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Sections S1-S3 show detailed calculations to estimate the D/H ratio of the present Earth, f(H,0)
in an H- atmosphere, the fugacity of water in an H> atmosphere, and the reduction efficiency of
our experimental run products, respectively. We show atmospheric pebble-melting duration versus
different planet masses in Supplementary Fig. S1 and Rayleigh distillation in Supplementary Fig.
S2. Supplementary Fig. S3 shows our experimental setups. Extended Data includes the
Supplementary Tables. Supplementary Tables S1-S3 present the experimental data, whereas

Supplementary Table S4 provides the input data used in the pebble models.

S1. Calculation of the evolved 3D value of the Earth due to Rayleigh escape during

atmospheric erosion

The 8D value of the solar nebula was very low at ~ -850 %o (vs VSMOW)!, corresponding to
a D/H ratio of 3.11x107°, where VSMOW has a value of 1.5576x10*. Fractionation during
conversion of this gas to H2O by reaction (1) and incorporation into the magma ocean would raise
the 5D value of Earth to close to -800 %o due to the preferential incorporation of deuterium in H.O
(Table S3). Once the nebula had dissipated, hydrogen would be lost as H rather than H> due to
heating and ionization by XUV radiation?. The increase in the D/H ratio by loss to space can be
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value of -800 %o. Assuming an &y _y &y _pvalue of 1.57-2.03 for 200-400°C fractionation (ref?),

the change in the D/H ratio as a function of f (fraction lost) is shown in Fig. S2. For a loss of 80-
90% of the originally ingassed water, the present-day value of ~-80 to -40%o is reached. Over 100
ocean equivalents of water may have been dissolved into the Earth during pebble accretion (Fig.
5¢). Loss of 80-90% of this hydrogen would still lead to an estimate that is well within the range

of estimates for Earth’s present-day water (<12 ocean equivalents*).

S2. Calculation of f(H20) in an H; atmosphere

The fugacity of water f{H20) in an H> atmosphere is governed by the equation

FeOsiticate + H2(g) = Femetal + H2O(g). (S1).
The free energy for FeOsilicate 1S taken from ref® using the equation

AGRo0 in siticate meit = —244118 + 115559 X T — 8.474 X T In(T). (S2)
The free energy for the endmember reaction (equation S1) is given by

AG;’)eaction = AGI?ememl + AGI?IZO - AGlgeo in silicate melt ~— AGI?IZ (83),

where free energy is relative to the elements at 1 bar. At 1600 K, AGg, =0, Gg, =0, and
AGR,o = -158569 J. Equation (S2) yields AGg,o in siticate merr = -159254 J. Now equation (S3)

yields AGr.qction = 685 J. The free energy of the reaction in an Hz-rich atmosphere is



AGreaCtion — AGO + RT ln [f(HZO)] [a(Femetal)] ) (S4)

reaction [f (H2)] [a(FeOsjiicate meit)]

At equilibrium, AG,cqction = 0. The fugacity of H, gas f(H,) is equal to P(H,) y(H;)
where P(H,) and y(H,) are the partial pressure and the fugacity coefficient of the gas. R is the
universal gas constant, 7 is the reaction temperature, and a is the activity of the endmember solid
or melt. Using activity coefficients of ref®, we get

o
AGreaction

f(HZO) = a(FeOSilicate melt) f(HZ) e RT . (SS)

X(FeOgiiicate meir) 18 the mass fraction of FeO in the melt, and y (FeOg;jicate merr) 1S the activity
coefficient for X (FeOg;jicate meit)-

a(FeOSilicate melt) = X(FeOSilicate melt) V(Feosilicate melt)= 1-75 and X(FeOSilicate melt) =0.1

for a 10% FeO in basalt; assuming f (H,)=200 bars, we get f (H,0)is 32 bars.

S3. Calculation of the FeO reduction efficiency as shown in Fig. 4
We are interested in estimating the amount of FeO reduction in each experiment, as

functions of reduction time (or heating period as in Table S1) and temperatures. The efficiency of

FeO

FeO reduction is then calculated by € = (1 — ;2";—3‘“) X 100 %, where x££ | is the residue FeO
initial

present in the silicate melt after Ho-reduction and x5%%,; is the amount of FeO present in our

starting compositions before Ha-reduction.
For the experiments conducted using the SiC resistance heater, x/¢%, ., and x5¢9, are

measured by EMPA techniques on the silicate glass fraction as given in Table S2. The vertical



error bars in Fig. 4 represent the uncertainty in reduction efficiency arising from the standard

ot FeO
deviation of the measured xp ;-

For the experiments with MORB and picrobasalt conducted using the induction heater, we

calculated the equivalent x5£2, from the measured amount of water production (x729) by H,-

reduction as x£2, = x/¢%, ., — the amount of FeO reduced. Therefore,

Feo Feo H20 , molecular weight of FeO

XFinal = Xinitial — X

molecular weight of H20’

Vertical error bars in Fig. 4 indicate the uncertainty in reduction efficiency from the
measured water volume (final mass loss minus water collected) and final FeOysiiicate content.

In Fig 5, we draw two orange contours that provide the observed uncertainty bounds in the
primitive mantle Fe/Mg from ref’. In composition model A, the uncertainty arises in the reduction
efficiency (Fig. 5a), and the ocean masses of water produced (Fig. 5c) are up to approximately
0.2% and 0.56 ocean masses of water, respectively. In composition model B, they are up to

approximately 0.5% (Fig. 5b) and 0.56 ocean masses of water (Fig. 5d), respectively.
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Supplementary Fig. S1: Time spent by pebbles above their rheological melting

temperature as a function of planet mass relative to Earth. Extended from Figure

1b.
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Supplementary Fig. S2: Rayleigh distillation demonstrating the change in 6D during

loss of H to space. Initial D is assumed to be -800%o. f is the fraction of H remaining.
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Supplementary Fig. S3. Schematic illustration of the reaction setup for the heating experiments.
The left side shows the system using a SiC resistance heater. Samples are placed in a W wire
basket and suspended in a vertical alumina tube. A thermocouple is adjacent to the sample for
precise temperature control. A custom O-ring coupling at the top and bottom allows for either He
or H» gas to be admitted from the bottom and flow through the system at 200 mL/min. The exhaust
gas is vented. The right side shows the induction heater setup. Samples are heated to higher

temperatures (critical for the picrobasalt composition). Water generated by reaction (1) is

6



quantitatively collected on a 4-way valve (1/8” stainless steel tubing) cooled with liquid nitrogen.
After the experiment, the valve is switched, trapping the gas in the loop. The 4-way valve is then
transferred to a vacuum line where the water is cryogenically transferred to a 6 mm borosilicate
tube with Zn metal, sealed shut, and then heated at 500°C to produce H, gas® , which was analyzed

in a mass spectrometer for D/H ratios relative to VSMOW/SLAP scale.
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