final pressure release.

Sample preparation and Raman investigation

Capsules were cut open after the runs, crystals retrieved,
mounted in epoxy resin and doubly polished to a thickness
of 100-200 pm. Run products were initially investigated and
inclusions were mapped out with a Leica DMLP polariza-
tion microscope with objectives ranging from 5 X to 50x.
Photographs were taken with a Canon EOS D60 camera,
mounted on the microscope. Raman spectra of coexisting
fluid phases were collected with a Horiba Labram 800 HR
UV confocal Raman spectrometer using the 514 nm line
of an argon laser at 200 mW output power, a 1800 mm™~!
grating, a two-dimensional CCD detector, and a confocal
pinhole of 100 um with a 50 X long-distance objective.

LA-ICP-MS analyses

Prior to the LA-ICP-MS measurements, fluid inclusions
were selected under the microscope, photographed, and the
presence of H, and H,O-rich phases were confirmed with
Raman spectroscopy. LA-ICP-MS analyses were performed
with a 193 nm ArF Excimer laser ablation unit (GeolasPro
system, Coherent, USA) connected to an Elan DRC-e quad-
rupole ICP-MS (Perkin Elmer, Canada). The sample cham-
ber was flushed with He at 0.4 1/min, to which 5 ml/min of
H, was added on the way to the ICP-MS machine. Inclusions
and standards were ablated with a repetition rate of 10 Hz,
with the energy for standards being 90 mJ and for the inclu-
sions 180 mJ. Laser diameter varied based on the size of the
inclusion from 8 to 25 pm. NIST SRM 610 glass was used
as external standard for all analyzed elements except for Xe,
for which a separate glass standard was prepared as detailed

below. Analyzed isotopes were *'Xe, 13?Xe, °Rb, "Li, ''B,
2771, 907y, 133,

As there are no commercially available EPMA or ICP-MS
standards for Xe, a new reference material was synthesized.
A Xe-bearing glass was produced from a mixture of XeF,
and powdered natural Armenian obsidian (OA-1; Wu et al.
2022) as starting materials. Xe was added as XeF, to yield
a concentration of 1 wt.% Xe (Schmidt and Keppler 2002;
Shibata et al. 1998). Those compounds were mixed, loaded
into a Pt capsule, and heated for 1 h at 1500 °C and 2 GPa
in a piston-cylinder apparatus (¥2’’ talc/pyrex assembly) and
quenched. Optical examination showed no inhomogeneity.

Although Xe, Rb and Cs were originally added to the
fluid to serve as internal standard to quantify the signals
obtained from H,-rich and H,O-rich inclusions, respec-
tively, quantification of the H,-rich inclusions turned out
to be impractical. The results will thus be discussed solely
based on relative and absolute signal intensities without any
use of internal standards.

Results
Position of the critical curve in the H,-H,0 system

Fluid inclusion-capturing experiments were performed for
30 individual pressure—temperature conditions to investigate
the location of critical curve in the H,-H,O system from 1
to 4 GPa (Fig. 2, Table 1). Three types of inclusions can be
observed in the samples: Darker, nearly pure H, inclusions
with strong optical contrast to the host crystal, and lighter
H,O-rich inclusions with weak optical contrast, as well as
inclusions containing both phases at the same time.
Depending on the phase assemblages present in the inclu-
sions, two distinctively different groups of experimental run
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Fig.2 Location of the critical curve in the H,-H,O system (green
line) according to our experimental data (green symbols). Open
squares—only mixed water-hydrogen inclusions are present (full mis-
cibility), filled circles indicate the presence of pure water and pure
hydrogen inclusions (immiscibility). The critical curve from Bali
et al. (2013) is plotted as orange line with their experimental data
being symbols of the same color. The lavender line is a critical curve
established by Seward and Franck (1981) and the blue line is a criti-
cal curve from a recent computational (Gibbs-ensemble Monte Carlo
simulations) study by Bergermann et al. (2021). The dashed, dark
grey line separates experiments performed with quartz versus ones
performed with olivine, both in this work and in (Bali et al. 2013)

products can be identified. The first group, produced at lower
temperatures, contains all three types of inclusions—with
nearly pure H,, H,O, and their mixture. Following Bali et al.
(2013), we interpret this as entrapment within the region of
H,-H,0O immiscibility (Fig. 3a). The second group, synthe-
sized at higher temperatures, contains only mixed H,-H,O
inclusions which we interpret as evidence for full miscibil-
ity between those two components at entrapment conditions
(Fig. 3b).

Pure liquid water inclusions without any additional
phases are observed only in samples synthesized at pres-
sures above ~ 2.5 GPa. Below this value (e.g. supplementary
file 2, Figure Sla,c,e), the change in fluid density during
cooling causes nucleation of a water vapour bubble. This
vapour bubble commonly contains trace amounts of hydro-
gen since the solubility of hydrogen in water increases as the
critical curve is approached from within the immiscibility
region. At pressures <2 GPa, the temperature range with
notable H, solubility appears to be larger (~ 100 °C or even
more) than at higher pressures, as indicated by detectable
amounts of hydrogen in water inclusions (Fig. 3a). The fluid
inclusions in Fig. 3a were synthesized in quartz at 1.5 GPa
and 800 °C, i.e., at conditions close to critical curve, but
still in the immiscibility region. Two phases can be seen in
the water-rich inclusion: liquid water with minor amounts
of dissolved hydrogen (blue spectrum), and water vapour
(orange spectrum), with a weak peak of gaseous hydrogen.
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Fig.3 Synthetic fluid inclusions formed a in quartz at 1.5 GPa and
700 °C, with Raman spectra of the vapor bubble in a water-rich inclu-
sion shown in orange, liquid water in blue, and hydrogen gas in green,
and b in synthetic forsterite at 2.5 GPa and 1050 °C, with Raman
spectra of water shown in orange, and of hydrogen in green. The
spectra in Figure b were baseline-corrected, the image of inclusions
in the same figure is a combination of two photographs made at dif-
ferent focal depths

No dissolved hydrogen was detected in inclusions containing
a water phase at higher pressures than 2 GPa. Occasionally,
metastable water inclusions synthetized in the immiscibility
region at pressures < 2.5 GPa were observed to nucleate a
gas phase, triggered by laser ablation of nearby inclusions
or upon laser irradiation during Raman analysis. In general,
the density of water is relatively constant along the immis-
cibility curve from 1.5 to 3 GPa (Pitzer and Sterner 1994);
it ranges from 1.02 g/cm® at 1.5 GPa and 700 °C to 1.07 g/
cm? at 3 GPa and 1200 °C (the highest temperatures at which
immiscibility is observed at a given pressures).

Inclusions where H, gas is the dominant or only detect-
able phase are typically larger, compared to the size of mixed
and pure water inclusions. According to Raman measure-
ments, they appear to be either completely free from H,O or
they contain only a thin coating of water along the walls of
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the inclusion. They also tend to be more resistant to recrys-
tallization in our experiments, due to the extremely low solu-
bility of major rock forming elements in non-polar hydro-
gen gas (Walther and Orville 1983). Combined with their
size, this makes H,-rich inclusions easily detectable even
at temperatures > 1000 °C (e.g. Figure 4c, e, f) and even in
failed experiments, where water-containing inclusions show
strong recrystallization features, such as negative crystal
shapes or visible signs of fluid loss. Thus, a disappearance
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g
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of distinctive hydrogen inclusions is a very reliable optical
marker of full miscibility between H,O and H,. The disap-
pearance of pure water inclusions is less noticeable, as they
commonly exhibit vapour bubbles that may be confused with
a hydrogen-rich gas phase without Raman analysis.

Fluids trapped in the inclusions contained some silica and
magnesium, from the dissolution of quartz and forsterite. As
water is diluted by non-polar hydrogen molecules, the solu-
bility of silica decreases dramatically (Walther and Orville
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Fig.4 Synthetic fluid inclusions formed at 2.5-4 GPa in the immiscibility region, below the H,-H,O critical curve a, ¢, e, f and above it in the
miscibility region b, d. Images ¢, d and f are combinations of several separate photographs taken at different focal depths
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1983). In laser-heated diamond cell experiments, the forma-
tion of SiH, was observed as a result of the interaction of
H, and SiO, (Shinozaki et al. 2014), however no detectable
Raman signal of SiH, was observed in our samples in the
region of 2180-2300 cm™!. This suggests that this species
either was not present in our experiments, or its concen-
tration is negligible even in the low-density hydrogen-rich
phase.

Evidence for a reduced melting temperature of iron
in the presence of H,

In some of our experiments, we noted the occurrence of
perfectly rounded droplets of metallic iron as inclusions in
olivine crystals. This is consistent with the suggestion of
Fukai et al. (2003) that alloying with H, may strongly reduce
the melting temperature of iron. As this observation is some-
what outside of the scope of this paper, the corresponding
data are compiled in Figures S4 and S5 of the supplementary
online material (file 2).

H,-H,0 element partitioning experiments

Six experiments were performed (Table 2) in an attempt
to investigate the partitioning of various elements between
the coexisting H,-rich and H,O-rich fluid phases. Ini-
tially, elements capable of producing gaseous hydrides at
our experimental conditions such as C, P, As, Se, and Te
(Greenwood and Earnshaw 2012) were the primary targets
of our investigation, as well as Xe, Cs, and Rb, which were
planned to be used as internal standards. However, most of
those experiments failed due to the reactivity of the selected
chemical elements. Quantification of phosphorus in fluid
inclusions in quartz (KVHP6) with the use of LA ICP-MS
turned out to be impossible due to the incorporation of this
element into newly-formed quartz, with the signal intensity
from inclusion-free areas being comparable to the signal
intensity from the inclusion itself. As, Se, and Te (KVHP7,
KVHPS) were either completely lost to the inner platinum
capsule, or they damaged the capsule during experiment

due to the formation of platinum compounds. However, the
experiments with C, Xe, Rb, Cs and other elements present
in the doped diopside glass (KVHP9, KVHP10, KVHP11)
were successful. Experiments KVHP9 and KVHP10 were
carried out at 2 GPa and 750 °C, less than 100 °C below the
critical curve. Though the inclusions are relatively small,
the immiscibility can still be easily observed. Samples from
the KVHP9 (supplementary file 2, Figure S2) experiment
were analysed with LA ICP-MS, but the small size of the
inclusions (~ 10-30 pm) did not allow to detect a clear frac-
tionation effect between the water and hydrogen-rich phases.
Inclusions were also produced in the experiment KVHP11 at
2.3 GPa and 675 °C (supplementary file 2, Figure S3),~275
degrees below the critical curve. At those P-T conditions,
inclusions were trapped deep in the immiscibility region to
enhance any possible element partitioning. They range in
size from 10 pm to 100 pm with multiple water and hydro-
gen inclusions of comparable size, while some inclusions
with H, are considerably larger (supplementary file 2, Fig-
ure S3b). Raman measurements of all types of inclusions
and phases present in this sample yielded the first valuable
result-hydrogen inclusions are rich in CH, (supplemen-
tary file 2, Figure S3c, orange), while this species is almost
absent from water inclusions. Only a minor CH, signal can
be seen in the vapour bubble of water-rich inclusions (sup-
plementary file 2, Figure S3c, green and blue). Initially,
carbon was added to the capsule in the form of CaCOj; as a
minor impurity in the utilized Ca(OH),. During the experi-
ment in the Fe-FeO buffered capsule the presence of free
hydrogen likely led to a rapid conversion of CO32‘ to CH,—a
dominant carbon species at such conditions (C. Zhang and
Duan 2009).

Further partitioning effects were unraveled with the use
of LA ICP-MS with a typical inclusion laser ablation profile
presented in Fig. 5 (full data available in supplementary file
1, Tables S1-S7). During ablation the gas phase is released
first, hence the strongest xenon peak occurs at 32 s, followed
by the remaining contents of the inclusion. As the fraction
of gas phase in individual fluid inclusions increases (Fig. 6a)
the Xe/Rb and Xe/Cs ratios tend to increase, demonstrating

Table 2 Experiments investigating element partitioning associated with H,-H,O unmixing. In all experiments H,, H,O and H,+H,O inclusions
were present. All runs were performed using natural quartz from Brazil and the double capsule technique

Experiment  Pressure, GPa  Tempera- Run duration, h  Starting materials
ture, °C
KVHP 6 2 750 22 Ca(OH), + CaCO;, XeF,,Si0,, H,0+RbCl +CsCl, Au, H;PO,
KVHP 7 2 750 22 Ca(OH), + CaCO,, XeF,,Si0,, H,0 +RbCl+ CsCl, Au, As
KVHP 8 2 750 22 Ca(OH), + CaCO;, XeF,,Si0,, H,0+RbCl +CsCl, Au, Se, Te
KVHP 9 2 750 22 Ca(OH), + CaCO;, XeF,,synthetic diopside-glass powder, H,O +RbCl+ CsCl, Au
KVHP 10 2 750 22 Ca(OH), + CaCO;, XeF,,synthetic diopside-glass powder, H,O +RbCl+ CsCl, Au
KVHP 11 2.3 675 18.5 Ca(OH), + CaCO;, XeF,,synthetic diopside-glass powder, H,O +RbCl+ CsCl, Au
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Fig.5 Laser ablation analysis of an individual gas-rich inclusion pro-
duced in the element partitioning experiment KVHP11

strong partitioning of alkali metals into the water phase.
Xe, on the other hand, tends to partition into the gas phase.
Although in similar-sized H,-rich versus H,O-rich fluid
inclusions the intensities of the xenon signals are compara-
ble (Fig. 6b), the lower density of the H,-rich phase implies
strong partitioning of Xe into the H, phase. At 2.3 GPa and
675 °C, the density of pure water is 1.138 g/cm? (Wagner
and PruB 2002), and that of hydrogen 0.148 g/cm® (Leach-
man et al. 2009). Accordingly, if for H,O-rich and H,-rich
inclusions of similar size the intensity of the xenon signal
is about the same, then the concentration of Xe (i.e., the
weight of Xe relative to that of the bulk fluid) is about 8
times higher in the H,-rich phase, and Xe thus partitions by
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Fig.6 a LA-ICP-MS-established Xe/Cs count ratios plotted versus
Xe/Rb count ratios for individual inclusions, and b 3!Xe signal inten-
sities plotted versus inclusion volume. Data for hydrogen-rich inclu-
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definition by a factor of about 8 into that phase (supplemen-
tary file 1, Table S1). The density of CH,, that is abundant
in gas inclusions, at given experimental conditions is 0.58 g/
cm? (Jiang et al. 2022) which possibly reduces the partition-
ing coefficient, yet not by much since even pure methane is
half as dense as water. The other trace elements measured,
including the rare earths, alkalis, alkaline earths and various
high-field strength elements, appear to partition strongly into
the H,O-rich phase.

Discussion
Comparison with previous data

The experimental method used in the current study to
establish the position of the H,-H,O critical curve is very
similar to the one of Bali et al. (2013). The only signifi-
cant difference is the shorter run durations at temperatures
above 850 °C (Table 1). As may be seen from Fig. 2, the
experimental data are extremely similar in the pressure range
where the two studies overlap, with both critical curves hav-
ing the same slope. The only significant deviation between
the two datasets that cannot be explained by thermocouple
uncertainty or temperature gradients in the piston-cylinder
assembly is a single experiment of Bali et al. at 2.3 GPa
and 900 °C, showing immiscibility where our data suggests
that fluids are still miscible. Yet in their work the critical
curve was drawn not below this experimental point, but
across it, which indicates that it may have been a border-
line case located extremely close to the curve, where dis-
tinguishing between immiscibility or miscibility patterns is
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sions are shown in orange, whereas data for inclusions with liquid
water and possible co-trapped hydrogen are shown in blue
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not straightforward. Additionally, the critical curve of Bali
et al. exhibits a gradual change in slope as quartz is replaced
by forsterite as host crystal. This effect was not well mani-
fested in our data with the slope being in fact almost linear
and continuous from 1.5 to 2.5 GPa in the range where the
host crystal changed. Potentially such effects could result
from hydrogen diffusion, affecting the inclusion composi-
tion and data interpretation. Hydrogen diffusion has been
known to be quite rapid in quartz with significant shift in
phase assemblage occurring at 700 °C in experiments lasting
for 7 days (Mavrogenes and Bodnar, 1993). Yet this pro-
cess is unlikely to be relevant for our experiments, since the
inclusions are in equilibrium with the fluid during the run,
while decompression and sample processing times have been
minimized. Even though some minor hydrogen loss is pos-
sible, the Raman detection limit for H, is as low as 1-3 bar
(Mavrogenes and Bodnar 1994). This suggests that even in
case of partial loss the inclusion type would be determined
correctly.

Both in the experiments of Bali et al. (2013) and in those
of the present study, fluid composition was controlled by
an external Fe-FeO-H,O buffer. This buffer will produce
H, by the reaction Fe + H,O =FeO + H,; the H, will diffuse
into the inner capsule until the equilibrium H,/H,O ratio in
the charge is reached. According to the observations from
synthetic fluid inclusions in the range of full miscibility (e.g.
Figure 4b), this fluid contains H, and H,O in a molar ratio
close to unity, consistent with thermodynamic predictions.
However, due to the experimental setup, the H,/H,O ratio
cannot be independently varied in these runs. It is therefore
not impossible that for a somewhat different H,/H,O ratio,
the miscibility gap could close at a somewhat higher temper-
ature. Our experimental observations suggest, however, that
this is unlikely to be a significant effect. The fluid inclusions
(e.g. Figure 4c) show that at temperatures not far below our
critical curve, nearly pure H, coexists with nearly pure H,O.
This implies that the temperature of complete miscibility is
rather insensitive to the actual H,/H,O ratio.

The results of Seward and Franck (1981), who measured
immiscibility in systems with variable H,-H,O fractions
to 440 °C and 250 MPa, are located outside of our experi-
mental range and just slightly below the extrapolation of
our critical curve. Though the discrepancy between this
extrapolation and Seward and Franck’s data is minor, the
explanation for it is straightforward. Our 600 °C and 1 GPa
experiment is probably located almost exactly on the critical
curve itself, as the pure hydrogen inclusions in this run are
small and comparatively rare. Thus, at 1 GPa the real slope
may be slightly steeper than we assumed. The extrapolation
would then almost perfectly align with the critical curve of
Seward and Franck (1981).

A direct comparison of our experiments with the compu-
tational results of Bergermann et al. (2021), which support
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the existence of immiscibility between water and hydrogen,
or with those of Soubiran and Militzer (2015), which sug-
gest the absence of such an effect, is complicated. Due to
the sensitivity of the simulations to the choice of the cutoff
radius value and the imperfections of analytical two-body
interaction potentials, the disagreement of existing compu-
tational studies with our experimental data is quite signifi-
cant. The results of Bergermann et al. (2021) indicate that at
temperatures above 1100 °C, the experimental critical curve
approaches the simulated curve and intersects it at~ 1350 °C.
With no miscibility observed in our experiments above 3
GPa the experimental data for 3.5 and 4 GPa is in seeming
agreement with the simulated critical curve, however the
general difference in slopes of the two curves suggests that
this agreement is partially coincidental.

H,-H,0 immiscibility in Earth’s interior
and the formation of super-reduced mineral
assemblages

Several mechanisms for the formation of super-reduced
mineral associations have been proposed in the past. A first
hypothesis suggested a deep origin (e.g. R. Zhang et al.
2016), assuming that phases such as moissanite, native
silicon, iron, nitrides and phosphides crystallized at depths
exceeding 200 km, where oxygen fugacity is expected to be
low, although by far not low enough to stabilize SiC (Frost
and McCammon 2008). For example, the SiC grains coex-
isting with diamond, native Fe and FeO from the Luobusa
ophiolites (Tibet) were assumed to have formed at pressures
of 8.5-9 GPa (R. Zhang et al. 2016), corresponding to a
depth of ~300 km.

A second hypothesis, described in detail by Bali et al.
(2013), proposes that oxygen fugacities at the level of
the IW buffer and below do not necessarily require deep
mantle conditions. The authors suggest that low fugacities
can be achieved locally, via gradual water removal from
immiscible H,-H,O fluids even at relatively shallow con-
ditions in the upper mantle. At first, reducing fluids may
form at 150-200 km depth (Fig. 7a, b) via slab dehydration
(Kawamoto 2018). As water and hydrogen fluids percolate
through the mantle, water is being sequestered in hydrous
melts (Ni et al. 2011; Shen and Keppler 1995), incorporated
into nominally anhydrous minerals (Fei and Katsura 2020;
Hirschmann et al. 2005; Mierdel et al. 2007) or hydrous
phases (Smyth 2018). As the amount of available H,O in
the system decreases, the oxygen fugacity decreases as well
(Bali et al. 2013) making the formation of super reducing
phases plausible. Golubkova et al. (2016) suggested a similar
model of H,0 removal from reducing fluids as a mecha-
nism for attaining ultra-reducing conditions in the shallow
mantle, although without explicitly referring to H,-H,O
immiscibility.



Contributions to Mineralogy and Petrology (2023) 178:36

Page 110of 15 36

1400F g 2r p
| BV
1200} L B
3 ;: / /4100
O P/
s~ 1000¢ & 4l H Cratonic
o o . peridotite o
2 0 ) xenoliths ~ / S
g | got S
(0] 1|
S S : 3
2 600 |
6f /!
400} / 1200
oy H 7 I~ | - ~
200k H2-H20 critical curve, this study m p
0 1 2 3 4 6 5 4 -3 -2 -1 0 1
Pressure, GPa AQFM
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Oxygen fugacity range of cratonic peridotites based on xenolith data
(Creighton et al. 2009; Goncharov et al. 2012; Lazarov et al. 2009;

Carbon-rich phases—graphite, diamond, or hydrocar-
bons—are extremely important parts of reduced environments
in the upper mantle (Frost and McCammon 2008). Although
a detailed investigation of carbon geochemistry in the pres-
ence of H,-H,O fluids at IW buffer conditions is beyond
the scope of our study, we did observe significant methane
generation from minor carbonate impurities (< 0.5 wt. %) in
the capsule. Existing experiments investigating immiscibil-
ity in the C-H-O system (Li 2016) are in full agreement with
our experiments and indicate that the presence of carbon at
least does not move the critical curve to lower temperatures
at pressures below 3 GPa. In general, if methane is avail-
able at upper mantle conditions, diamond may form during
the evolution of such fluids in the lithospheric mantle (e.g.
Matjuschkin et al. 2019; Thomassot et al. 2007). Addition-
ally, metastable low-pressure, low-temperature diamonds
have been found to form in CH,-rich fluid inclusions during
the serpentinization of oceanic lithosphere (Pujol-Sola et al.
2020). However, it is currently unknown how widespread
this process is. In general, metasomatic processes caused by
CH,-H,-rich fluids have been well documented (Vitale Bro-
varone et al. 2017) in ophicarbonates from the Italian Alps
with abundant graphite and fluid inclusions being present
in the rocks. Observations from our element partitioning
experiments suggest that within the of H,-H,O immiscibil-
ity field, methane partitions into the highly mobile H,-rich
fluid phase that in turn may be a precursor for the formation
of diamonds, graphite, or moissanite.

Native iron, nickel, iron silicide, platinum and other
metals and alloys have been described in metal-enriched

McCammon and Kopylova 2004; ; Woodland and Koch 2003; Yaxley
et al. 2012). The dashed blue line shows IW buffer conditions (Camp-
bell et al. 2009) calculated along the hot Kalahari geotherm (Rudnick
and Nyblade 1999), which is shown in a as the upper bound of the
modern cratonic geotherms

xenoliths from Avacha volcano that brought up samples
from the mantle wedge below the Kamchatka peninsula
(Ishimaru et al. 2009; Kepezhinskas et al. 2022). Formation
conditions for this suite of rocks and associated metals are
estimated as 792-1100 °C and 1-3 GPa (Kepezhinskas et al.
2022 and references within), consistent with the origin in a
supra-subduction zone environment at rather shallow depth
in the mantle, and can occur via the mechanism proposed by
Bali et al. (2013) and in our study. In summary, our data sug-
gest that super-reduced phases are not necessarily associated
with UHP or UHT conditions, but can form at~ 100-150 km
or even shallower levels in the upper mantle through reac-
tions involving reducing immiscible H,-CH, fluids.

H,-H,0 unmixing as a possible cause for mantle
oxidation and the early loss of Earth’s noble gases

Isotopes of noble gases, especially of xenon and neon, have
traditionally been used to constrain Earth’s early outgassing
and atmosphere composition (e.g. Allegre et al. 1987; Marty
1989). The first atmospheres of Earth, Mars and Venus sup-
posedly formed as the result of rapid gas release from the
planetary interior, or by equilibration with a magma ocean,
occurring shortly after core formation (Gaillard et al. 2022;
Lammer et al. 2018; Trieloff et al. 2000). During those times
the Earth’s upper mantle, according to the model of Rubie
et al. (2011), was hotter than in the Archaean (Fig. 7a) and
was extremely reduced. However, this state lasted only for
a short time: Cerium concentrations in the oldest surviving
zircons suggest rapid upper mantle oxidation (Smythe and
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Brenan 2016; Trail et al. 2011) that was completed 200 Myr
after planetary formation, though the atmosphere itself may
have remained reducing for a longer time (e.g. Kasting et al.
1993; Holland 2002).

Bali et al. (2013) suggested that rapid upper mantle oxi-
dation was caused by the appearance of a miscibility gap
between water and hydrogen when the planet cooled down.
As noted by Sharp et al. (2013), rapid hydrogen degassing
may also explain differences in water content and isotope
compositions (H, Cl) in the Earth-Moon system. Hydrogen
is easily transferred to the fluid phase during degassing of
silicate melts (Hirschmann et al. 2012; Moore et al. 1998),
thus the emergence of immiscibility between H, and H,O
may trigger the formation of a buoyant and low-viscosity
H,-dominant phase, followed by its rapid upward percolation
(Bali et al. 2013; Sharp et al. 2013). Such a scenario is plau-
sible if geotherms crossed the immiscibility curve, intensi-
fying hydrogen phase loss rate and driving the upper man-
tle oxygen fugacity to higher values. Our new data show a
steep increase of the critical curve at pressures above 2 GPa
(Fig. 7a). This suggests that even for very hot geotherms
in the early Archean or late Hadean, H,-H,O immiscibility
occurred in the deeper parts of the upper mantle. Therefore,
the scenario of early mantle oxidation by selective loss of a
highly buoyant H,-rich fluid phase is very plausible.

Noble gas isotope data supports this idea, suggesting
increased outgassing flux during the first 20-30 Myr after
core formation (Kunz et al. 1998). One of the anomalies
observed in the Earth’s upper mantle noble gas composi-
tions is the relative underabundance of '*°Xe, produced via
the decay of '*I (t;;,=1.6x 107 yr) that went extinct~ 100
Myr after the formation of the solar system (Mukhopadhyay
2012). Similarly, there is a striking deficiency of xenon iso-
topes produced by spontaneous fission of now-extinct Pu
(Kunz et al. 1998). Xenon is the least soluble in silicate
melts of all noble gases (Schmidt and Keppler 2002; Shibata
et al. 1998) and thus one would expect it to preferentially
partition into a fluid phase. As can be seen from our parti-
tioning experiments, xenon enters preferentially the reduced
H,-rich phase. Thus, the early and rapid decrease in radio-
genic xenon isotopes in the mantle can be explained by its
partitioning into a hydrogen-rich phase during unmixing,
subsequent degassing and then loss from the Earth’s atmos-
phere for example by impact erosion during the late veneer
event (Kruijer et al. 2015; Walker 2009).

Based on existing thermal evolution models (Herzberg
et al. 2010; Korenaga 2006; Rubie et al. 2011) and degas-
sing constraints (Kunz et al. 1998; Mukhopadhyay 2012), we
estimate that H,-H,O unmixing may have occurred ~50-150
Myr after planetary formation, which is consistent with the
evidences for an oxidized upper mantle 4350 Myr before
present (Smythe and Brenan 2016; Trail et al. 2011). H,
degassing may not be exclusive to Earth but may have
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occurred on Mars and Venus as well. This makes rapid early
hydrogen escape, related to H,-H,O immiscibility, a possi-
ble common feature of the evolution of rocky planets, with
the underabundance of radiogenic '*’Xe being a prominent
marker of this process.

Conclusions

1. The strong increase in the critical curve of the H,-H,O
system observed above 2 GPa in this study implies that
immiscibility between H, and H,O may have occurred in
the deeper parts of the upper mantle already very early
in Earth’s history, when ambient mantle temperatures
were much higher than today.

2. We present the first experimental evidence that Xe—and
by inference also other noble gases—strongly partitions
into the H,-rich gas phase.

3. Degassing of a H,-rich fluid from the mantle is a plausi-
ble mechanism for both the early oxidation of the mantle
and for the selective loss of noble gases in the Hadean.

4. In the modern Earth, the local occurrence of immiscible
H,-rich fluids may be responsible for the formation of
ultra-reduced mantle domains containing moissanite.
These domains may form already at rather shallow depth
in the mantle.

Supplementary Information The online version contains supplemen-
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