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Abstract

The solubility of molecular hydrogen (H,) was measured in haplogranite, andesite, and basalt (MORB) melt. Experiments
were carried out with rapid-quench TZM vessels and a piston cylinder apparatus at 0.2 GPa —4 GPa, 1100 °C —1400 °C,
and iron-wiistite (Fe-FeO) buffer conditions. H, contents in quenched glasses were measured by infrared (FTIR) spec-
troscopy. For this purpose, the infrared extinction coefficient of the 4120 cm ™! band of H, in haplogranitic glass was re-
calibrated by two independent methods. This yielded a linear molar extinction coefficient of (2.12+0.05) liter mol 'cm ™!,
which is about one order of magnitude larger than a coefficient used in previous studies. The new extinction coefficient
was used to quantify H, solubility in all glass samples of this study. The solubility of molecular hydrogen increases with
increasing pressure, being higher in haplogranite than in andesitic or basaltic melt, as expected from ionic porosity con-
siderations. The data at Fe-FeO buffer conditions can all be reproduced by a simple Henry style solubility law ¢y, = apenyy
P, with ay,, = (206+10) ppm/GPa for basalt, (362+35) ppm/GPa for andesite, and (500+62) ppm/GPa for haplogranite,
where ppm is ppm H, by weight (ug/g). However, due to the use of an erroneous infrared extinction coefficient, previous
studies may have overestimated H, solubility in silicate melts by about one order of magnitude. According to the new
data presented here, H, dissolution in a magma ocean is not a very efficient mechanism for generating elevated hydro-
gen contents in planetary interiors. Equilibrium thermodynamic modelling shows that in an Earth with chondritic bulk
composition, even at an oxygen fugacity six log units below the Fe-FeO buffer, the molar ratio of H,/H,O in the magma
ocean is still below unity. At a more plausible oxygen fugacity two log units below Fe-FeO, the ratio is 0.06. However,
the strong partitioning of hydrogen into the atmosphere under the very reducing conditions of early accretion may have
enhanced hydrogen loss due to hydrodynamic escape and impact erosion. Possibly, this was a decisive mechanism for
depleting the Earth in volatiles as compared to its chondritic building blocks.

Keywords Hydrogen - Water - Magma ocean - Primordial atmosphere - Infrared - Extinction coefficient - Planetary
evolution - Volatiles - Chondrites - Accretion

Introduction

In volcanic gases on modern Earth, H, is only a minor or
Communicated by Dante Canil trace component (e.g., Symonds et al. 1994). Under the
reducing conditions prevailing deeper in Earth’s mantle,
H, may become a major species in aqueous fluids and per-
haps even a significant species of dissolved hydrogen in
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considerable attention in recent years, as the dissolution of
H, in the magma ocean may have contributed to or even
dominated the initial hydrogen reservoir in the mantle
(Hirschmann et al. 2012; Gaillard et al. 2022; Young et al.
2023). Hydrogen partitioning between metal and the magma
ocean may even have established a major hydrogen reser-
voir in Earth’s core (Young et al. 2023).

Luth et al. (1987) detected the Raman band of dissolved
H, at 4125 cm ™! in glasses quenched from sodium silicate
and sodium alumosilicate melts equilibrated at Fe-FeO buf-
fer conditions. However, in the absence of a suitable cali-
bration of Raman intensities, they could not quantify the
concentration of H, dissolved in the melts. Early phase
equilibrium studies (Schmidt et al. 1997; see also Schmidt
et al. 1999) essentially considered H, to be an inert com-
ponent with very low solubility in silicate melts. This was
consistent with the observation that the effect of H, on the
solidus in the haplogranite-H,0-H, system is very similar
to the effects of N, or CO, in the haplogranite-H,0-N, and
haplogranite-H,0-CO, systems. Hirschmann et al. (2012)
suggested that dissolved H, may actually have been a signif-
icant species of hydrogen in the early magma ocean and also
in melts in the deep mantle of the modern Earth. The lat-
ter study, however, was mainly based on the quantification
of dissolved H, concentrations in quenched glasses using
infrared spectroscopy and the infrared extinction coefficient
(e.g., Thinger et al. 1994) for H, reported by Shelby et al.
(1994). This method of quantifying dissolved H,, however,
is rather questionable for two reasons: (i) The extinction
coefficient of Shelby et al. (1994) was calibrated for pure
silica glass and may not be applicable to glasses with the
composition of natural magmas, as infrared extinction coef-
ficients are generally matrix-dependent. For H,, this matrix-
dependence may be particularly strong, as the H, molecule
has no permanent dipole moment and the infrared activity is
only activated by interactions with the glass matrix, which
induces a minor dipole moment. (ii) The coefficient of
Shelby et al. (1994) was determined by a simple gravimetric
method, which attributed the weight loss of H,-loaded silica
glass upon heating exclusively to the loss of H,. This is obvi-
ously a rather questionable assumption. Some of the weight
loss may have been caused by the desorption of material on
the surface or of other trace volatile components that were
trapped inside the glass itself. If such effects occurred, they
would imply that the extinction coefficient of Shelby et al.
(1994) may be too low, with the consequence that any study
that relies on this coefficient may greatly overestimate H,
solubility in silicate melts. Gaillard et al. (2003) indirectly
inferred hydrogen solubility in silicic melts by kinetic mod-
elling of the redox exchange between hydrogen and iron in
the melt, with results that are roughly consistent with those
of Hirschmann et al. (2012). Very recently, Foustoukos
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(2025) studied the partitioning of H, between aqueous fluids
and hydrous silicate melts by in-situ Raman spectroscopy in
diamond cells. However, the quantification of H, concentra-
tions in the melt was based on the unlikely assumption that
the scattering coefficients of H, in the melt and in the fluid
and all other parameters influencing scattering efficiency in
the two phases are equal.

In the current study, we re-visited H, solubility in sili-
cate melt. In order to constrain the effect of melt compo-
sition on H, solubility, we studied haplogranitic, andesitic,
and basaltic melts up to 4 GPa and 1400 °C. For accurate
quantification of H,, we re-calibrated the infrared extinction
coefficient of H, in silicate glasses using the haplogranitic
system as a model. Rather than relying on a weight loss
method, we calibrated the infrared extinction coefficient
for H,-loaded haplogranitic glasses using two independent
methods: (i) We used Karl Fischer titration to determine the
total H content in the glasses and subtracted the H,O content
obtained by infrared spectroscopy to obtain the concentra-
tion of hydrogen present as H,. (ii) We treated the H,-bear-
ing glasses at high pressure in a pure O, atmosphere, such
that any H, present was oxidized to H,0O. The correspond-
ing increase in H,O concentration was again determined by
infrared spectroscopy.

Methods
Starting materials

The starting materials were three synthetic glasses with
compositions equivalent to a Fe-free Mid Ocean Ridge
Basalt (MORB), a Fe-free andesite and a haplogranite.
Compared to natural compositions, FeO was replaced by
the equimolar amount of MgO+CaO, with a molar Mg :
Ca ratio of 1. Fe-free compositions were chosen to avoid
any complications due to possible redox reactions of H,
with ferric iron. Glasses were synthesized from stoichio-
metric mixtures of analytical-grade SiO,, Na,CO;, K,CO;,
Al(OH);, Mg(OH),, TiO,, and CaCO;. The mixtures were
decarbonated and dehydrated in a platinum crucible by
slowly heating in a furnace from room temperature to 1100
°C over 12 h and then maintaining temperature at 1100 °C
for another 12 h. The crucible with the mixture was then
placed at 1600 °C in a high temperature box furnace in air
for 2 h and afterwards rapidly quenched in distilled water.
The resulting glass was finely crushed (<1 pm) in an agate
mortar and the powders were stored in a desiccator. Micro-
probe analyses of the glasses are given in Table 1.
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Table 1 Composition of starting materials

Basalt (MORB) Andesite Haplogranite
Sio, 51.67 (28) 58.04 (32) 77.24 (74)
TiO, 1.88(5) 1.00 (3) -
Al O, 15.51 (16) 18.19 (11) 11.79 (56)
MgO 10.19 (19) 5.65(7) —
CaO 15.84 (15) 11.01 (11) -
Na,O 3.53(9) 3.60 (6) 5.79 (53)
K,0 0.35(2) 1.44 (3) 5.36 (17)
Total 99.0 98.9 100.2

Shown are the averages of 40 (basalt and andesite) or 28 (haplogran-
ite) electron microprobe analyses. Numbers in parentheses are one
standard deviation in the last digits

Experiments in TZM vessels

Experiments up to 200 MPa and 1100 °C were performed
in rapid-quench TZM (Ti and Zr reinforced molybdenum)
vessels using argon as pressure medium. The experimental
platinum capsules containing the sample were placed on top
of a filler rod in the hot zone of the autoclave, held by an
external magnet during the experiment. During the quench,
the magnet is lowered down and the sample falls into a
water-cooled zone. Pressure was determined by employ-
ing a mechanical gauge which is accurate up to =50 bars.
Temperature was measured with an external K type thermo-
couple in the furnace, calibrated against an internal thermo-
couple and is accurate up to =20 °C.

For H, solubility measurements in TZM experiments,
glass powder was loaded into platinum capsules (5 mm
outer diameter, 4.6 mm inner diameter, about 10 mm long)
together with about 60 bar of H, gas and sealed by arc weld-
ing. For gas loading, a device similar to that described by
Boettcher et al. (1989) was used. For producing H,-loaded
haplogranitic glasses in TZM vessels for the calibration of
the infrared extinction coefficient of H,, massive cylinders
drilled out of haplogranitic glass (3 mm diameter, 10 mm
long) were loaded into the platinum capsules (5 mm outer
diameter, 4.6 mm inner diameter, 25 mm long), in order
to avoid any accidental trapping of H, in fluid inclusions.
The glass cylinders were embedded into TiO, powder as an
inert filler material. Hydrogen was introduced in the form
of ca. 50 mg of calcium hydride (CaH,, 90-95%, Thermo
Scientific), which was placed below the sample inside a
small open crucible made out of fired pyrophyllite that fit-
ted tightly into the capsule. CaH, decomposes upon heat-
ing to Ca metal and H, (CaH,=Ca+H,). The pyrophyllite
crucible was used to prevent contact of the Ca metal with
the Pt capsule. The use of CaH, as a hydrogen source has
the advantage that larger amounts of H, can be introduced
into the capsule as compared to direct gas loading of H,.
Moreover, the Ca metal produced by decomposition of

CaH, upon heating will reduce any traces of H,O inside the
charge to H,.

One of the methods used to calibrate the infrared extinc-
tion coefficient of H, is glasses involved the oxidation in a
pure O, atmosphere. For this, the pieces of H,-loaded glass
retrieved from experiments (also from experiments caried
out in the piston cylinder apparatus) were loaded into Pt
capsules (3.5 mm outer diameter, 3.2 mm inner diameter,
20 mm length) together with 70 to 80 bars of pure O, gas.
To oxidize the charge, these capsules were then run at 1100
°C and 200 MPa for about 5 h. This was sufficient to oxidize
all H, to H,O (see below).

Experiments in the piston cylinder apparatus

H, solubility experiments in the pressure range of 0.5 to 4
GPa were carried out with an end-loaded piston cylinder
apparatus. The powdered glasses were loaded into platinum
capsules and sealed by arc welding. The sealed platinum
capsules were placed inside a mechanically sealed iron cap-
sule (outer diameter 5 mm, inner diameter 3.5 mm, length
11 mm), with about 2—3 mg of water. The remaining space
between the inner Pt capsule and the iron capsule was filled
with analytical grade brucite Mg(OH), powder. The usage
of iron capsules imposes a hydrogen fugacity equivalent to
that of an aqueous fluid in equilibrium with the Fe-FeO oxy-
gen fugacity buffer. Standard 3/4 inch and 1/2 inch assem-
blies were used for all experiments. The assembly consisted
of an outer talc sleeve, a pyrex glass tube and a tapered
graphite heater. The iron capsules were surrounded by a
boron nitride (BN) sleeve with alumina (Al,O5) lids at the
end to protect the type S thermocouple. The “hot piston in”
technique was used for all of the experiments: The assem-
bly was compressed to 90% of desired pressure and then
the remaining 10% pressure was applied after heating the
sample to desired temperature. Pressures reported contain
a 18% friction correction. The experiments were quenched
with a rate of about 100 °C/sec by switching off the power.
For producing H,-saturated haplogranite glass samples
for calibrating the infrared extinction coefficient of H,, again
CaH, was used as a hydrogen source, as this allows to attain
hydrogen fugacities even higher that in equilibrium with
Fe and H,0. Moreover, the Ca metal produced by decom-
position of CaH, will reduce traces of H,0 to H,. Again,
mechanically sealed Fe capsules were used (outer diameter
5 mm, inner diameter 3 mm, length 10 mm). At the bottom
of the capsule, ca. 10-20 mg of CaH, were placed, followed
by one or two precisely fitting discs of 0.025 mm thick
Pt foil. Above this, the haplogranite glass powder (about
40 mg) was filled in, followed by one or two Pt discs and
another layer of CaH,, followed by the mechanically sealing
and very tightly fitting iron lid. After the experiments, the Fe
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capsules were retrieved intact and cut open with a diamond
saw or by grinding away some of the Fe.

Analytical methods

Microprobe analysis. The synthesized starting glasses
were mounted in epoxy disks and polished for microprobe
analysis. The glasses were analyzed in wavelength - disper-
sive mode using a JEOL JXA-8900 electron microprobe
equipped with 5 detectors. All the glasses were analyzed
using accelerating voltage of 15 kV and a sample current
of 10 nA. Standards used include albite (Si, Na), orthoclase
(K), rutile (Ti), spinel (Al), forsterite (Mg) and andradite
(Ca). Around 3040 spots were selected for each glass
(Table 1).

Infrared spectroscopy. Recovered glasses from the sol-
ubility experiments were polished on both sides for FTIR
analyses. Special precautions were taken during sample
polishing, in order to minimize the loss of H,: The sample
thickness was kept as large as possible and samples were
prepared without heating the glasses at all. Observations in
the course of this study have shown that a significant frac-
tion of H, may diffuse out of samples more than 100 pm
thick over the course of several months during storage at
room temperature. Infrared spectra were measured using
a Bruker IFS 120 high-resolution Fourier transform spec-
trometer coupled with a Bruker IR microscope, equipped
with an all-reflecting Cassegrainian optics. The spectro-
meter is equipped with a permanently aligned Michelson
type interferometer. The spectra were collected using a
tungsten light source, a Si-coated CaF, beam splitter and
a narrow-band MCT detector. On average 500-2000 scans
were accumulated on each glass at 4 cm ! resolution,
using variable aperture sizes on the microscope. Typically,
about 5 measurements were carried out at different parts
of the sample with spot sizes between 100 and 200 pm.
Water contents were quantified based on the absorbance
of the 4500 cm™! and 5200 cm™! overtone bands using
the extinction coefficients for rhyolitic glasses reported by
Withers and Behrens (1999). For converting molar con-
centrations in wt%, the relationships between density and
water content for rhyolitic glasses from Withers and Beh-
rens (1999) were used for the haplogranitic samples and
the equations given by Ohlhorst et al. (2001) for the andes-
itic and basaltic samples.

Raman spectroscopy. Raman spectra were collected
for a few glasses using a Horiba Jobin Yvon LabRAM
HR800 spectrometer with a Peltier-cooled CCD detector
and a 1800 mm™ ! grating. Samples were measured for 60 s
through a 50x microscope objective. The 514 nm line of an
argon laser at 200 mW output power was used for excitation.
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Karl Fischer-Titration. This method was used to mea-
sure the total hydrogen content in some haplogranitic glass
samples in order to determine the infrared extinction coeffi-
cient of H,. The instrument used is very similar to the setup
described Behrens et al. (1996). It is partially built in-house,
with the actual water detection unit being a commercial Mit-
subishi (CA-05) moisture analyzer. In principle, the sample
is heated in an inductive furnace from room temperature to
1300 °C at a rate of 100 °C/min. Any gas released is carried
by argon through a glass tube containing CuO inside a fur-
nace. The CuO oxidizes any H, to H,O. The argon flow then
transports all H,O into the commercial titration cell, where
water is determined through the reaction I,+SO,+H,0=2
HI+SO;. The I, required for this reaction to proceed is gen-
erated electrochemically from I according to 2 " = [,+2
¢ . The electrons released by this reaction are counted and
can be converted into moles of water detected. The over-
all procedure of operation was similar to that described by
Behrens et al. (1996), however, with the notable exception
that the CuO was kept at a temperature of 600 °C to ensure
efficient oxidation of H, to H,0. This was tested by using
CaH, as a sample, which releases only H, upon heating. The
expected number of moles of H, was detected as H,O in
the titration cell. To avoid any H, loss or any adsorption
of moisture on fine powders, the glass samples were only
gently crushed by squeezing them with pliers between alu-
minum foil immediately before the measurement.

Results
Description of run products

Table 2 summarizes all H, solubility experiments that were
carried out at Fe-FeO-H,O buffer conditions in the piston
cylinder apparatus. In addition, two exploratory experi-
ments were carried out with haplogranitic glasses and pure
H, gas in TZM vessels (run AHKO1 at 200 MPa, 1100 °C
for 5 min and AHK04 at 100 MPa, 1100 °C and 5 min). The
run products from the piston cylinder experiments were
glasses without any crystalline phases. Some of the glasses
were perfectly clear, some milky, and some run products
contained patches of clear and milky glass (Table 2). There
is, however, no obvious difference in the infrared spectra
of the clear and milky glasses and they generally followed
the same solubility trends. Samples produced at 1200°C
and 1300 °C in the piston cylinder experiments generally
have low water contents (<1 wt% H,O). This is expected
as the double capsule technique used should allow only H,
(in form of atomic H) to diffuse into the capsule, not H,O.
However, in the experiments performed at 1400 °C, higher
water contents up to 3.23 wt% were observed. This suggests
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Table 2 Summary of hydrogen solubility experiments at the Fe-FeO-H,O buffer

No. Composition P (GPa) T(°C) Duration (min) Glass H,O total (wt%) H, (ppm by weight)
AMPC 5 HPG 1.5 1200 360 milky 0.32 431 (20)
AMPC 6 HPG 1.5 1200 360 milky 1.68 2549 (120)
AMPC 7 HPG 2 1250 270 clear 0.48 594 (27)
AMPC 11 HPG 1 1200 270 milky 0.63 912 (41)
AMPC 14 HPG 2 1300 120 milky 0.95 1137 (52)
AMPC 15 HPG 1.5 1200 15 milky 0.34 1337 (62)
AMPC 16 HPG 1.5 1200 30 milky 0.32 1329 (60)
AMPC 18 HPG 1.5 1200 60 milky 0.36 1108 (50)
AMPC 22 HPG 0.5 1200 180 clear 0.28 320 (15)
AMPC 28 HPG 3 1300 15 part. milky 0.73 1563 (72)
AMPC 29 HPG 4 1300 15 part. milky 0.58 1613 (74)
AMPC 34 HPG 1 1300 15 clear 0.49 816 (37)
AMPC 35 HPG 2 1200 15 milky 0.35 404 (18)
AMPC 37 Andesite 0.5 1400 15 clear 0.60 271 (12)
AMPC 24 Andesite 1 1400 60 milky 0.78 581 (26)
AMPC 23 Andesite 2 1400 120 clear 1.80 793 (36)
AMPC 26 Andesite 2 1400 15 clear 1.8 556 (25)
AMPC 36 Andesite 3 1400 15 clear 2.73 1066 (49)
AMPC 38 Basalt 0.5 1400 15 clear 3.23 75 (4)
AMPC 25 Basalt 1.2 1400 15 part. milky 1.15 267 (12)
AMPC 39 Basalt 2 1400 15 milky 1.84 407 (19)

HPG=Haplogranite, P=pressure, T=temperature; part. milky means the glass contained both milky and clear parts. Numbers in parentheses
are one standard deviation in the last digits of the measured water contents. These uncertainties include a 2.4% standard deviation in the extinc-
tion coefficient used for H, quantification (2.12+0.05 liter mol~'cm™1), a 1% possible error each for the actual absorbance measurement and the
density, an error between 0.1 and 0.3% due to a possible error of 2 um in sample thickness (which ranged from 613 to 1546 pm). Note, however,
that any systematic error due to a possible compositional dependence of the extinction coefficient is not included (see discussion in the text)

that at these temperatures, not only H,, but also some oxy-
gen diffuses through the wall of the inner Pt capsule. This is
likely related to enhanced grain boundary diffusion upon re-
crystallization of the platinum at high temperature (see also
Truckenbrodt and Johannes 1999 for related observations).

The efficiency of buffering at Fe-FeO-H,O conditions in
the solubility experiments depends essentially on whether
the reaction of H,O with the Fe from the outer capsule wall
can keep pace with any diffusive loss of H,. While this is
difficult to directly ascertain in the experiments of the pres-
ent study, the results of Vlasov et al. (2023), who used a
very similar capsule design, provides strong evidence for
the efficiency of the buffering technique. Vlasov et al. (2023)
studied H,-H,O immiscibility by synthesizing aqueous fluid
inclusions at Fe-FeO buffer conditions. They observed that
even in runs up to 24 h duration at similar P, T conditions
with similar buffer capsule design, trapped fluids consisted
of roughly equal molar amounts of H, and H,O, as expected
for the Fe-FeO-H,O buffer.

Infrared spectra and infrared extinction coefficients

Figure 1 shows the infrared spectra of three haplogra-
nitic glasses produced at 1.5 GPa, 1200 °C and Fe-FeO-
H,O buffer with different run durations between 15 and
60 min. Aside from the OH band at 4500 cm™ !, they show

the prominent band due to molecular H, in the glass near
4100 cm™ ! (e.g. Shelby et al. 1994, Hirschman et al. 2012).
The spectra and the absence of H, concentration profiles
inside the samples suggest that equilibrium solubilities are
already reached after 15 min. In fact, the spectrum from
the experiments run for 60 min (APMC18) shows a slight
decrease in the intensity of the 4100 cm™ ! band as compared
to the shortest run. However, in general, experiments with
run durations between 15 and 270 min yielded consistent
results. The first two experiments listed in Table 2 (AMPC
5 and AMPC6) that were caried out with the longest run
duration (360 min) appear anomalous. Although they were
caried out at the same conditions and same run duration,
they yielded vastly different results in H, contents. The
low H, contents observed in run AMPCS5 may indicate an
exhaustion of the Fe-FeO-H,O buffer, while AMPC6 also
shows an anomalously high water content that may indicate
a mechanical failure of the inner capsule. These two experi-
ments are therefore not further considered.

A detailed inspection of Fig. 1 shows a very weak band
just above 5000 cm! (about 5012 cm™ ! in haplogranite)
which is distinct from the 5200 cm™! band of molecu-
lar H,O. A background-corrected version of the spectrum
of sample AMPCI5 from Fig. | is shown in Fig. 2. The
same band is seen in the spectra of the glasses of haplogra-
nitic and of MORB composition, while it is not detectable
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Fig. 1 Infrared spectra of three H,-bearing haplogranitic glasses produced at 1.5 GPa, 1200 °C and Fe-FeO-H,O buffer conditions with different

run durations

in the andesitic glass samples. The intensity of this band
correlates with the intensity of the 4100 cm™! band of H,
(Fig. 3). Very likely, this band is combination mode of the
stretching vibration and some hindered rotation (libration)
of the H, molecule in the glass. Indeed, Raman spectra of
H, gas show a series of rotational bands (e.g. Schmidt et al.
1998), the highest one occurring near 1000 cm ™!, The pre-
cise position of the main band of H, near 4100 cm™ ' shows a
slight dependence on melt composition and synthesis pres-
sure (near 4129 cm™ ! in haplogranite, 4131 cm™ ! in andes-
ite). Interestingly, in Raman spectra, the same band in the
same sample appears significantly narrower with the maxi-
mum shifted to higher frequency by a few wavenumbers.
This may indicate that infrared and Raman spectra sample
populations of H, molecules in different environments with
somewhat different sensitivity.

A main target of the current study was the precise calibra-
tion of the infrared extinction coefficient of the 4100 cm™!
H, band. This calibration was carried out using haplogra-
nitic glasses, as they can be easily produced already at
relatively low temperatures. Two different and completely
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independent methods of calibration were used. In the first
method, H,-loaded glasses were first produced and their
infrared spectra were measured. The glasses were then
sealed with 70—80 bar high-purity (>99.999%) O, gas into
Pt capsules and run in TZM bombs at 200 MPa and 1100
°C for 5 h, in order to oxidize any H, in the melt to H,O. It
should be noted that this oxidation step was carried out in a
vessel with high-purity (>99.998%) Ar as pressure medium,
such that no hydrogen could possibly diffuse into the cap-
sule from the outside. After the oxidation step, the infrared
spectra of the glass sample were measured again and the
difference in bulk H,O content was attributed to the H, that
had been oxidized. Figure 4 shows an example of the infra-
red spectra before and after the O,-treatment. All relevant
calibration data are compiled in Table 3. In most cases, upon
oxidation, the H,O content of the sample was more than
doubled, allowing a robust calibration. Moreover, in sam-
ples (TZM-45, TZM-46) that showed only a very weak H,
band before the oxidation, the bulk water content increased,
but remained very low after oxidation, which demonstrates
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Fig. 2 Background-corrected infrared spectrum of sample AMPC15 showing the main absorption bands and the “new peak” assigned to a combi-

nation mode of molecular H,

the absence of any H, diffusing into the capsule during the
oxidation step.

In the second calibration method, again H,-loaded glasses
were first produced and their infrared spectra were mea-
sured in order to quantify dissolved H,O (as OH groups and
H,0 molecules). Then the total hydrogen content of these
glasses was measured using Karl Fischer titration. The dif-
ference between the two measured water contents was again
attributed to H,. The relevant calibration data are compiled
in Table 4. In most cases, the water content measured by
Karl Fischer titration was about twice that of dissolved OH
groups and H,O as detected by infrared spectroscopy. This is
due to the fact that the samples were initially prepared with
CaH, as hydrogen source, which generates a nearly pure H,
atmosphere without introducing water into the sample. Fig-
ure 5 compares the results from both calibration methods.
The data are highly consistent and can be reproduced by
one regression line passing through the origin of the dia-
gram. The slope of this regression line is equivalent to a

linear molar absorption coefficient for the 4100 cm ™! band
of H, of (2.12+0.05) liter mol~'ecm™'. Notably, this is about
one order of magnitude larger than the value reported by
Shelby (1994) for H, in silica glass (0.26 liter mol 'em ™).
We will use this value for the quantification of H, in all glass
samples produced in this study.

H, solubility in silicate melt

Already a superficial inspection of the infrared spectra
of various samples shows that H, solubility is primarily
controlled by pressure, which correlates with H, fugacity
(Fig. 6). Figure 7 shows measured H, solubilities ¢ (in ppm
by weight or pg/g) as a function of pressure for the three
compositions studied. The data can all be reproduced by a
simple Henry style solubility law.

CHy, = AHenry P (1)
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Fig. 3 Correlation between the integral intensity of the band near 5000 cm™! and the main H, band near 4100 cm™! for haplogranitic glasses

with ayeny = (2064 10) ppm/GPa for basalt, (362+35) ppm/
GPa for andesite, and (500£62) ppm/GPa for haplogran-
ite. For basalt and andesite, all data are reasonably well
reproduced, while for haplogranite, there are some outliers
that may be related to the high viscosity of this completely
polymerized melt that may have impeded equilibration.
Experiments at 1200 and 1300 °C in the haplogranitic sys-
tem did not reveal any obvious temperature dependence.
The compositional dependence of H, solubility — with
the solubility in haplogranitic melt being about 2.5 times
higher than in basaltic melt — is expected from ionic poros-
ity arguments and consistent with observations on noble gas
solubilities (e.g. Carroll and Stolper 1993). For example,
Schmidt and Keppler (2002) observed that the solubility of
argon in haplogranitic melts is about five times larger than
in a tholeiitic melt. For smaller atoms or molecules (such as
H,), this compositional effect is expected to decrease.
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Discussion
Comparison to previous studies

The solubility data obtained here may be compared to the
data on H, solubility in basaltic and andesitic melt reported
by Hirschmann et al. (2012). Under comparable conditions
of pressure and temperature and for the same fugacity buf-
fer (Fe-FeO-H,0), our data yield about one order of mag-
nitude lower H, solubilities. This is, however, primarily a
result of the different infrared extinction coefficients used
for quantifying H, in the glasses. The extinction coefficient
of (2.12+0.05) liter mol 'em™! determined here is one
order of magnitude larger than the coefficient of 0.26 liter
mol 'em™! from Shelby (1994) that was used in the study
of Hirschmann et al. (2012). If the data of Hirschmann et
al. (2012) are re-calculated with the new extinction coef-
ficient, they are very consistent with the current study, both
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Fig. 4 Calibration of the 4100 cm™! infrared band of H, in haplogra-
nitic glass by oxidation with O,. Shown are the infrared spectra of
the H,-saturated sample PC-13 before and after oxidation by treatment
with O,. The prominent H, band at 4100 cm™! in the initial sample

disappears after O, treatment, while the intensities of the OH band at
4500 cm™ ! and of the H,0 band at 5200 cm™ ! increase. The initial H,-
loaded sample contained numerous cracks due to quenching from high
pressure, which somewhat reduced the quality of the spectrum

Table 3 Calibration of the H, extinction coefficient by treatment of the glass with pure O,

Sample No. P (GPa) T(CO) Duration Absorbance at Initial water con-  Oxidized water Difference in
(min) 4100 cm™'(cm™!) tent (Wt%) content (Wt%) water con-
tent (Wt%)
PC-12 1.5 1250 5 3.10(3) 0.733 (16) 1.776 (39) 1.04 (5)
PC-13 2 1300 5 2.82(3) 0.764 (17) 1.849 (37) 1.08 (5)
PC-14 2 1300 2.5 3.60 (7) 0.694 (15) 1.973 (43) 1.28 (6)
PC-15 3 1350 3 2.18 (85) 0.698 (15) 1.435 (32) 0.735 (47)
TZM-45 0.15 1100 5 0.091 (1) 0.0255 (16) 0.0455 (10) 0.020 (3)
TZM-46 0.15 1100 5 0.068 (13) 0.0261 (16) 0.0336 (7) 0.0075 (23)

Pressure (P), temperature (T), and duration refer to the synthesis conditions of the initial, H,-saturated glass. The infrared absorbance of the
band at 4100 cm™! due to H, is normalized to a sample thickness of 1 cm. Initial water content refers to the total amount of water (expressed as
wt% H,O) that was present in the initial glass as OH groups (band at 4500 cm™ ') and molecular water (band at 5200 cm™ ') according to FTIR
measurements. Oxidized water content is the total amount of water that was found in the glass as OH groups and molecular water after oxidation
with O,. “Difference in water content” is the difference between “Oxidized water content” and “Initial water content”, which can be attributed
to the H, that was initially present in the glass. Numbers in parentheses give one standard deviation in the last digits of the reported value. Large

uncertainties are due to inhomogeneities in the sample

in absolute values and with respect to trends in pressure and
composition (Fig. 8).

As already noted in the introduction, there are two pos-
sible reasons why the extinction coefficient for silica glass
by Shelby et al. (1994) may be unsuitable for quantifying
H, in aluminosilicate glasses: (a) The extinction coeffi-
cient may be correctly determined for silica glass, but may

be unsuitable for aluminosilicate glasses because it varies
strongly with composition, or (b) the extinction coefficient
was already incorrectly determined for silica glass due to the
simple method of weight loss upon heating used to quantify
hydrogen contents. Both explanations are possible, however,
we consider the possibility (b) to be more likely. As noted
by Ohlhorst et al. (2001), the molar extinction coefficients
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Table 4 Calibration of the H, extinction coefficient in glass by Karl Fischer Titration (KFT)

Sample No. P (GPa) T(C) Duration Absorbance at Initial water con-  Total water Difference
(min) 4100 cm™'(em™!) tent (Wt%) content by KFT in water
(Wt%) content
(Wt%)
PC-5 1.5 1250 1 0.46 (22) 0.33 (1) 0.47 0.14
PC-6 2 1250 1 0.59 (20) 0.32 (1) 0.61 0.29
TZM-42 0.2 1100 5 0.024 (4) 0.037 (2) 0.084 0.047
TZM-44 0.2 1100 5 0.091 (15) 0.038 (2) 0.085 0.047

“Difference in water content” is the difference between “Total water content by KFT” and “Initial water content”, which can be attributed to
the H, that was initially present in the glass. Numbers in parentheses give one standard deviation in the last digits of the reported value. Large
uncertainties are due to inhomogeneities in the sample. In the Karl Fischer titration, the entire sample was used to produce one single measure-

ment and accordingly, no statistically meaningful error can be stated

4
= ¢ KFT calibration
g @ Calibration by oxidation
~— 3 J
o
o
;
® 2
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C 4
®
5 1
7]
Q0
<
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Fig. 5 Calibration of the 4100 cm™! infrared band of H, in haplogra-
nitic glass by Karl Fischer titration (KFT) and by oxidation with O,.
The sample with the large error bar was initially inhomogeneous.
Where no error bar is shown, the uncertainty is smaller than the size
of the symbol. “Equivalent H,O” is the concentration of H,0O (in wt%)
corresponding to the equal molar concentration (in mol/liter) of H,
in the glass. The slope of the regression line shown is 2.800+0.064
(R?=0.9977), which corresponds to an extinction coefficient of
(2.12+0.05) liter mol 'em™!

for the 4500 cm ™! and 5200 cm™! overtone bands of OH
and H,O do change by about a factor of two from basaltic
to rhyolitic compositions. For H,, where the dipole moment
responsible for interaction with infrared radiation is pro-
duced exclusively by the interaction with the matrix, even
stronger dependencies are conceivable. However, in such a
case, one would probably also expect major changes in the
absorption frequency itself and this is not observed. Schmidt
et al. (1998) observe the infrared band of H, in silica glass
at 4138 cm™ !, not far away from the position in the samples
studied here. On the other hand, Schmidt et al. (1998) also
observed that upon interaction of H, with silica glass, not
only H, is dissolved in the glass, but simultaneously also
OH and silanol (Si-H) groups are formed. An OH band is
also seen in the glass spectra reported by Shelby (1994).
Naturally, upon heating, the hydrogen stored in these groups
would also be released and contribute to the weight loss that
was assigned to H, only by Shelby (1994). The desorption
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of surface adsorbed moisture and of other volatiles inside
the glass may also have contributed to the weight loss. If
the amount of H, in the sample is overestimated, the calcu-
lated infrared extinction coefficient will be underestimated
and using this coefficient for H, quantification will cause a
systematic over-estimation of actual H, contents.

Hirschmann et al. (2012) tried to verify the H, contents
obtained with the infrared extinction coefficient of Shelby
(1994) by using a combination of SIMS measurement of
total hydrogen contents and FTIR data for dissolved OH
and H,0. H, contents were then obtained by subtracting the
amount of hydrogen present as OH or H,O from the mea-
sured total hydrogen. However, the correlation between
these data and the H, contents directly inferred by infrared
spectroscopy using the Shelby (1994) extinction coefficient
is rather poor. Indeed, this “difference method” essentially
calculates a rather small difference between two large num-
bers, with the effect that the uncertainties may exceed the
values obtained. Also, it appears questionable whether SIMS
is the optimum method to determine total hydrogen contents
in glass samples that contain H,. During the course of the
present study, it was observed that mm-sized samples of H,-
loaded glass lost a significant fraction of the dissolved H,
(up to something like 30%) when stored for several months
at ambient conditions. In vacuum, such a loss may therefore
rapidly occur near the surface and diffuse outgassing from
the entire sample may also affect the measurements.

Since infrared extinction coefficients are certainly to
some degree matrix dependent, the use of an extinction
coefficient calibrated for a haplogranitic glass for determin-
ing H, contents of andesitic or basaltic glasses may intro-
duce some systematic error. We argue, however, that this
error cannot be very large, since the trend of H, solubility
as a function of melt composition is quite comparable to
that expected from noble gas solubility studies (Carroll and
Stolper 1993; Carroll and Webster 1994). As noted above,
H, solubility decreases from haplogranite to basalt by a fac-
tor of 2.5 (from 500 ppm/GPa to 206 ppm/GPa). Noble gas
studies also generally show a decrease of solubility in the
same direction, with the effect of melt composition being
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Fig. 6 Effect of pressure on H, solubility in haplogranitic melt, as seen in the infrared spectra. Sample AHK02 was equilibrated with pure H, gas,

the others were in equilibrium with the Fe-FeO-H,O buffer

larger for the heavy noble gases than for the lighter noble
gases. This likely reflects the different size of the atoms fit-
ting into the silicate network of the melt, with larger atoms
experiencing a stronger effect of melt composition on solu-
bility. Comparing the size of a diatomic molecule like H,
to the size of a spherical noble gas atom is difficult, but the
molar volume of the pure liquid may serve as a rough guide.
The molar volume of liquid H, at its boiling point (20 K) is
32.0 ecm*/mol, similar to that of helium at its boiling point
(28.2 cm*/mol at 4 K). Similarly, the collision cross section
of H, is slightly above that of helium (0.27 nm? versus 0.21
nm?, Atkins 1982). For helium, the solubilities in rhyolitic
and MORB melt differ by about a factor of two (Carroll
and Webster 1994), very close to the factor of 2.5 observed
here for H,. Moreover, for N,, which is somewhat larger
than H,, a difference by a factor of 3.2 is observed (Kep-
pler et al. 2022). These observations suggest that the differ-
ences in H, solubility as a function of composition observed
here are plausible and the quantification using the extinction

coefficient calibrated for haplogranitic glass is reliable. Any
major compositional dependence of the infrared extinction
coefficient would have caused trends in H, solubility as
function of melt composition deviating from that expected
from the He and N, data.

Thermodynamics of H, solubility in silicate melts

As noted above, the measured H, solubilities at Fe-FeO
buffer condition can be conveniently described by a simple
Henry-style solubility law, where H, in the melt is directly
proportional to total gas pressure. This is consistent with the
empirical observation made in many gas-silicate melt sys-
tems that solubility of molecular or atomic gases scales lin-
early with pressure up to the GPa pressure range. Examples
include CO, (Ni and Keppler 2013 and references therein),
N, (Keppler et al. 2022), and noble gases (Schmidt and Kep-
pler 2002). Ar solubility deviates from direct proportional-
ity to gas pressure only above 3 GPa (Schmidt and Keppler
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Fig.7 H, solubility in basaltic,
andesitic, and haplogranitic melt at
Fe-FeO-H,O0 buffer conditions as 400 | a) Basalt
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Fig. 8 Comparison of the results
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of the current study with that of
Hirschmann et al. (2012) on H,
solubility in basaltic and andes- 4
itic melt as a function of pressure.
Only experiments caried out

at Fe-FeO-H,O buffer condi-
tions are shown. The data from
Hirschmann et al. (2012) are
recalculated using the infrared 1
extinction coefficient obtained in
the current study, which reduces
the values by one order of
magnitude as compared to those
previously reported. The basalt
and andesite experiments of the
current study were all performed
at 1400°C, like most of those of

400 -

200 1

a) Basalt

> >

A A Hirschmann et al|
(2012) recalc.

Hirschmann et al. (2012). The
latter dataset also includes two
basalt experiments at 1450 °C
and two andesite experiments

at 1500 °C. For the definition of

0 0.5 1 15 2

® This study
25

1200

the error bars see Table 2. No
estimates of error are available
for the original solubility data of
Hirschmann et al. (2012)

Hydrogen solubility (ppm)

800 1

400 1

b) Andesite *A .

2002). N, solubility shows perfect Henry law behavior to at
least 2 GPa (Keppler et al. 2022). The only notable excep-
tion from this rule is water, which largely dissociates into
OH groups in the melt, such that solubility in first approxi-
mation is proportional to the square root of water fugac-
ity (e.g., Shishkina et al. 2010; Putak Juri¢ek and Keppler
2024).

As an alternative to the Henry-style solubility model, par-
ticularly for high pressures>1 GPa, we also develop here a
more general thermodynamic solubility model for H,. This
is based on the solubility reaction:

H, (gas) = Ha (melt) )

with the equilibrium constant

Pressure (GPa)

melt
aq
K= —3%s (3)
fi,

with aTH":‘“being the activity of H, in the silicate melt, and
#.” being the fugacity of H, in the gas phase. The equilib-
rium constant is related to change in Gibbs free energy AG

during the reaction through.

melt
fRTan:fRTln%:AG:AHfTASJrPAV 4)
Ho

where AH and AS are the enthalpy and entropy changes upon
dissolution of H, from the gas phase into the melt and AV is
the volume change of the melt phase upon dissolution of H,.
The intrinsic temperature dependence of gas solubilities in
silicate melts is often rather small (see, e.g. Ni and Keppler
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2013 for CO,) and the experimental data obtained here are
not sufficient to resolve such a temperature dependence.
Therefore, the AH-TAS term in the above equation may be
treated as one single constant. Moreover, we approximate
a’ﬁslt by the concentration ¢ of H, in the melt (in ppm by
weight). With these simplifications, the above equation may
be re-written as.

Cmelt
In-2-—atbP 5)
[,
Cmelt
with b=-AV/RT. A corresponding plot of qu—% versus pres-
H2

sure is shown in Fig. 9, yielding the regression parameters
a=-3.675+0.277,b=-0.371+0.201 for basalt (R*=0.77),
a=-2250+0.232, b=-0.801+0.121 for andesite
(R*=0.94), and a=—1.930+0.362, b=—0.811+0.184 for
haplogranite (R>=0.64). The fit parameters b may be con-
verted to AV, the volume change of the melt upon dissolution

-2
a)
f -3 Andesite
2
c
£ 4]
-5 .
0 1 2 3
-1
1 b)
94
— ] )
-3 :
o ] Haplogranite
c 4] ® o
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Fig. 9 Thermodynamic treatment of H, solubility in silicate melts.
Shown is a plot of In(c/f) versus pressure, where ¢ is H, concentration
in the melt in ppm by weight and f is hydrogen fugacity. The data for
basalt and andesite are for 1400 °C, the haplogranite data for 1200 to
1300 °C. Errors due to analytical uncertainties in ¢ are smaller than
the symbols shown, but errors due to possible incomplete equilibra-
tion cannot be quantified. The regression lines shown have the form
In(c/f)=a+b P, with a=—3.675, b=—0.371 for basalt, a=—2.250,
b=-0.801 for andesite, and a=—1.930, b=—0.811 for haplogranite
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of H,. This yields values of 10.3 cm*/mol for haplogranite
and 11.1 cm*/mol for andesite. The latter value agrees very
well with AV=11.3 cm?/mol reported by Hirschmann et al.
(2012). Here, it is important to note that the value of AV
only depends on the relative solubility changes with pres-
sure, it is insensitive to the absolute value of solubility and
therefore, insensitive to the extinction coefficient used to
evaluate the FTIR data. For basalt, we obtain AV of 5.2 cm®/
mol, which appears anomalously low if compared to the
other melt compositions and it also disagrees with the value
of 10.6 cm*/mol reported for basalt by Hirschmann (2012).
This may, however, be an artifact of the rather small pressure
range of the basalt data covered in our study. We therefore
do not recommend using these parameters to extrapolate the
solubility data of basalt beyond the measured range.

The thermodynamic solubility law for hydrogen accord-
ing to Eq. (5) is particularly useful for calculating H, solubil-
ity in the GPa pressure range. For lower pressures, however,
the Henry-style solubility law according to Eq. (1) is easier
to use and probably also more accurate. The Henry-style
solubility coefficients reported here (ay,, = 206 ppm/GPa
for basalt, 362 ppm/GPa for andesite, and 500 ppm/GPa for
haplogranite) were experimentally determined for Fe-FeO
buffer conditions. For different buffers or for pure hydro-
gen, they need to be adjusted proportionally to the expected
water activity in the coexisting fluid phase.

Hydrogen dissolution in a magma ocean

Earth and the other terrestrial planets most likely formed by
the accretion of chondritic material. Most models assume a
mixture of ordinary chondrites with a small fraction of vol-
atile-rich carbonaceous chondrites (e.g., Rubie et al. 2015;
Alexander 2017), while a significant or even dominant con-
tribution of volatile-poor enstatite chondrites has also been
suggested (Piani et al. 2020). Heating by large impacts and
by radioactive decay almost certainly caused widespread
melting of the early planets, with a magma ocean coexist-
ing with a primordial atmosphere (e.g. Elkins-Tanton 2008,
2012; Rubie et al. 2011, 2015). The chemical equilibrium
between this magma ocean and the primordial atmosphere
likely controlled the initial volatile distribution in plan-
etary interiors. During solidification of the magma ocean,
degassing may have produced a secondary atmosphere and
oceans (e.g., Elkins-Tanton 2008; Gaillard et al. 2022),
while the primordial atmosphere may have been largely lost
by processes such as hydrodynamic escape (Johnstone et
al. 2019; Katyal 2020) and impact erosion (Walker 1986).
Since chondritic material contains metallic iron, these pro-
cesses must have happened under rather reducing condi-
tions, plausibly two log units or more below the Fe-FeO
buffer (Rubie et al. 2011, 2015). Under these conditions, a
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large fraction of the H,O in the primordial atmosphere may
have been reduced to H, (e.g., Gaillard et al. 2022). Accord-
ingly, it has been suggested that the dissolution of H, in the
magma ocean may have set the initial hydrogen abundance
in the terrestrial planets, possibly also by capturing some H,
from nebular gas (e.g., Young et al. 2023). With the newly
calibrated solubility data from this study, this hypothesis
may be tested.

For illustration and as a useful endmember, we discuss a
very simple model. We assume that the Earth accreted either
from ordinary chondrites or from a mixture of ordinary
chondrites with a small fraction of carbonaceous chondrite
material added. We then assume that the system remained
initially closed, such that all the water or hydrogen present
in the early planet partitioned between the magma ocean and
the primordial atmosphere. This provides some upper limit
of the amount of hydrogen or water that may have been dis-
solved in the primordial mantle. In reality, a large fraction of
the primordial atmosphere may have been lost at some time
due to impact erosion and hydrodynamic escape. For ordi-
nary chondrites, we assume a bulk hydrogen content of 0.12
wt% H (Alexander et al. 2018). Hydrogen contents in carbo-
naceous chondrites are rather variable. Here, we assume the
value of 1.55 wt% H for the most hydrogen-rich CI chon-
drites (Alexander et al. 2018). This is not far away from the
averaged carbonaceous chondrite value of 6.60 - 1073 mol
H,0/g suggested by Marty (2012), which would translate
into 1.32 wt% H. Atmospheric pressure can be calculated
from the equation P=m,,, - g/ A, where m,, is the mass
of the gas atmosphere, g is gravitational acceleration and A
is the surface of the planet. A and g are assumed to be the
same as on the modern Earth, a first estimate of m,,  can be
obtained by multiplying the mass of the current Earth with
the mass fraction of H (or of H,O for an H,O atmosphere)
in the chondritic material. This initial estimate then needs to
be re-adjusted to account for the dissolution of some of the
gas in the magma ocean.

In a simple model calculation, we assume equilibrium
between the magma ocean and an atmosphere, with a bulk
composition equivalent to ordinary chondrites or a mixture
of ordinary chondrite with a small amount of carbonaceous
chondrite material. In a first version of the model, it is fur-
ther assumed that oxygen fugacity is so low that all H,O has
been reduced to H,. For a purely chondritic composition,
this model yields an atmospheric pressure of 138 MPa, if
all H, were present in the atmosphere. Using the H, solubil-
ity law at Fe-FeO buffer conditions derived here for basalt
(206 ppm/GPa), hydrogen solubility in the melt in equilib-
rium with a pure H, atmosphere can be estimated. At the
experimentally calibrated conditions (0.5-2 GPa, 1400 °C),
the fluid phase coexisting with the Fe-FeO buffer consists
of about 46 to 32 mol % of H, at 0.5 to 2 GPa (calculated

assuming ideal mixing of real gases). If one assumes fur-
ther that H, solubility in the silicate melt is proportional to
H, fugacity, this would imply a H, solubility of about 515
ppm/GPa in the presence of a pure H, atmosphere. After full
equilibration between magma ocean and atmosphere, the
atmospheric pressure decreases to 133 MPa in equilibrium
with 68 ppm H, in the magma ocean. Allowing for 5% of
CI chondrite material in the bulk composition (the remain-
ing 95% being ordinary chondrite) the values are 212 MPa
and 109 ppm H,. If converted to the more common ppm by
weight of H,O, the hydrogen concentrations in the magma
ocean for the two cases considered would correspond to
initial abundances in the un-degassed bulk mantle of 612
ppm and 981 ppm H,O or 1.8 to 2.9 ocean masses. These
numbers are far lower than the 10+5 ocean masses obtained
by Marty (2012) from “°Ar abundances and estimates of
(mostly upper mantle) volatile element ratios. However,
they appear to be in a plausible range if compared to cur-
rent estimates of bulk Earth water contents that are based
on direct observations of water abundances in mantle xeno-
liths and water contents in primitive MORB and OIB mag-
mas (e.g., Michael 1988, 1995; Danyushevsky et al. 2000;
Saal et al. 2002). For the depleted upper mantle, they yield
typically water concentrations in the 100 to 300 ppm range
(e.g. Hirschmann 2018). If the oceans formed by degassing
of the primitive mantle, another 350 ppm (one ocean mass
distributed throughout the entire mantle) would have to be
added to these values, which brings them close to the values
inferred from the equilibrium between a magma ocean and a
dense H, atmosphere. The main uncertainty in all these cal-
culations is the poorly constrained bulk abundance of water
in the transition zone and the lower mantle of the Earth. A
major water enrichment in the transition zone alone could
easily create a water reservoir exceeding one ocean mass.
While the simple model calculations shown above may
suggest that in principle, Earth’s initial water reservoir
could have been created by H, dissolving in a magma
ocean, we consider this to be unlikely, for the following rea-
sons: (1) We estimated H, solubility in the magma ocean
using solubility data obtained for a basaltic melt at 1400
°C, while the magma ocean had peridotitic compositions
and temperatures near or above 2000 °C. Noble gas solu-
bility data, however, suggest that also H, solubility should
be in a peridotitic melt much lower than in a basaltic melt
(Carroll and Stolper 1993; Carroll and Webster 1994). As
noted above, the compositional dependence of H, solubility
appears to be similar to or slightly larger than that observed
for He. Already for He, solubility in komatiite melt is by
nearly a factor of two lower than for MORB melt and for a
peridotite melt, this difference should be even larger. Con-
sidering this compositional effect, the predicted H, solubili-
ties in a magma ocean would have difficulties to produce
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the water inventory in the modern Earth. (2) The assump-
tion of closed-system behavior in a magma ocean — reduced
primordial atmosphere system is unrealistic, as certainly
massive atmospheric loss by both hydrodynamic escape
(Johnstone et al. 2019; Katyal 2020) and by impact erosion
(Walker 1986) must have occurred.

For the two reasons outlined above, it appears rather
unlikely that dissolution of H, in the magma ocean is the
main source of hydrogen on the Earth or on other terrestrial
planets. However, if conditions are sufficiently oxidizing to
convert some of the H, in the primordial atmosphere into
H,O, high water inventories in the magma ocean are eas-
ily achieved. This is not only due to the intrinsically much
higher solubility of water in the silicate melt (e.g., Dixon
et al. 1995; Shishkina et al. 2010; Putak Juricek et al. 2024
for basaltic melt, Sossi et al. 2023 for peridotitic melt), but
also due to another effect: The mass of the H,O molecule is
larger than that of H,, which translates into a proportional
increase in atmospheric pressure by about one order of mag-
nitude, if all H, is converted to H,O. After considering the
hypothetical case of a pure H, atmosphere coexisting with
a magma ocean, we therefore now discuss the case for a
mixed H,-H,O atmosphere, where the H,/H,O ratio is con-
trolled by the oxygen fugacity. The primary control of oxy-
gen fugacity in the early magma ocean-atmosphere system
is the equilibrium between metallic iron and the FeO com-
ponent in the silicate melt. For the final stages of accretion,
this yields plausible values of oxygen fugacity two log units
below the iron wiistite buffer (log fO,=IW-2). However, for
earlier stages of accretion, even more reducing conditions
down to IW-4 or below may have been possible (Rubie et al.
2011). In Fig. 10, we show the distribution of hydrogen — as
H, or H,O — between a primordial atmosphere and a magma
ocean at 2000 °C, assuming a chondritic bulk composition
(95% ordinary chondrite, 5% carbonaceous chondrite) and
closed-system behavior. Oxygen fugacity at the Fe-FeO
buffer was calculated by extrapolating the data of Eugster
and Wones (1962) to higher temperatures. The equilibrium
constant for the reaction H, + 2 O,=H,0 is from Robie
and Hemingway (1995), assuming ideal mixing in the gas
phase. Hydrogen solubility in the melt is assumed to be 515
ppm H,/GPa (see above) and for H,O solubility in the melt,
we assume the model reported by Shishkina et al. (2010) for
basaltic melt (cp,0 = 0.2351 P%3738 where cH,o 1s water
concentration in the melt in wt% and P is H,O partial pres-
sure in MPa).

The equilibrium distribution of H, and H,O between
magma ocean and primordial atmosphere was calculated by
solving the following mass balance:

gas melt gas melt __ total
My, + My, + My,0+ Mg,0 = MH,0 (6)

@ Springer

Fig. 10 Equilibrium distribution of hydrogen between primordial }
atmosphere and magma ocean for a bulk chondritic composition as a
function of oxygen fugacity at 2000 °C. a — ¢ show the composition of
the atmosphere, e — g the composition of the magma ocean, d the total
amount of hydrogen in the magma ocean (expressed as ocean masses
of H,0), and h the molar ratio of total hydrogen in the atmosphere
(H,+H,0) to total hydrogen in the magma ocean. The logarithm of
oxygen fugacity is given as difference to the iron wiistite buffer (AIW)

where quaz ®is the mass of H, in the atmosphere (expressed

melt

as equivalent mass of H,0), mf;*" is the mass of H, in

the magma ocean (expressed as equivalent mass of H,0),
mip is the mass of HyO in the atmosphere, m;% is
the mass of H,O in the magma ocean, and m}3'y is the
total mass of H,O in the system. Together with the solubil-
ity laws for H, and H,O in the melt and the H,/H,O ratio
in the gas phase controlled by the oxygen fugacity and the
equilibrium H, + 2 O,=H,O0, this equation can be solved.
An implicit assumption here is that both the composition of
the magma ocean and of the atmosphere are homogeneous;
in particular, any possible stratification of the atmosphere
is ignored. The resulting compositions of atmosphere and
magma ocean are illustrated in Fig. 10, the corresponding
data are in Supplementary Table S1.

The following observations can be made from the data
shown in Fig. 10:

(1) Under the most reducing conditions considered
(log fO,=IW-6), a H,-dominated atmosphere with a total
pressure of about 205 MPa coexists with a magma ocean
(Fig. 10a-c). Nevertheless, even under these conditions,
the hydrogen budget of the magma ocean is dominated by
dissolved water, with a molar ratio of H,/H,O below unity
(Fig. 10e-g). The redox condition of IW-6 is far below
that assumed for the terrestrial magma ocean (Rubie et al.
2011). This clearly shows that under plausible conditions,
dissolved H, will never dominate the hydrogen budget in a
terrestrial magma ocean or in the early Earth’s mantle after
solidification of the magma ocean.

(2) For plausible redox conditions of the terrestrial magma
ocean near the end of accretion (log fO, near IW-2, Rubie et
al. 2011), only 6 mol % of the hydrogen in the magma ocean
is dissolved as H,, with 94% being H,O (Fig. 10g). The total
amount of hydrogen (H,+H,0) in the magma ocean would
be equivalent to 40 ocean masses.

(3) Although converting H, into H,O increases atmo-
spheric mass and therefore atmospheric pressure by a factor
of 9 for a constant hydrogen inventory in the atmosphere,
bulk atmospheric pressure actually decreases with increas-
ing oxygen fugacity. This is due to the much higher solubil-
ity of H,O in the magma ocean as compared to H, (see also
Sossi et al. 2023).

(4) If earlier stages of accretion occurred under highly
reducing conditions near IW-4, hydrogen loss due to
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hydrodynamic escape and impact erosion would have been
favored by the high H, partial pressures and by the fact that
the majority of the terrestrial hydrogen reservoir resided in
the atmosphere (Fig. 10h).

Molecular hydrogen is therefore unlikely to be a major
source of the volatile inventory in Earth’s early mantle.
However, the conversion of H,O to H, at low oxygen
fugacities may have enhanced hydrodynamic escape during
early stages of the magma ocean. Hydrodynamic escape or
impact losses are required in order to achieve the current
hydrogen inventory of the Earth, as simple equilibration in
a closed atmosphere-magma ocean system would predict
unreasonably high water inventories in the primitive mantle.
These losses may have been enhanced if during early accre-
tion under very reducing conditions, most of the hydrogen
partitioned into the atmosphere.

In the model described above, the presence of volatiles
other than hydrogen, notably carbon, has been ignored.
Indeed, the presence of carbon would have virtually no
effect on the atmospheric pressures and solubilities of H,
and H,0, because methane CH, is the only relevant C-H
compound in this system. Methane, however, is only a very
minor species in the gas phase at the relevant high temper-
atures and moderate pressures (e.g., Gaillard et al. 2022).
Because of the high solubility of H,O in the silicate melt,
CO and CO, may dominate the atmospheric composition
at oxygen fugacities higher than 4 log units below the iron
wiistite buffer (e.g., Gaillard et al. 2022; Sossi et al. 2023).
This, however, also depends on the assumed bulk volatile
abundances in the system. The possible maximal partial
pressures of CO and CO, are limited by graphite saturation
(e.g., Golabek and Keppler 2019), while no such limit exists
for H,O partial pressures. For this reason, high bulk abun-
dances of volatiles, like in the chondritic model discussed
here, may favor atmospheres that are dominated by H, and
H,0.

Conclusions

We have re-calibrated the infrared extinction coefficient of
H, in silicate glasses. The coefficient that was previously
used for quantifying H, solubility in silicate melt was prob-
ably underestimated by about one order of magnitude,
implying that previous studies overestimated H, solubility
in melts by the same factor. However, if the data are cor-
rected with the proper extinction coefficient, they agree very
well with our study. In the light of the new solubility cali-
bration, it appears very unlikely that the dissolution of H,
in the magma ocean has made a major contribution to the
volatile inventory of the early Earth. Quite to the contrary,
the main effect of stabilizing H, at low oxygen fugacities

@ Springer

appears to be that hydrogen strongly partitions into the
atmosphere, which favors volatile loss by hydrodynamic
escape and impact erosion.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s00410-0
25-02272-y.
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