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Experiments reveal extreme water 
generation during planet formation

F. Miozzi1,4 ✉, A. Shahar1, E. D. Young2, J. Wang1, A. Steele1, S. Borensztajn3, S. M. Vitale1, 
E. S. Bullock1, N. Wehr3 & J. Badro3

The most abundant type of planet discovered in the Galaxy has no analogue in our 
Solar System and is believed to consist of a rocky interior with an overlying thick  
H2-dominated envelope. Models have predicted that the reaction between the 
atmospheric hydrogen and the underlying magma ocean can lead to the production 
of notable amounts of water. However, the models suffer from the current lack of 
experimental data on the reaction between hydrogen and silicate melt at high 
pressures and temperatures. Here we present new experimental results designed  
to investigate this interaction. Laser heating diamond anvil cell experiments were 
conducted between 16 GPa and 60 GPa at temperatures above 4,000 K. We find that 
copious amounts of hydrogen dissolve into the silicate melt with a large dependence 
on temperature rather than pressure. We also find that the reduction of iron oxide 
leads to the production of marked amounts of water along with the formation of iron-
enriched blebs. Altogether, the results indicate that the typical processes attending 
planet formation will result in substantial water production with repercussions  
for the chemistry and structure of the planetary interior as well as the atmosphere.

Hydrogen, the principal constituent of primary atmospheres, plays 
a fundamental part in planetary accretion. Its interaction with the 
planetary interior—particularly the hot magma ocean—establishes 
the boundary conditions for chemical evolution, thereby influencing 
the structure, dynamics and marking a crucial stage in the formation 
of planet1,2. Notably, two key reactions are proposed to dominate this 
stage of accretion. The first involves the reduction of FeO in the melt 
through reaction with atmospheric H2, to form Fe and H2O according 
to FeO + H2 = Fe + H2O (refs. 2,3). The second entails the ingassing of 
hydrogen into the silicate melt through the equilibrium: H2

gas = H2
melt 

(for example, refs. 4,5). The extent of change that these reactions can 
cause on the interior depends mainly on the solubility of hydrogen in 
the melt and how it changes with pressure and temperature. Constrain-
ing solubility is fundamental as the silicate melt can act as a sink for 
hydrogen, trapping it in the mantle. There, among other reactions, 
hydrogen can reduce other species to produce water, which can then 
partition between the silicate melt and the overlying atmosphere. 
Indigenous formation of water by this reaction has been recognized 
as a possibility6,7 but is yet to be established in the laboratory.

Recent modelling studies have investigated the equilibration of 
a magma ocean with a hydrogen-rich atmosphere, focusing their 
application to sub-Neptunes, the most abundant type of exoplanet 
discovered and with no analogue in the Solar System3,7,8. Many 
sub-Neptunes are thought to have molten rocky interiors enveloped 
by dense H2 atmospheres. These atmospheres act as a thermal blan-
ket, keeping magma oceans hot for billions of years9,10 during which 
interaction between these two reservoirs can lead to water forma-
tion8,11. The bulk of the experimental work relevant to this system, to 

date has focused on (1) assessing solubility in evolved melt compo-
sitions4,12, at low pressure and often without iron; (2) the reaction of 
simplified systems with hydrogen as MgO + Fe (ref. 13) or Fe2O3 and 
(MgxFex)O (ref. 14); or (3) investigating hydrogen partitioning into 
the metal core of terrestrial planets15,16. Experimental challenges arise 
from the extremely high temperature required to melt silicates with a 
primordial composition in the required pressure range, working with 
hydrogen gas without breaking diamonds or losing the sample and 
recovering intact samples with sufficient area to perform analytical  
analyses.

Here we present new experiments investigating the interaction 
between a hydrogen-bearing atmosphere and a primitive iron-bearing 
magma ocean at high pressure and high temperature. The silicate was 
equilibrated with hydrogen gas and heated to above melting tempera-
tures. The experiments were designed to investigate whether there 
is a combined effect of FeO reduction and H2 ingassing, as hypoth-
esized in previous studies17,18, and assess hydrogen solubility in the 
silicate melt. Our results represent, to our knowledge, the first exper-
imental evidence of hydrogen ingassing and FeO reduction from a 
primitive mineralogical system from the high-pressure interaction 
with H2 and the formation of an Fe-dominated phase. We report a net 
increase in the hydrogen content of the melt with respect to previ-
ous measurements at lower pressure and temperature12. Finally, we 
show evidence of the presence of a free fluid phase in the recovered 
experiments. Taken together the results provide insights into the pro-
cesses taking place during atmosphere–magma ocean interaction 
in the early stages of planetary evolution and in the interior of rocky  
planets.
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Chemistry and hydrogen content
Laser-heated diamond anvil cell experiments were performed at pres-
sures between 16 GPa and 60 GPa. Platelets of pyrolytic composition 
were loaded in an Ar–H2 mixture, heated at temperatures above 4,000 K 
(refs. 19,20) (Table 1 and Supplementary Table 1) and recovered and 
prepared for NanoSIMS analyses with a newly developed protocol 
(Methods and Supplementary Information).

In the three samples recovered from lower-pressure experiments 
(that is, Exp_11, Exp_12 and Exp_13), the melt pocket crystallized in con-
centric layers around a resin-filled cavity. Overall, the silicates show 
minimal fracturing, limited to the boundaries between layers, and 
remain well consolidated (for example, Exp_12 in Fig. 1a). The crystal-
lized solids assemblage occupies the outermost layer, whereas the 
residual melt occupies the innermost layer (Supplementary Text 1 
and Supplementary Table 2) and is in contact with the cavity. At the 
boundary, rounded Fe-enriched blebs are observed (Supplemen-
taryText 2 and Supplementary Figs. 3–5). The cavity has an oblate 
shape in most samples (Supplementary Fig. 5). The observation of 
rounded central cavities is new for diamond anvil cell experiments 
as usually the melt or a metallic phase occupies the central portion of 
the sample (for example, refs. 21,22). At higher pressure, in Exp_09, 
the silicates present more fractures. The cavity is flat and elongated 

(Supplementary Fig. 6). The Fe-enriched blebs are almost dome-shaped 
and the border with the silicates is irregular with respect to the lower 
pressure samples (Supplementary Fig. 4). Finally, the highest-pressure 
sample (Exp_10) shows extremely different characteristics. The sili-
cates present an extensive network of fractures and are poorly con-
solidated (Supplementary Fig. 6). The cavity is much smaller, and 
little, irregular and randomly distributed cavities are also visible. The 

Table 1 | Experimental conditions and results of NanoSIMS 
analyses

Sample Pressure 
before heating 
(GPa)

Temperature ±   
150 (K)

Measured 
water (wt%)

Combined 
uncertainty

Exp_09 46.2 4,500–4,600 5.30 0.10

Exp_10 60 4,700 5.40 0.30

Exp_11 16 4,000 5.60 0.10

Exp_12 22.4 4,100 6.50 0.10

Exp_13 30.7 4,100–4,200 5.90 0.10

Exp_10s 
(crystallized 
solids)

60 4,700 0.81 0.01
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melt
Crystallized
melt
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Fig. 1 | Example of images of electrons and ions for one of the samples.  
a, Scanning electron microscope (SEM) images collected on the two sides of 
the sample during milling with a focused ion beam (FIB). Red lines define the 
sample. The crystallized melt is characterized by extensive presence of 
nanometric bubbles. The image of the section of the sample with the visible 
cavity is in Supplementary Fig. 5. b, Maps of hydrogen and silicon collected with 

the NanoSIMS on a portion of the sample (shown as a white box in the SEM image). 
Dashed lines serve as a guide for the eye. Red shows the sample boundary, white 
shows a portion of the crystallized solids and blue shows the portion behind a 
Fe-enriched bleb. The colour bar represents the intensity of the signal from the 
corresponding mass for each pixel. In the hydrogen map, the sample shows 
extremely high counts in the melt. Scale bars, 2 µm (a); 3 µm (b).
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Fe-enriched bleb has an irregular shape and is intertwined with the  
silicates.

In all of the samples homogeneously distributed nanometric bub-
bles are visible in the melt. The melt also exhibits a higher Ca content 
with respect to the crystallized solids (see Supplementary Fig. 2 for 
an example). Importantly, FeO is absent from the melt in all samples 
excluding Exp_13 (Supplementary Fig. 3). All the Fe-enriched blebs 
show some texturing (Supplementary Text 2 and Supplementary Fig. 4).

The hydrogen content was measured with a Cameca NanoSIMS 50L 
(Table 1 and Fig. 1 and Supplementary Fig. 7). The instrument detects 
dissolved hydrogen species that are then reported as water (water 
equivalent), regardless of the speciation that H might have in the sample 
(that is, H2, H2O or OH−). Accordingly, we provide NanoSIMS results 
as water and possible alternatives to water equivalent are reported 
in Supplementary Table 2. In all of the samples, between 5 wt% and 
6 wt% water was measured in the quenched silicate melt (Table 1 and 
Supplementary Fig. 8) and, 1 wt% water was measured in the crystal-
lized solids of sample Exp_10 (Supplementary Fig. 9).

Discussion
The measured water and presence of nanometric bubbles, along with 
the absence of FeO, and formation of Fe-enriched blebs confirm hydro-
gen ingassing in the melt and FeO reduction with water production. 
Accordingly, two processes occur during silicate melt–hydrogen inter-
action. One is hydrogen incorporation in the melt, as evidenced by the 
NanoSIMS data, in which the dissolved H2 can be in the molecular form 
or as hydroxyl groups. The second is oxide reduction, particularly FeO, 
and water production, forming a free fluid phase. The latter is heavily 
supported by the observation of empty cavities in the lower-pressure 
samples. At the experimental conditions, the water phase would coexist 
with the melt and the Fe-enriched blebs as separate phases. It would 
then escape the sample during recovery at ambient conditions, leaving 
behind an empty cavity. If all the FeO is reduced, about 6 wt% FeO in 
the starting material would yield about 1.6 wt% water. This represents a 
lower bound, as other oxides might also reduce and contribute water. 
NanoSIMS hydrogen measurements similarly reflect a lower solubility 
limit. The empty bubbles in the silicate melt, probably a product of 
temperature quench13, contained exsolved volatiles that were perma-
nently lost on focused ion beam (FIB) milling.

We interpret our observations of Exp_10 (Supplementary Fig. 6) as 
quench from a single phase, resulting in a less consolidated sample with 
a widespread network of fractures and irregular boundaries between 
the different phases. We infer that at these higher conditions the system 
encountered a solvus (binodal), the boundary above which all phases 
become miscible and exist as a single phase23. This interpretation is 
consistent with previous observations on simplified systems13. In this 
framework, the P–T conditions for Exp_09 should be close to com-
plete miscibility as it shows features of both the low- and high-pressure 
samples.

To understand the effects of planetary sizes and conditions on hydro-
gen solubility into a silicate melt, we parameterize the dependence 
from pressure and temperature. In the absence of direct evidence of 
the speciation of hydrogen from our experiments, we model it as H2 
following previous studies4,12. We combined our data with the low- 
pressure solubility data for basaltic melt12 and considered only H2 dif-
fusion in the melt, equating the chemical potentials for H2,gas and H2,melt 
(see Methods for details). Using P and T, Xln H melt2

 from the experiments, 
multivariate regression over all the experiments results in ∆G0,* =  
30.577 ±  6.22 kJ/mol, ∆V = 1.93 × 10−7 m3 mol−1 and ƒ H2 = 40,979 Pa, the 
latter corresponding to a mole fraction of the hydrogen in the gas of 
1.86 × 10−6, suggesting the hydrogen in the gas was almost fully dis-
solved into the sample.

Hydrogen solubility varies with temperature but only weakly with 
pressure (Fig. 2), showing a slight decrease in the mole fraction of 

H2 in the melt with increasing pressure at constant temperature. 
The solid–melt partitioning coefficient Dsil-melt = 0.151 (± 0.186) from 
Exp_10 shows that hydrogen preferentially enters the melt during 
crystallization.

Implications for planetary interiors
Our results advance our understanding of water production during 
formation and evolution of planetary bodies and are key to explaining 
the aspects of the interiors and atmospheres of sub-Neptunes. Previ-
ous experimental works focused on a smaller pressure range, inves-
tigating only simplified systems in a qualitative manner. By contrast, 
theoretical work investigated the interaction in the complex system, 
but key parameters such as the solubility of hydrogen at relevant 
conditions were still unknown. Here we provide an experimentally 
derived framework for the interaction of a multi-oxide mineralogi-
cal system with hydrogen. We show conclusively that a significant 
amount of hydrogen is dissolved in the melt, that FeO is reduced 
to Fe and that the water produced from the reaction forms a free 
fluid phase at lower pressure and becomes miscible with the silicates 
above 45 GPa (Fig. 1 and Supplementary Figs. 5 and 6). Moreover, 
reduction of other oxides present in the melt can represent an addi-
tional pathway for water formation8,17. Qualitatively our experimental 
results are aligned with recent literature on exoplanets, predicting 
a high volume of endogenous water resulting from magma ocean– 
atmosphere interaction11,24. In planetary interiors, the amount of water 
produced and its fate depend on the available oxides and crucially on 
the degree of interaction between the silicate melt and the hydrogen. 
For planetary bodies not massive enough to retain an atmosphere in 
the early magma ocean stage, hydrogen ingress is probably limited8. 
However, once planets grow to the order of about 0.25 Earth masses 
or greater2, H2-rich envelopes can be retained with magma oceans 
beneath, leading to the ingassing of substantial amounts of hydrogen 
and the production of endogenous water. Temperature will control 
hydrogen solubility, and the dynamic nature of the magma ocean 
will control oxide delivery to the surficial portions and reduction. It 
is possible to predict scenarios in which water gets released into the 
atmosphere creating a steam atmosphere or scenarios in which it 
is entrained in the magma ocean and accumulates at depth (Fig. 3). 
Characterizing the dynamic magma ocean and the consequences 
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Fig. 2 | Dependency of solubility on pressure and temperature. Coloured 
contours are the mole fraction of H2 in the melt recalculated with the parameters 
fitting the equations. Symbols represent the content measured in the 
experiments (see also Supplementary Fig. 8). The data below 10 GPa are from 
ref. 12. The size of the symbols is scaled with hydrogen content.
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for the budgets of volatiles is challenging. Nevertheless, our results 
underscore the importance of such investigations, as hydrogen and 
water might be significantly more prevalent than previously antici-
pated for planets accreting with a hydrogen atmosphere overlying 
molten interiors.

Understanding volatile-rich systems is pivotal for exploring a 
potential feature of sub-Neptunes: complete miscibility between 
phases, forming one single mixed phase in the supercritical state in 
the mantle18 (Fig. 3). The boundary between a standard interior with 
separate phases and one in the supercritical state is the position of 
the solvus for the system in equilibrium with volatiles. Our results 
indicate complete miscibility, and thus conditions above the pyro-
lite + H2 solvus at pressures above 45 GPa and temperatures above 
4,500 K for the hydrogen concentration of our experiments. Ab 
initio calculations performed on the MgSiO3 + H2 system report full 
miscibility in a pressure and temperature range consistent with our  
experiments25.

Ultimately, along with water production, FeO reduction also implies 
the formation of an Fe-rich phase. Whether this phase sinks to the core 
depends on its chemical and physical properties as well as the mass of 
the planet. For smaller planets, the iron-rich phase is expected to sink 
to the core (for example, Earth). For more massive planets, in which 
temperatures are higher, the concentration of light elements in the 
Fe-rich phase formed through this process may render it so under-dense 
as to be neutrally buoyant18.

Notwithstanding the uncertainties regarding complete miscibil-
ity, our experimental results indicate an alternative pathway for the 

incorporation of water into planetary interiors. The hydrogen solu-
bility measured in the quenched silicate melt shows that significant 
amounts of hydrogen can be stored in a magma ocean while water is 
being formed concurrently. The storage mechanisms may have unex-
plored, yet potentially important, effects on the physical and chemi-
cal properties of these systems and consequently on the large-scale 
properties and habitability of a planet.
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Methods

Diamond anvil cells (DAC) with culet size ranging from 300 µm to 
200 µm were used for the experiments. A 200-µm thick rhenium foil 
was indented to a thickness between 30 µm and 45 µm and drilled 
with a laser drill system available at the Earth and Planets Laboratory 
(EPL) of the Carnegie Institution for Science26. Samples were pro-
duced with a gas-mixing aerodynamic levitation furnace27 operating 
at 2,173 K and with an Ar flow (PYR03) or an Ar–H2 flow (92% Ar and 
8% H2) for PYR05. The mm-sized glass beads were then sliced with a 
wire saw and double-polished to a thickness of 25–40 µm. Chemical 
composition was measured with a JEOL JXA-8530F field emission 
electron microprobe analyser, working with a 15 kV beam and 20 nA  
current.

The platelets were gently cracked to produce samples with the 
desired dimensions and were loaded in the experimental chamber 
along with ruby spheres, used as pressure calibrants. In some cases, 
small KCl flakes were used to prevent the sample from sticking to the 
diamond. All the cells were gas-loaded at EPL, with an Ar–H2 mixture 
(75% Ar and 25% H2).

Laser heating experiments were conducted at the Institut de Phy-
sique du Globe de Paris (IPGP), France. The samples were heated from 
both sides using two laser branches that are linearly polarized and 
where each beam goes through a half-wave plate and a polarizer. The 
polarizers allowed us to independently change the power reaching each 
side of the sample, adjusting both sides to have the same temperatures.

Temperature was measured by spectroradiometry on a central 10 µm 
area. We fit both the Plank and Wien functions, and temperature is 
constantly monitored from both sides as shown in ref. 20. Samples 
Exp_09 to Exp_13 were recovered by pouring epoxy resin (EpoTeck 
301, from Epoxy Technologies) into the indentation of the gasket while 
the latter was still mounted on half of the cell. This was pivotal for 
our study as it allowed us to recover the sample while maintaining its 
structural integrity. This gives access to a full characterization of the 
structure and the chemistry of the entire sample, unlike previous stud-
ies involving water. After curing, part of the resin was removed with 
a needle to expose a sufficient portion of the culet at the bottom and 
cut the metal with the picosecond laser machining system available 
at IPGP. With this procedure, the recovered samples are like standard 
DAC-recovered samples (that is, the Re-disk with the sample inside) 
except for the resin present on top of the experimental chamber. As 
having to go through resin is not ideal for FIB milling, the samples were 
mounted upside down on a carbon dot. Samples were gold-coated and 
milled using the Auriga 40 Zeiss FEG Ga+ FIB and FEG-SEM, equipped 
with a Bruker EDX detector at IPGP. The samples were brought to beam 
coincidence, and trenches were made alternating the two sides until 
one of the two had a sufficiently big portion of melt without fractures. 
Quantitative chemical maps (calibrated EDX k-factors; ref. 20) were 
collected after every cut to monitor the evolution of the chemistry 
with the milling and identify when the central portion was reached. 
Before proceeding with the lift-out, Pt was deposited on top of the 
thick sections and choice were made about where to cut laterally. The 
samples were too wide (about 90 µm) to be lifted entirely. Finally, 
sections of 40–60 µm width and 20–40 µm height were lifted and 
Pt-welded on a Cu-base TEM grid. The stage was then tilted to have the 
section perpendicular (within 12°) to the SEM column, and elemental 
maps were collected for 30 min.

To recover the control sample, the cell was slightly opened to release 
the gasses from the experimental chamber and then placed into a can-
ister with an inflatable membrane. Pressure was increased using ruby 
fluorescence to track the pressure evolution and the camera to optically 
monitor changes in the geometry of the experimental chamber. Above 
12 GPa, no changes were observed in the geometry of the experimental 
chamber, but to be sure, the cell was compressed to 25 GPa. The cell was 
decompressed at a slower rate to avoid cracking the sample.

Before milling, the sample was analysed with a WiTec confocal 
scanning Raman system (Alpha 300 R) modified for DAC work. Both 
individual Raman spectra and images were collected on the sample 
within and outside of the DAC using a 488-nm laser excitation wave-
length. Spectra were collected on a Peltier-cooled Andor EMCCD 
chip, after passing through an f/4 300 mm focal length imaging spec-
trometer, typically using a 600 lines per mm grating. Spectra and 
maps were background-subtracted, and cosmic ray removed before 
undergoing principal component analysis all using Witec Project 5  
software.

The sample was recovered at EPL by cutting the central portion of 
the culet using the laser machining instrument. The disc was then 
mounted on an Si wafer with silver epoxy. At EPL, the sample was 
milled with an FEI Helios plasma FIB working with Xe+ following the 
same procedure as for the other samples milled at IPGP with two 
exceptions. First, a 10–15 µm tungsten layer was deposited on the 
entire disc before starting, to protect the front of the cut given the 
higher currents used with an Xe+ FIB in respect to a Ga+ FIB. Second, 
the higher working current and characteristics of the instrument 
made it possible to lift the sample with its full width. So instead of 
cutting trenches to reach the section of interest, the entire width of 
the disc was ablated. This procedure was not used for the samples 
milled at IPGP as ablating the rhenium portion of the disk with a Ga+ FIB 
is not efficient. For NanoSIMS analyses, the TEM grids with the thick 
sections were mounted on copper tape with the surface of interest 
looking upwards. Gas release from the glue component of the tape, in 
the NanoSIMS vacuum, is considered negligible (Nittler, L., personal 
communication). As the instrument does not have access to specia-
tion, we used Raman spectroscopy to try to determine the speciation 
of the hydrogen-bearing species in the melt, but the analyses were not 
conclusive (Supplementary Text 3).

NanoSIMS analyses
NanoSIMS analyses were performed using a Cs+ beam with 2 nA current. 
For each analysed portion, a 15 µm × 15 µm region was pre-sputtered to 
remove the surface contaminants. The rastered area was then reduced 
to 10 µm × 10 µm with the area represented by the analyses being a 
5 µm × 5 µm portion, because of the beam blanking used to reduce the 
effect of the edge of the crater. Along with 16OH− and 30Si−, specie 12C−, 
19F−, 32S− and 35Cl− were also collected. The timeframe for data collec-
tion was 150 s. However, for one of the samples (Exp_09), we needed 
to cut the analyses at 70 s as a sudden drop in counts signalled that the 
sample was sputtered away.

We used synthetic forsterite and Suprasil SiO2 glass to determine 
background and detection limit, and Alvin 519-4-1, 1833-1, 1846-12, 
30-2 and WOK28-3 basaltic glasses for water and other volatiles cali-
bration. The SiO2 measured in the standards was used to calibrate the 
acquired species/30Si ratios and define the calibration curve used to 
determine water content of the samples, given the measured SiO2 
content (see also NanoSIMS data.xlsx). Hydrogen was calculated 
by dividing the counts obtained for water by a conversion factor 
calculated dividing two times the molecular weight of hydrogen 
against the molecular weight of water. Uncertainties reported in 
Table 1 are the combined uncertainties that includes uncertainties 
of the collected data determined based on the counting statistics, 
backgrounds and repeated analyses of 519-4-1 standards, those on 
the measured SiO2 content, as well as the one on the calibration 
curve. Careful consideration of the position of the analytical point 
was needed, as for most of the samples the Fe-enriched blebs are 
observed on one side. Similarly, particular attention was given for 
selecting sections minimizing the number of fractures in the sam-
ples. This purpose was achieved in the lower-pressure samples, 
whereas it was harder for the high-pressure samples because of the 
lower volume and the important thinning of the sample along the  
compression axis.



Thermodynamic model
In using the data for basaltic melt from ref. 12, it should be noted that 
the hydrogen contents at 1 GPa and 3 GPa might be slightly differ-
ent for pyrolite, as it has less network-forming cations (for example, 
Ca2+ and Al2+) and more network modifiers (for example, Mg2+) than 
basalt12,28,29. However, solubility is suggested to be less affected by 
composition for small molecular species30, thus supporting the use 
of both datasets.

We parametrized the dependence of the solubility from pressure and 
temperature, considering only the reaction of H2 diffusion in the melt. 
Equating the chemical potentials for H2,gas and H2,melt leads to
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Using the hydrogen fugacity term to account for both the mole frac-
tion of H2 in the gas and the non-ideal-gas equation of state for the 
gas phase avoids assumptions about non-ideal behaviour. We use this 
expression to derive typical values for the fugacities of hydrogen for 
the experiments as a group. This is justified by very low values obtained 
relative to experimental pressures, even when including H2 fugacity 
coefficients that range from about 102 to 104 over our experimental 
conditions31. The R2 for the fit is 0.91 based on experimental uncer-
tainties. Comparison between the observed and modelled data is in 
Supplementary Fig. 10. The covariance matrix of the fit was used to 
calculate the 1σ errors reported for each parameter. The partial molar 
volume is smaller than the one reported in ref. 12 at 4 GPa and 3,500 K 
(1.6 × 10−5 m3 mol−1 and 7.3 × 10−6 m3 mol−1, respectively).

Data availability
Source data and the data shown in the figures are provided with this 
paper.
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