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Abstract

The rates of continental crust growth and recycling on early Earth remain controversial because
materials in the ancient crust and mantle have been altered, or even erased, by ongoing
geodynamical processes. Melt inclusions in minerals are pockets of magma that have been
trapped and shielded from the external environment. Where found within Archean high-Mg
olivine — the first mineral to crystallize in mantle-derived melts — these inclusions can provide an
unaltered glimpse of the geochemical state of the early Earth’s mantle. We discovered an
unprecedented unradiogenic Sr mantle source component (’Sr/3°Sr=0.69932+0.00024, 95% c.i.
here and below) in mantle-derived melts trapped in olivine from ca. 3.27 Ga komatiitic lava
flows (Barberton Greenstone Belt, South Africa). This component shows a 4.31+0.19 Ga model
age combined with significant chemical fractionation (Nb/U=36.9+1.5, Ce/Pb=16.7%1.1)
translating to extraction, by the late-Hadean, of 80%+16% of mass of present-day continental
crust assuming whole mantle processing. That agrees with the results of our geodynamic models
explaining the Nb/U and Ce/Pb data by the production of 40 to 70% of the present-day
continental crust mass during the Hadean in an oscillating mobile-lid tectonic regime with

several tens of million years long periods of massive subduction induced by mantle plumes.
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Main Text

Evolution of the early Earth and dynamics of its geochemical reservoirs are not well understood
due to the near absence of Hadean (> 4.0 Ga) rocks and minerals preserved at the present-day
Earth’s surface!>. Consequently, the rates of continental crust growth and recycling on the early
Earth are still debated: estimates for the fraction of continental crust formed at the Hadean-
Archean transition range between 0% and 100% of the volume of today’s continental crust®.
Several approaches have been used to provide estimates of continental crust volumes during the

T are viewed as the

Hadean and Archean®’. Studies assessing the degree of mantle depletion*®
most reliable since they account for both crustal extraction and recycling®. Most of these studies
rely on the bulk rocks' Sm-Nd, Lu-Hf and U-Pb isotopic systems>*®. This approach, however,
suffers from significant problems, such as known mantle heterogeneity on isotope ratios and
systematic differences in these ratios of mid-ocean ridge basalts (MORB) and oceanic islands
basalts (OIB) mantle sources®. In addition, the difference in 1sotopic effects of extraction and
recycling of continental and oceanic crust or even fractionation effects at the magma ocean stage
is not easily recognized®. Also, most ancient rocks are altered, which has been shown to affect
Sm-Nd and Lu-Hf isotopic systems”'°, Further, whatever is the volume of continental crust on
early Earth, the tectonic regime accounting for it remains debated, with suggestions being

stagnant-lid, plutonic-squishy-lid, episodic-lid, mobile-lid, ridge-only and heat-pipe regimes!!:!2,

Among the varied geochemical proxies that have been used over the past decades to decipher the
production and recycling of continental crust, Nb/U and Ce/Pb in fresh lavas or glasses have
received the most attention. These ratios are regarded as canonical because (1) they do not
fractionate when the mantle rocks melt and (ii) are similar for present-day uncontaminated

MORB and OIB*!*!* suggesting mantle homogeneity on these parameters. On the other hand,



70

72

74

76

78

80

82

84

86

88

90

Nb—U and Ce—Pb fractionate to give higher Nb/U and Ce/Pb values in the restite when hydrous
mafic or ultramafic rocks melt in the crust or mantle, i.e., during the production of the felsic
magmas (or their parentals) that form the bulk of continents'*. This observation makes Nb/U and
Ce/Pb ideal proxies to assess both the production of continental crust and recycling of restites
through time*.

Three aspects limit the accuracy of crustal growth curves built from Nb/U and Ce/Pb ratios
measured in mantle-derived rocks. First, the timing of the generation of these ratios in the mantle
source is unknown and could be much older than the eruption age of measured magmas. This
means that mantle-evolution curves based on Nb/U or Ce/Pb ratios in mantle-derived melts'?
provide only lower estimates of the rate of crustal growth. Second, subduction of continental
crust or/and unmelted oceanic crust to the source of mantle-derived magmas will decreases the
Nb/U and Ce/Pb ratios of these melts, leading to underestimation of the extent of continental
crust production. And third, the effect on these ratios of post-emplacement alteration, crustal
assimilation and/or metamorphic overprinting is difficult to identify and quantify, leading to
inaccurate interpretations”!%13,

Since olivine is the first mineral to crystallize in mantle-derived magmas, melt inclusions in
high-Mg olivine crystals—those with high Mg# or Fo (=Mg/Mg+Fe molar%)—provide the most
reliable information about parental melt compositions and the evolution of their mantle sources
through time'>?°. This stems from the capacity of melt inclusions to acquire the elemental and
isotopic compositions of the host magma and preserve this information long after
crystallization'®. Consequently, melt inclusions in olivine (Figure 1) may provide a reliable view

of the geochemical composition of the mantle source of melts.
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The novelty of this study’s results is twofold. First, we discovered a unradiogenic Sr mantle
component previously unknown on Earth with unequivocal fractionated Nb/U and Ce/Pb values.

8,13,14 and

These ratios are more uniform in the present-day mantle than Nd, Hf, and Pb isotopes
explicitly mark the extraction of continental crust. Our Sr isotopes and Nb/U and Ce/Pb data
came from pristine komatiite melt inclusions in olivine protected by the host mineral from
alteration and suggest a significant event of continental crust extraction in Hadean time. Similar
data on Nb/U and Ce/Pb of rocks are known only starting from 3.5 Ga and are compromised by
their severe alteration. Second, we conducted advanced geodynamic modeling of the early Earth
dynamics and extraction of the continental crust, coupled for the first time with the evolution of
Rb-Sr isotope system and Nb, U, Ce, and Pb trace elements. This allows us to link geochemical
data to the physical processes that might have been responsible for the observed evolution of
chemical composition. In particular, using our models constrained by geochemical data we can
discriminate between tectonic regimes that could have been active in Hadean and Eo-Archean

time and suggest the preferred scenario of an oscillating mobile-lid tectonic regime with several

tens of million years long periods of massive subduction induced by mantle plumes.
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Figure 1: a. Olivine cumulate from Weltevreden Formation (sample 1528C) showing that
although these cumulates are significantly altered, they still contain preserved unaltered
olivine cores (plane polarized light). b. Partially crystallised natural (not annealed) olivine-
hosted melt inclusion before homogenisation at high temperature. Inclusion consists of glass
and acicular calcic pyroxene. c. Heated and quenched olivine-hosted melt inclusion consisting
of glass, shrinkage bubble and spinel (dark crystal).
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Weltevreden komatiites

We determined the chemical and isotopic compositions of olivine-hosted melt inclusions in
samples from komatiitic flows from the ca. 3.27 Ga™" 22> Weltevreden Formation (Barberton
Greenstone Belt, South Africa, Fig. S1). Whole-rock isotopic investigations indicate that the
mantle sources of these komatiites experienced mantle depletion before eruption, possibly during
the Hadean?® (Figure S2). Here, using Sr-isotope signatures and trace-element contents measured
directly in the homogeneous glass of melt inclusions (Figure 1c), we provide solid
geochronological constraints for the timing of both the isolation of mantle domains from the
Bulk Silicate Earth (BSE, also referred to as primitive mantle, PM) and the acquisition of

canonical ratios indicative of continental crust extraction.
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Figure 2: Contents of selected major, minor and trace elements and Sr isotopes in komatiite
melt inclusions (MI) and host olivine crystals. Fo = 100Mg/(Mg+Fe) molar. Filled circles are
those with a corresponding Sr-isotope analysis: blue for main group of melt inclusions, yellow
for Sr-radiogenic melt inclusions, orange for Sr-unradiogenic melt inclusions (see below). Light
grey circles are inclusions with no Sr data or rejected Sr isotope data because of Rb/Sr ratio
over maximum value of used reference materials (0.0244) or uncertainty (2SE) of 37Sr/%°Sr
value > 0.0015 (SOM). Expected seawater?*. Errors bars are average individual uncertainty at
95% confidence interval (c.i.). Outlines on figures 2a,b indicate samples from the same flows.
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Melt inclusions in komatiite olivine phenocrysts

More than 350 olivine-hosted melt inclusions were selected and prepared for geochemical
analyses. The analytical workflow, detailed in Methods, was as follows: (i) annealing of natural
partly crystallized melt inclusions at high temperature and quenching to produce homogenous
glass, (ii) electron microprobe analysis to determine major and minor elements in melt inclusions
and host olivine, (iii) Raman-spectroscopy to determine H>O contents of melt inclusions, and (iv)
laser ablation split stream (LASS) ICP-MS analysis for Sr-isotope compositions and trace
element contents of melt inclusions. Not all inclusions could be analyzed through the entire
analytical workflow since LASS analysis requires a diameter > 38 um (optimal laser beam size)
and only 195 inclusions satisfied this criterion. In addition, 19 more inclusions were analysed in

single stream mode for trace elements.

Figure 2a and b present the composition of virtually unzoned olivine hosts of different isotopic
groups of melt inclusions (see below) from five separate flows. The Fo and trace element
contents (shown NiO and Cr203) of olivine differ both between and within flows. This variability
suggests that the studied olivine crystals are, in fact, antecrysts that grew and trapped their melt
inclusions in different places of a complex magmatic plumbing system. The TiOz contents of
Weltevreden melt inclusions show a large variation, from ca. 0.14 wt. % to 0.21 wt. %, which is
inversely correlated with host-olivine Fo contents (Figure 2c). This correlation follows a trend of
ca. 33 wt% olivine extraction from the common parental melt (estimated from ingrowth of Ti
from the melts trapped in the most Fo olivine) indicating that TiO2 contents in the melt, as well
as Al203 and CaO contents (not shown), are governed by olivine crystallization and extraction
from parental melts with similar contents of these elements. Other proxies, such as CI/Ti (Figure

2d-f), or KoO/TiO; (Figure S3b-e), should remain constant in the melt during olivine
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crystallization because of negligible contents of these elements in olivine. Clearly it is not the
case. We attribute the large range of Cl/Ti and K>O/TiO; for the same composition of host
olivine to assimilation into the komatiitic melts of small (ca. 1-2wt%) amounts of seawater-
derived ultra-saline brine before emplacement at ca. 3.27 Ga (see Methods): a process common

for modern submarine basaltic melts2>2°

or larger amounts (e.g. 10%) of seawater-altered
depleted serpentinite. Values of CI/Ti can therefore be used as a proxy for such contamination. A
positive correlation is observed between Cl/Ti and Rb/Sr (Figure 2e) suggesting gain of Rb as
well as Na, K, Pb, H>O and Sr during contamination (Figure S3). To avoid samples significantly
affected by this process, we considered only melt inclusions with low Rb/Sr for geological
interpretations in this study (Figure 2e). A maximum value of 0.0244 was selected for Rb/Sr
because it corresponds to the highest Rb/Sr value of the reference glasses used for LASS analysis
(KL2-G, Figure S4). Unlike Rb/Sr, other proxies, such as Ce/Pb and Nb/U, show negative

correlation with CI/Ti, suggesting that the higher values measured for these two ratios do not

result from the contamination of the komatiitic melts before entrapment.
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Figure 3: Sr-isotope of Weltevreden olivine-hosted melt inclusions. Both measured (panel a)
and initial (panel b) ¥Sr/%6Sr values show low p(y?) (<< 0.05) indicating the lack of statistical
homogeneity at the precision obtained for these Sr-isotope analyses. Three statistically
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homogenous groups can be distinguished in the data shown in panel b: unradiogenic in
orange, radiogenic in yellow and neutral (main) in blue (see Methods for statistical treatment).

Sr isotopes and geochemical tracers in melt inclusions

The Sr-isotope signatures of Weltevreden melt inclusions show a large range of both measured
and initial (back-calculated at 3266 Ma) ¥St/%Sr values supported by p(y?) values << 0.05
indicating statistical heterogeneity within the whole dataset (Figure 3a,b). The effect of minor
contamination of Weltevreden melts by seawater-derived brine or depleted serpentinite on their
Sr isotope composition is within the analytical uncertainty, as seen by the lack of a significant

correlation of 8’Sr/2°Sr value of melts and CI/Ti, the chemical proxy of such contamination (see

Figure 2h).
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Figure 4. Sr-isotope and trace element signatures of the Weltevreden olivine-hosted melt
inclusions of Sr-unradiogenic group. The Sr model age (see Methods) of the unradiogenic group
(panel a) indicates mid-Hadean extraction from the Bulk Silicate Earth (BSE) while the Nb/U
(panel b) and Ce/Pb (panel c) values of these-inclusions are significantly higher than those of
primitive mantle (PM) or BSE, interpreted as reflecting restites after extraction of continental
crust in the presence of H-0 during the Hadean. Panels d, e and f show results obtained on 4
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replicate analyses of a single melt inclusion (Ml) 2217-48-0l65 (belongs to of Sr-unradiogenic
group) showing the robustness of our analytical protocol. Uncertainty bars are reported at a
coverage factor of 2 (i.e., 95% confidence interval), (see Methods and Fig. S5 to S7).

A statistical analysis of our Sr-isotope dataset reveals three statistically homogenous groups
based on their initial 3’Sr/*Sr (see Figure 3b and Methods for details). The means of initial
87S1/%Sr values of these groups differ with confidence of over 99.9% (Supplementary Table 6).
Out of these three groups, one, comprising 14 analyses, shows an extremely depleted
(¥’Sr/®Sr)initial signature yielding a (¥”St/%°St)iniia weighted mean of 0.69932 + 0.00024 (95%
confidence interval, MSWD=0.88, p(x*)=0.57, orange analyses in Figure 3b). Olivine containing
unradiogenic inclusions come from all studied flows (14 of total 137, thus 10%), but mostly (8
inclusions out of 14) from Keena’s flow 2 (samples 1523B and 2217, Figure 2a,b, Fig. S1),
where they compose 14% of 59 measured for Sr isotopes inclusions. The mean initial isotopic
ratio of unradiogenic inclusions transposes to a Sr-model age, assuming no Rb in the source, of
4.31 +0.19 Ga (95% confidence interval, p(x*)=0.57, Figure 4a) which we interpret to indicate
that some components that melted to form Weltevreden komatiitic melts were geochemically
isolated since the Hadean. Owing to the large radius of inclusion 2217-48-0165, belonging to the
unradiogenic group, four Sr-isotope & trace elements replicates were conducted. As
demonstrated in Figure 4d,e,f and Supplementary Table 3d, all four replicate analyses form a
statistically homogenous population for Sr isotopes and canonical ratios of interest, hence further

validating the analytical approach developed in this study.

Continental crust extraction in the Hadean

Previous studies have used the geochemical proxy Nb/U to monitor the extent of continental
crust extraction*. The weighted mean of the Nb/U values of the unradiogenic Sr melt inclusions

is 36.9+1.5 (MSWD=0.71, n=14, Figure 4b). This value is significantly higher than all estimates
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of the PM/BSE Nb/U values which lie between 26.7 and 32.4"" 827-2 A similar observation can
be made for the mean Ce/Pb value 16.73+1.12 (MSWD=2.3, n=13, Figure 4c) of this
unradiogenic group, which is significantly higher than the PM/BSE value of 9-11.2 ™" 827-2% The
four replicate obtained on inclusion 2217-48-0165 show the same tendency (Figure 4d,e,f). The
geochemical effect of Ca and Mg perovskite cumulation proposed for the source of Weltevreden
komatiites® to explain moderate decoupling of Sm—Nd and Lu—Hf isotopic systems in their
composition will produce Nb/U ratios in the source that are lower, not higher than in BSE/PM as
observed in melt inclusions due to higher partition coefficient for U than for Nb in suggested
mixture of Ca and Mg-perovskite®!. In addition, similar and even much more significant
decoupling of eNd and ¢Hf is common in highly depleted abyssal and ophiolitic peridotites
because of “following radiogenic ingrowth as a result of preferential fractionation of Lu/Hf
during partial melting”?. The main mantle source component of studied komatiite was highly
depleted mantle harzburgite as it follows from their contents of incompatible elements (including
Sm-Nd and Lu-Hf), which are lower in parental melt than in BSE mantle'®. Thus, the decoupling

of eNd and €Hf in their sources can be explained by the mantle restite of Eoarchean-Hadean age.

Extraction of continental crust from mafic crust and/or peridotite in the presence of H.O
followed by recycling of restite back to the mantle leads to depletion in Rb compared to Sr, Pb
compared to Ce and U compared to Nb in the mixed deep mantle source. This explains the low
Rb/Sr and high Ce/Pb and Nb/U values measured in mantle-derived melts'®. However, the
presence of subducted continental crust and unmelted mafic crust in the mantle source may
significantly affect all these elemental ratios. Fortunately, the amount of such crust in the
recovered Hadean component in Weltevreden melt inclusions is shown to be negligible by the

exceptionally low contents of ¥’Sr of the unradiogenic component. Thus, high Nb/U and Ce/Pb
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ratios of unradiogenic-Sr melt inclusions are fully attributed to the production of continental
crust. However, the estimated Sr isotope model age of the mixed source could reveal younger
dates by few tens of million years, which are well within our reported + 0.19 Ga uncertainty of
the model age (see Fig. S7 and Methods).

The fraction of extracted continental crust produced from a specific domain of the mantle can be
evaluated following the mass balance approach that has been adopted in previous studies* using
our Nb/U values and Sr geochronological constraints together with the estimated Nb and U

8,27-29 and continental crust®*-%. First, the fraction of crust extracted from

contents of the mantle
any volume of processed mantle can be estimated. Using the Nb/U weighted average of 36.9 +
1.5 obtained on inclusions from source-rocks differentiated in the mid-Hadean, we estimate the
fraction of extracted crust to be 0.43%+0.09% of the processed mantle. Assuming now 2.17x10%?
kg as the mass of the present-day continental crust, 4.01x10?* kg as the mass of the whole
mantle, the fraction of continental crust extracted in the Hadean, would be 80%+16% (Figure 5,
orange dot) of the mass of the present-day continental crust. Similar calculation for individual
melt inclusion 2217-48-0165 yields 72%=+24% (Figure 5, hatched orange dot). Such a high
fraction, being the maximum value because it assumes the involvement of the whole mantle, still
provides unprecedented evidence in support of earlier models arguing for massive continent

production and recycling very early during Earth’s history>37.
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Figure 5: Compilation of previously published continental growth curves? and new estimate
for the Hadean from this study (orange circles). These estimates have been obtained using
measured average Nb/U value in the Sr-unradiogenic group large (orange dot) and individual
inclusion 2217-48-0l65 (orange hatched dot) and the average of Nb and U values from four
mantle models,??7-?° and four crustal models33-3° assuming processing of whole mantle mass.
Red curves are models in agreement with our results indicating continental crust production
and subsequent recycling of restites in the Hadean. Uncertainty bars are reported at a
coverage factor of 2 (i.e., 95% confidence interval). Light blue field shows the range of
continental crust fractions produced during Hadean which according to the geodynamic
models fit best geochemical data (see below Geodynamic modelling section).

Our new results interpreted as indicating that a large fraction of continental crust was extracted,
and its residue was recycled into the mantle very early in Earth history is consistent with the

3839 the radiogenic isotope compositions of bulk rocks*’ and

composition of ancient zircons
numerical modelling (see Geodynamic modelling). Elevated Nb/U and Ce/Pb values obtained in

deeply-sourced Weltevreden komatiitic melts indicates efficient, vertical, transfer (subduction of

oceanic crust residue after partial melting producing felsic crust) between the upper and the
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lower mantle in the Hadean. Although the geochemical results presented here indicate significant
continental crust production in early Earth time, the tectonic regime accounting for the formation
of this crust and actual mass of mantle processed cannot be extracted from such a geochemical
dataset. To complete the picture, geodynamic modelling, within which 8’Sr/%6Sr, Nb/U and Ce/Pb
geochemical proxies were monitored in order to identify the configuration/regime best-

reproducing the measured geochemical information.

Geodynamic modelling

We used the mantle convection code StagYY*!, which has been extensively used over the last
decades for the modelling of coupled core-mantle-crust evolution of rocky planets. With a 2D

42 our models generate both basaltic and felsic melts**, include cooling

spherical annulus domain
of the core, and use pressure- and temperature- dependent water solubility maps for different
mantle minerals'!. For this study, we improved previous models'** by including the effect of
water on the density of mantle materials, by incorporating a composite rheology (diffusion creep
and dislocation creep proxy) for the upper mantle based on experimental data, and by initializing
the frictional strength of the early Earth’s oceanic lithosphere based on experimental data.

Following approaches from previous studies***’

, we included the evolution of Rb-Sr isotopes as
well as Nb, U, Ce and Pb trace elements in these geodynamic models (see Methods for further

details). We computed a series of models by varying lithosphere’s hydration and frictional

strength (see Methods for model setup).

Our numerical experiments start with a homogeneous solid Earth of pyrolytic (BSE)
composition®’ at 4.5 Ga with a low (0.01 wt. %) initial water content!!, mantle potential

temperature of 1900 K and a core temperature of 5000 K. They end after 1.5 billion years, i.e. at



300 3.0 Ga. Any cataclysm relating to the formation of the mantle or the Moon is assumed to be
earlier than 4.5 Ga.
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Group I: Models with high subduction activity
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Figure 6: Representative models from Group | (A,B,D1-D4) and Group Il (E,F,G1-G4). (A,E)
Mobility of models over time with a moving average (thick line) over 11 mobility values (thin
lines). (B,F) Mass of generated continental crust over time, scaled with the present-day
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continental crust mass(CCM). (C,D1-D4,G1-G4) Snapshots of Earth’s cross sectionshowing the
evolution of models with time where four quadrants represent different fields (clockwise from
top left: composition, Nb/U, viscosity, 3Sr/?°Sr). Snapshot (C) shows initial model state
corresponding to an age of 4500 Ma and model time of 0 Myr. Snapshots (D1,G1) show periods
of active subduction, while snapshots (D2,D4,G2,G4) show periods of lulls in subduction activity
where large mantle plumes (dark blue in the viscosity field) are trapped beneath the cold
recycled material (yellow in the viscosity field). (E) shows a mobility burst at ca. 680 Myr of
model time characterised by a resurfacing event (G3) and a spike in the production of
continental crust (F).

All models fall into two different groups. The Group I consists of models with our preferred
effective friction coefficient of the lithosphere for the early Earth of 0.1°¢, while Group II
consists of the models with higher lithospheric strength. The representative models from both
groups are shown in Figure 6. Typical behavior of all models is intense mantle convection during
the first hundred million years (Figure 6D1, G1), when multiple large hot mantle plumes form at
the core-mantle boundary (CMB) and repeatedly approach the lithosphere. Plumes break the
lithosphere and induce its subduction (Figure 6D1, G1). During this stage, there is extensive
production of both oceanic and continental crust (Figure 6B, F). The following evolution
depends on the lithospheric strength and is best described by the so-called mobility function
which represents a ratio of the root-mean-square (rms) of the surface velocity averaged over the
rms velocity of the entire computational domain ’. Mobility value above 1 means that
lithosphere moves horizontally relative to underlying mantle with significant velocities and

subduction is active!?.

In models of Group I, high mobility periods last several tens of million years and interchange
with the low mobility periods (Figure 6A). We call this tectonic regime an oscillating mobile-lid
regime. High mobility periods correspond to periods of extensive crustal production and
lithospheric subduction and result in an accumulation of a large amount of cold recycled material

at the CMB, which hinders the propagation of large mantle plumes (Figure 6D2). The plumes
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that manage to rise through this overlying cold recycled material are small and are not able to
break the lithosphere or induce subduction, resulting in a reduced production of new crust (and
more recycling of existing crust) of the crust (Figure 6B, model time range 450-700 Myr). Then
it takes a few hundred million years to heat this cold material that sits above the CMB. Thus,
there is a period of quiescence before large plumes break through, approach the lithosphere and

induce new subduction zones, which produce and recycle new crust (Figure 6B, D3).

Group II models are characterized by low mobility throughout the evolution and experience
several mobility bursts that last several million years (Figure 6E). This type of tectonic regime is
usually called episodic-lid regime'?. During these episodes of high mobility, the overthickened
lithosphere is rapidly subducted resulting in resurfacing events (Figure 6G3). Most of the
continental crust is produced during these events. Note that despite showcasing different tectonic
regimes, the models from both groups may produce similar amounts of continental crust and
most of it during Hadean (Figure 6B,F), while models of Group II require for a larger input of

the surface water.

In all models, at every time step we identify regions of hot material (potential temperature above
1700°C) in the transition zone as the potential sources of komatiites (see Methods for details)
and select the model’s cells that represent Hadean fraction of material with the 37Sr/%Sr ratio <
0.6997. The evolution of the trace element ratios in the Hadean fraction for a number of models
from both groups are presented in Figure 7a,e and Figure 8a,e. The common feature of all
models is that trace elements do not show any effect of continental crust production till at least
500 Myr of model time (i.e., 4.0 Ga) even though the continental crust production during the first

500 Myr is more than twice that of the last 1000 Myr in most models. This time lag indicates the
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time required by the hydrated basaltic crust, which was involved in the production of continental
crust to recycle and mix with the plume source material in the lower mantle.

The models of Group I that produce 40 to 70% of present-day continental crust mass (CCM)
during the Hadean, show a good fit with the Nb/U and Ce/Pb data at the time close to the
emplacement of Weltevreden komatiites at 3267 Ma (i.e., model time of 1230 Myr, Figure 5 and
Figure 7a,d). These models also predict a realistic amount of Hadean component in plumes
(Figure 7c,f) and a rather moderate supply of water into the lithosphere (0.5-0.9 present-day
ocean mass (OM)) over the period of 1500 Myr. In contrast, the models of Group II where we
chose the water input parameters such that the models produce the similar amount of continental
crust during the Hadean as the models of Group I, show a poor fit with Nb/U and Ce/Pb data
(Figure 8a.d), a too low amount of Hadean component in plumes (Figure 8c,d) and predict a
water supply of 1.1-2.5 OM into the lithosphere over the period of 1500 Myr. The reason behind
these different model predictions is the much lower recycling rate of the lithosphere in the
models of Group II where the mobility, and therefore the subduction activity, are lower than in

Group I models.
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Group |: Models with high subduction activity

f 0.1 alpha 0.20 f0.1 alpha 0.25

a sp d so

45 as |
=
=5 b= S m— i Hadean
o 40 & 40 T e
<35 s 1 313 L M e

3 DO S

30 30 | i%!%--m1j-’%__f%f 3

25 25 = = it
o 20 I
o
3 15 .
O 10 R, W TR ST

> T T T T T T T 1 5 T T T T T T T 1

1400 1200 1000 800 600 400 200 O 1400 1200 1000 800 600 400 200 O

g 16 €6
o 12| 2 12f
Sosg O ozl
E 04| S— D04 I =

0 T T T T T T T 1 = ol : : i ; : - !

#0400 400 sd o0 30 M W 1400 1200 1000 800 600 400 200 0

Model time [My]

Model time [My]

g 40 ¢
g 30
i
‘E 20
3 10
gl
L 0t T T T
1400 1200 1000 800 1400 1200 1000 800
Model time [My] Model time [My]

Figure 7: A subset of resuls of models of Group | compared with observations. (a,d)- Evolution
of trace element ratios Nb/U and Ce/Pb in the Hadean fraction (with &’Sr/2°Sr < 0.6997) of hot
plume material in the transition zone from multiple models with different lithospheric
hydration (see Methods for details). Each colored solid circle represents mean trace element
ratio for the selected cells with error bars with 2 standard deviations of mean value. (b,e)- Mass
of generated continental crust over time from the same models, scaled with the present-day
continental crust mass. (c,f)-Amount of Hadean fraction in the hot plume material from the
same models. Red solid diamonds (main Hadean group data) and blue diamonds (single
inclusion data) show geochemical observations with error bars of 2 standard deviations of
mean value.

Our models infer that in order to fit the geochemical observations, the following two conditions
must have been fulfilled. First, the water supply into the lithosphere must have been high enough
to allow for ca 40 to 70% of CCM production of continental crust during the Hadean in

agreement with maximal estimates of 50 to 100% of CCM using mass balance apprpoach
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assuming whole mantle processing (Figure 5). Second, the tectonic regime in the Hadean and the
Eo-Archean time must have been sufficiently mobile, i.e. with periods of extensive subduction.
Classical episodic regimes with rare partial resurfacing and sagduction or stagnant lid regime are
not consistent with geochemical observations. We note that “subduction” in our models, defined
as sinking into the mantle of the pieces of the entire upper thermal boundary layer (lid) including
its surface, does not look like the present-day continuous and stable subduction that is
characteristic of Phanerozoic plate tectonics. It is much more variable and short-lived. Moreover,
our models show that in Hadean-Archean Earth in contrast to the present-day Earth, large mantle
plumes are of key importance to trigger such subduction and when plume activity is diminished,

the subduction activity is also diminished.
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Figure 8: A subset of results of models of Group Il compared with observations. The legend is
the same as in Figure 7. Note poor fit of the geochemical data (red and blue diamonds)
compared with the models of Group | shown in Figure 7.

Altogether, the geochemical data and geodynamic models presented in this study indicate that

large volumes of both oceanic and continental crust had already formed and recycled by the late-

Hadean, thereby favoring the—still contentious—model presented by Richard Armstrong more

than four decades ago®’ as well as several recent models*®
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Methods
Methods for geochemical investigation

. Samples

The eight olivine-cumulates were sampled in the best-preserved parts of individual komatiite
flows in the Saw Mill and Pioneer Complexes of the Weltevreden Formation of the Barberton
greenstone Belt, South Africa, Fig. S 1). These cumulates consist of partially altered olivine
crystals, and ground mass spinel and clinopyroxene grains enclosed in a matrix of altered glass
(chlorite and amphibole). Three samples (1521, 1522 and 1523) from the Saw Mill Complex
were previously described'>. Sample 2216 (Gary’s flow 1, 25.842597°S, 30.885031°E) is an
olivine cumulate that contains large (up to 2 mm in diameter) partially serpentinized euhedral
olivine grains with high Fo contents (92.8-93.1 mol.% Fo). The interstitial groundmass of the
rock is made of acicular clinopyroxene (0.5-1 mm long), equant or skeletal spinel (up to 50 pm
in diameter), and altered volcanic glass. Sample 2217 (Keena’s flow 2, 25.841475°S,
30.885683°E) is an olivine cumulate consisting of best preserved out of all samples, but still
partially serpentinized, euhedral olivine grains of different size (mainly 0.6—1 mm, with
individual grains up to 1.5 mm in diameter; 93.2-93.8 mol.% Fo). The interstitial groundmass is
made of acicular clinopyroxene (up to 1 mm long), equant and skeletal spinel crystals (up to 100
um in diameter) and altered volcanic glass. Sample 2218 (Keena’s flow 1, 25.841803°S,
30.886147°E) is an olivine cumulate consisting of partially serpentinized euhedral olivine grains
of different size (mainly 0.5-2 mm, with exceptional grains up to 4 mm in length; 94.6-95.1
mol.% Fo). The interstitial groundmass is made of acicular clinopyroxene (up to 0.5 mm long),
equant and skeletal spinel crystals (up to 100 pm in diameter) and altered volcanic glass. Sample

2222 (Gary’s flow 2, 25.843578°S, 30.887742°E) is an olivine cumulate that contains large (up
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to 2 mm in diameter) partially serpentinized euhedral olivine grains with high Fo contents (94.8—
95.2 mol.% Fo). The interstitial groundmass of the rock is made of clinopyroxene (up to 1 mm
long), equant spinel (up to 100 pm in diameter) and altered volcanic glass. Sample 1528 from the
Pioneer Complex (25.834308°S, 30.949083°E) is an olivine cumulate consisting of partially
serpentinized euhedral olivine grains or olivine pseudomorphs of different size (mainly 0.5-1.5
mm; 92.5-93.5 mol.% Fo, Figure 1, main text). The interstitial groundmass is made of acicular
clinopyroxene (up to 1 mm long), equant and skeletal spinel crystals (up to 100 um in diameter)

and altered volcanic glass.
. Melt inclusions

Prior to polishing and mounting, melt inclusions hosted in olivine crystals were homogenized at
high temperature and 1 atm. To homogenize partially crystallized melt inclusions, olivine
crystals were placed in open platinum ampoules and heated in a vertical high-temperature
furnace at Vernadsky Institute of Geochemistry (Moscow) following previously established
protocol!’. Target temperatures for experiments range from 1280°C to 1350°C in order to
complete melting of crystalline phases in inclusions, and to minimize diffusional loss of
hydrogen from inclusions through the host olivine. Upon heating completion, instantaneous
quenching of the melt inclusion is achieved via immersing ampoules in water at room
temperature. Because inclusions were heated at 1 atm pressure under reduced gas flow, all
inclusions which were opened even partly lost their volatiles: e.g. Cl, S, H>O as well as part of
Na and most of Pb. Such inclusions, which can be identified by electron microprobe analysis,
have Cl and S typically below detection limit, and were neglected in this study. Correction of the
measured composition of glass in melt inclusions (see below) for post entrapment olivine
crystallisation on the walls of inclusion's cavity and Fe-Mg exchange with host olivine (PEC)

was performed using Petrolog 3 software software*®. Details on this approach are reported in
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earlier studies'®>. PEC corrected inclusions compositions presented in SupplementaryTables 4 and

5.
. Electron microprobe analyses

The chemical composition of the olivine and melt inclusions were analysed using a JEOL JXA-
8230 electron microprobe and a JEOL FEG JXA-iHP200F electron microprobe at ISTerre
Micro-Analytical Platform (IMAP), Université Grenoble Alpes (France) using an analytical
protocol published eslwhere*’. The Mg-Fe olivine-melt geothermometer was used for the
estimation of komatiitic melt inclusion crystallization/entrapment temperature, with correction

for the effects of measured water contents’.
. Raman microscope

Water content of melt inclusions was determined using Raman microscope LABRAM Soleil,
Horiba (ISTerre, Grenoble, France), equipped with 473 nm and 532 nm lasers and optical
microscope (Nikon Eclipse LVDIA-N) using an analytical protocol previously published®.

Average and 2SE uncertainties are reported in the SupplementaryTables 3, 4 and 5.
. Laser Ablation Split Stream (LASS) ICP-MS analyses

LA-ICP-MS analyses were conducted at IMAP (Université Grenoble Alpes, France). Strontium
(Sr) 1sotope signatures and trace element (TE) contents were measured directly in melt inclusions
with a laser ablation (LA) system (RESOlution SE, Applied Spectra) coupled with multi-
collector (Neptune XT, Thermo Fisher Scientific) for Sr-isotope and single-collector (8900,
Agilent) for TE inductively-coupled plasma mass spectrometer (ICP-MS). LA single stream and
LA split stream (LASS) protocols were used depending on the size of the melt inclusions:
smaller inclusions were analyzed with our LASS Sr-TE analytical protocol while bigger ones

had two laser analyses, one for Sr-isotopes and one for TE’s. Uncertainties are reported at 95%



488

490

492

494

496

498

500

502

504

506

508

510

confidence interval unless stated otherwise. It is worth mentioning that Sr content in
Weltevreden melt inclusions average 36+6 ppm, corresponding to a mass of total Sr of ca. 6 pg
in most melt inclusions. Currently, such small amounts of Sr cannot be accurately measured via
the traditionally more precise TIMS approach owing to the lowest Sr blanks obtained through
such approach a few tenths of pg'.

Sr-isotope compositions were measured on a Neptune XT MC—-ICP-MS (Thermo-Fisher
Scientific) following conventional cup configurations. Additionally, we also measured mass 90
in order to evaluate the St/Zr of Weltevreden melt inclusions and compare these ratios with the
trace element data obtained concurrently. Measurements were conducted in static mode and all
signals were collected in Faraday cups. Four 10'* Q amplifiers were used for the measurement of
masses 84, 85, 86 and 87. All other masses (83, 83.5, 86.5, 88 and 90) were measured with 10!
Q amplifiers. Gain calibration was conducted overnight before each analytical run of melt
inclusions. Integration time was set to 1.049 seconds. The instrument was run in low-resolution
mode (mass resolution of ca. 400). Ni Jet-Sampler and Ni X-Skimmer cones were used. Sr-
isotope analyses were reduced offline using an in-house modified python code compatible with
Iolite-4°2. All channels were first background subtracted. Since 83.5 and 86.5 signals were
always below detection limit (calculated as 3.29 x standard deviation of the background over the
entire analytical run®*), no REE?* correction was conducted. Calcium-argides (Ca—Ar) species,
which can cause interference on masses 84, 86 and 88) are corrected using the background
subtracted signal of mass 83. A power-law based Sr-fractionation factor (B%") was then calculated
for each individual analysis based on the measured (88/86) value and the natural value
(8.37520938). The Rb fractionation factor (BX°) was manually adjusted to provide the best
accuracy for all three reference materials measured throughout the analytical run. This approach

allows to account for day-to-day variations in R® and is analogous to the approach used for
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correcting Yb interference in zircon Hf-isotope analysis. The amount of 8’Rb is then calculated
using the measured 8Rb and the natural 8’Rb/3Rb value (0.38571). Then, the amount of Sr is
obtained via removing the contribution of ¥’Rb on the measured 87 signals (87 net signal = 8’Rb
+ 378r). Isotopic ratios are then calculated including a power-law based mass bias correction. For
all melt inclusions labelled 15XX, adjusting PX® value on daily basis was sufficient to obtain
accurate results (within 2SD) for all three reference glasses covering all compositional range of
measured inclusions used in each analytical run (KL2-G, NIST-614-G and GOR128-G, see Fig.
S 4), no standardization of the data was conducted here for ¥’Sr/®Sr values. Standardization was
however required for ¥’Rb/®Sr, and St/Zr values. This is likely the result of minor elemental
fractionation causing inaccuracy for corrected-only ratios. For melt inclusions labelled 22XX,
standardization of both 8’St/%Sr and 3Rb/%6Sr was conducted with KL.2-G as calibration glass.

Readers can refer to the Sr-isotope DRS provided on the Iolite Github (https://github.com/iolite-

LA-ICP-MS) for full view of the python code. Individual analysis uncertainties are calculated by
the in-house built Iolite code. Hence, exports from Iolite include uncertainties of all background,
interference corrections and standardization if conducted. Note that including REE** correction
changes the final uncertainty to the sixth decimal only, i.e., 2 orders of magnitude lower than
typical precision obtained with our LASS protocol for such Sr-depleted melt inclusions. Since
several analytical runs were conducted for analyzing these melt inclusions, an evaluation of the
inter-sequence (i.e. long-term) excess variance (i.e. long-term variance) was conducted. This
approach follows the widely accepted workflow used in U-Pb isotope analyses>* and consists of
calculating the degree of homogeneity of the reference glasses over all sequence: if the MSWD
value—or corresponding p(y?) value—is within acceptable range of 5-95%, then no inter-
sequence excess variance is propagated into individual analyses. If not, then uncertainties are

expanded up to the level where all validation materials (here glasses) return MSDW value or
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p(®) value indicating statistical homogeneity. No inter-sequence excess variance was required
for the 87Sr/%Sr values: MSWD and p(y?) values for the three reference glasses GOR128-G,
KL2-G and NIST-614-G are: (i) 1.16 and 8.9%, (ii) 0.41 and 100%, (iii) 1.02 and 43%
respectively (see data in Supplementary Table 1), while an inter-sequence excess variance of
5.5%, 6% and 6% was propagated into 3’Rb/*®Sr and Sr/Zr values respectively for all analyses
(reference glasses and melt inclusions). Similar to the standardization mentioned above, the need
of inter-sequence excess variance for these ratios likely reflects the contribution of elemental
fractionation, which is unaccounted for in our data reduction protocol; an effect absents from
87S1/36Sr calculation, hence explaining the better accuracy over several analytical runs for this
latter ratio. Consequently, we consider the uncertainty reported in individual 8’Sr/%6Sr, 3’Rb/*6Sr
and St/Zr values as external uncertainty. Precision and accuracy of Sr isotope analyses of melt
inclusions were double checked by duplicate, triplicate or quatroplicate analyses of sufficiently
large inclusions (Supplementary Fig. S 5 and Table 3c). The homogeneity of the replicates of 2,
3 or 4 analyses of the same melt inclusion presented in this diagram confirms that reported
uncertainties of individual inclusions are not underestimated.

All melt inclusions discussed in this work have 8’Rb/*®Sr values lower than the #’Rb/*®Sr of KL.2-
G (0.069898), the reference glass with the most elevated 3’Rb/*°Sr. Melt inclusions displaying
87Rb/%Sr higher than KL2-G were disregarded since the accuracy of the 3’Rb correction could
not be assessed. In addition, inclusions with 2 standard errors of measured 3’Sr/%Sr ratio over +
0.0015 (thin inclusions where signal was collected for less than 8 seconds), were also excluded.
Lastly, we checked robustness of 87Sr/%Sr errors of accepted individual inclusions by

comparison with the errors of reference materials using the following equation:

STRM X tRM

Oinclusion = OrmM X
Srinclusion X tinclusion
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Where 6y, ciusion and ogpy are 95% c.i. uncertainties of individual inclusions and reference
material (glasses) respectively; S7inciusion @and Strp are Sr contents in inclusions and reference
materials; tincusionand try are 87Sr/*°Sr acquisition times for inclusions and reference materials
(Supplementary Table 2).

Both predicted average 0jy,ciusion Calculated for all Weltevreden melt inclusions and for the 14
unradiogenic ones as well as their measured 6;;,¢1ysi0n are 0.0010, thus virtually identical
(Supplementary Table 2). We therefore conclude that reported errors of 87Sr/*®Sr ratios for
individual melt inclusions are neither over nor underestimated and thus are valid for statistical
treatment.

TE analyses were conducted with 20-pum spots/10-Hz pulse frequency and 38-pum spots/15-Hz
pulse frequency for inclusions in single and split stream mode respectively and a laser fluence of
4 J.cm 2. Carrier gas was He (ca. 0.3-0.9 L/min) with addition of N2 (ca.1 to 2.5 mL/min) which
were mixed with Ar (ca. 0.6-1.1 L/min) before introduction into spectrometer. Oxide production
rate, monitored with ThO*/Th* was < 0.1%, and the doubly charged ratio monitored with
#Ca®*/*Ca* was < 0.1%. The U/Th ratio ranged between 98% and 102%. Analyses were
conducted in time-resolved acquisition mode (TRA) and included 1 second of pre-ablation to
eliminate surface contamination, 30-40 s background measurement followed by 30-40 s sample
ablation and signal measurement. Dwell time was 10-100 ms for different elements. All spectra
were inspected in LADR software to define intervals for integration and exclude remaining
surface contamination, if any. Concentrations were quantified from the measured ion yields
normalized to Ca, previously measured on EPMA. Details on the varied sweep times and TE
data reduction are reported in SupplementaryTable 3a. Ce/Pb, Nb/U and Rb/Sr of reference
glasses (GOR128-G* and NIST614-G>°) are shown in Fig. S 4 and reported in Supplementary

Table 1. Reference-glass values agree with accepted values. Where required, an inter-sequence
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excess variance was propagated into our analyses to account for minimal heterogeneity of

reference glasses between the varied analytical runs (up to 10%).
. Statistical analysis of the Sr-isotope dataset

Measured ’Sr/%6Sr obtained on Weltevreden melt inclusions show a range of values that
correspond to a MSWD of 2.3. Considering the number of individual datapoints—n=137—this
MSWD value translates to a p(y®) of 4.4x1071%, i.e., largely below the accepted threshold of 5%
typically used in geoscience to indicate homogeneity of a sample population®’. This significant
heterogeneity is also clearly observed for (¥7Sr/2Sr)inita values that show a MSWD of 2.2
translating to a p(x?) of 9.8x107!*. Further, it is also clear from Fig. S 6 that the range of
(®7St/®5Sr)initial values is not resulting from under/over correction of the (¥’Sr/%6Sr)measured values:
the range of 8’Rb/®Sr is rather narrow and all analyses with elevated ’Rb/*®Sr, i.e. >
(®’Rb/*Sr)k12.6, were rejected from the dataset, preventing inaccurate over correction of
(¥7Sr/%%Sr)measured. Further, since all potential sources of uncertainty have been examined and
propagated in isotopic ratios, this range of (*’Sr/*Sr)iniia values is interpreted to reflect Sr-
isotope heterogeneity of the melts that were trapped in Weltevreden olivine crystals. The
observed heterogeneity in elemental and isotopic compositions in Weltevreden melt inclusions is
not a unique feature since a multitude of melt inclusion studies have reported similar
observations'®!%38 for different radiogenic isotope systems, regardless of the analytical protocol
(laser ablation, ion probe or thermal ionization mass spectrometry).

Hence, we can discriminate statistically homogeneous populations in this dataset. One way to
achieve this is to isolate individual analyses that are in the tails of this distribution: those with
(¥7Sr/%%Sr)inital significantly—i.e., considering individual uncertainties (+2se)—outside the 95%
confidence interval around the weighted mean of the dataset. Doing so yields three homogeneous

populations of melt inclusions: (i) one with low (3”St/8S1)iniia=0.69932+0.00024 (c.i. 95%)
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comprised of 14 inclusions (MSWD = 0.88, p(x?) = 0.57), (ii) one with intermediate

(¥ Sr/*°S1)initia=0.700624+0.000086 made of 116 inclusions (MSWD = 1.1, p(x?) = 0.27) and one
with elevated (¥’St/%S1)initiai=0.70177+0.00024 made of 7 inclusions (MSWD = 0.48, p(y?) =
0.82).

? reveals that the

Applying of the t-test for independent populations with unequal variances’
means of (¥7Sr/%®Sr)iniiar of all groups are different with the confidence over 99.9% (see

Supplementary Table 6a,b).
. Model age calculation

Sr model age of olivine-hosted melt inclusions was based on (i) (¥’Sr/%®Sr)initial and (ii) Bulk
Silicate Earth (BSE) evolution. The latter is defined as follows: initial 3’Sr/%Sr = 0.698990 at
4.567 Ma age®, initial BSE Rb/Sr=0.03%" and ’Rb decay constant of 1.3972x10™!! yr'! . Even
considering a 15% uncertainty in the BSE Rb/Sr value Sr-model ages remain far within
uncertainty of our estimates. Calculation was conducted assuming no Rb left in the BSE source
after melt extraction. This assumption is quite realistic since (i) degree of mantle melting is high
in the hot early Earth and (i1) Rb is highly incompatible during melting. Samarium—Neodymium
(Sm—Nd) and Lutetium—Hafnium (Lu—Hf) model ages presented in Fig. S 2 were calculated

using Ryan Ickert’s spreadsheet®!.

. Contamination of Weltevreden komatiites

Studied inclusions in olivine yield significant intercorrelated variation of Cl, K, Rb, H>O, Pb, Sr
and Na, which is unrelated to olivine crystallization and extraction from the melt. This is well
demonstrated by the strong correlation between ratios of elements excluded from olivine
structure, e.g. Cl, K, Rb, H>O, Pb, Sr, Na, and Ti, which must stay constant during olivine

fractionation (Fig. S 3). Similar variations are common for submarine glasses of OIB and MORB
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(Fig. S 3) and have been explained by minor (less than 1 wt%) contamination of seawater-
derived ultra-saline brines®>%°. The same explanation is also well suited for Weltevreden melt
inclusions. The maximum amount of brine with a concentration of Cl of 10-30 wt% required to
explain the addition of ca 0.20wt% of Cl to Weltevreden melt is about or less than 2wt%. This
amount will not affect major element concentrations considering their analytical errors, but is
enough to be observed in trace elements and H>O contents. Also note that the extent of
contamination tends to increase with decreasing host olivine Fo content (Figure 2c , Fig. S 3).
The initial 3’Sr/%Sr isotope ratio of melt inclusions does not correlate with contamination proxies
(see Figure 2h); thus, we conclude that the effect of such small amounts of assimilated brine is

within the analytical errors of 3’Sr/*®Sr determination.
Methods for numerical investigation

. Geodynamic models: essentials and setup

We study the thermochemical evolution of compressible mantle using the code StagYY*!, which
has been developed and widely used over several decades for global-scale modelling of Earth’s
evolution spanning its age!'****>. The model includes pressure- and temperature-dependent
viscosity, plastic yielding, time-dependent radiogenic heating, core cooling and phase changes.
Following a two-step mantle differentiation and utilizing water-dependent solidi functions*, the
code forms basaltic and felsic melts and considers both intrusive (plutonic) and eruptive
(volcanic) magmatism*®. The mass ratio of erupted to intruded material follows a specified
constant value of 30:70 (corresponding to 30% eruption efficiency), which has been previously
shown to be important for producing Archean TTG rocks***%%2, We employ temperature- and
pressure- dependent solubility maps for different mantle minerals, which control the water in-

gassing and out-gassing'!.



We use a two-dimensional quadrant spherical annulus geometry*? with a Eulerian mesh, whose
654 resolution varies radially, and is higher at the core-mantle boundary, 660 km phase transition and

at the surface. The computational domain consists of 512 (lateral) times 128 (radial) cells and ~
656 1.3 million Lagrangian tracers carrying various quantities (temperature, composition, water

content, isotopes, trace elements, etc.) are advected through it. Free slip boundary conditions are
658 used at the core mantle boundary and at the surface. Side boundary conditions are periodic.

A visco-plastic rheology is considered where the viscous deformation is accommodated by grain-
660 size independent diffusion creep. The mantle is divided into 3 different layers i: upper mantle

(1), lower mantle (2) and post-perovskite layer (3), with each layer having different values for
662 activation energy E; and activation volume Vi®*%*. Following the Arrhenius law, the diffusion

and dislocation creep (proxy) components of the temperature- and pressure-dependent viscosity

664 are given as:
_ EcPV(P) _ Ei.
n(T, P) = nodin; exp (Z2 — L) (1)
666 where 1 is the reference viscosity (2.35 101° Pa s) at zero pressure and reference temperature

Ty (1710 K), An; is the viscosity offset between layer i and the reference viscosity, P is the
668 pressure, R is the gas constant and 7 is the absolute temperature. The activation volume

decreases exponentially with increasing pressure in each layer i according to the relation:
670 V(P) = V; exp (— Pﬁ) )

where P; is the pressure scale, which is different for each layer i. Plastic deformation in the
672 lithosphere is accommodated by assuming plastic yielding*’*°>. The maximum stress that a
material can sustain before deforming plastically is given by the yield stress oy, which has both

674 brittle and ductile components:



Oy = min(GY,ductile' O_Y,brittle)- (3)

676 The ductile yield stress oy gyctile increases linearly with pressure as:
|
Oy,ductile = Oy + GYP’ (4)
678 where o} is the surface ductile yield stress and Jy is the pressure gradient of the ductile yield

stress. The brittle yield stress Oy prire1e 15 calculated following the Byerlee approach as:
680 Oy brittle = C + 1P, &)
where c is the surface cohesion and p is the friction coefficient. If the convective stresses exceed
682 the yield stress, the viscosity is reduced to the yielding viscosity 1y = oy /2€, where € is the 2nd
invariant of the strain-rate tensor.
684 See Supplementary Table 7 for model parameters used in this study. The model uses a

66,67 in which the mantle minerals are divided

parameterisation based on mineral physics data
686 into olivine (ol), pyroxene-garnet (px-gt), TTG (tonalite-trondhjemite-granodiorite), and melt

phase systems. Solid-solid phase transitions are assumed (see Supplementary Table 8) and the
688 mantle is initialised with a pyrolytic composition: 80% harzburgite and 20% basalt, being a

mixture of 60% olivine and 40% pyroxene-garnet. The adiabatic temperature, density, thermal

690 conductivity, thermal expansivity and heat capacity are pressure-dependent following a third-

order Birch-Murnaghan equation of state. Further details of the model can be found in'!. Here,

692 we describe only the model modifications introduced in this study.
. Geodynamic models: modifications
694 1. Rheology: We improved our rheological model by adding a proxy for the pressure-,

temperature- and stress-dependent dislocation creep rheology assuming stress
696 corresponding to a geological strain rate of 107" 1/s and using dry olivine rheology

parameters®® (Supplementary Table 7). We also considered frictional plasticity with the
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coefficient of friction of 0.1 corresponding to the properties of subduction channels, which
lack continental sediments*®. Similar effective friction coefficient was suggested based on
the model of thermal cracking of oceanic lithosphere on early Earth®.

Water solubility maps: We modified water solubility map for px-garnet phases to better fit

the map calculated by Perple_X (see Fig S8).

Water in-gassing: In this study, we assume that at every time-step, the mantle minerals

only in the top 5 km of the computational domain (as opposed to 10 km done previously)
are partially saturated with water in accordance with their pressure- and temperature-
dependent solubility maps with water saturation fraction aw parameter (0< aw <1)
controlling the input of the surface water into the lithosphere.

Density: We corrected density of felsic material (TTG) by considering phase
transformations of feldspars and quartz at high pressures (see Fig. S 9). We have also
slightly modified density changes of olivine and pyroxene-garnet compositions at phase
boundaries to decrease density difference between pyrolite and pyroxene-garnet in
lowermost mantle to 1.7 %, simultaneously fitting density-depth distribution in PREM
model along 1600K adiabatic geotherm. We introduced the effect of water on density using

a simplified relation

Pow = pa(1 —aCyyp), (6)

where p,,, pg are densities of water-containing and dry material respectively, Cy40 is the

concentration of water in weight fraction and a is a constant, typically between 1 and 2
estimated using Gibbs energy minimization code’ (see Fig. S 9) that we consider as 2.0 in
this study.

Conditions for felsic crust (TTG) formation from hydrated basalt: In the present study, we

assume that TTG can only be produced from basalt if the latter’s water content is above 0.5
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wt.% (instead of 0.05 wt.% used in earlier studies) and that maximum degree of melting of

basalt to produce TTG is 30% instead of 10% used in previous studies!'*.

5. Isotopic systems and trace elements: We have introduced the evolution of Rb-Sr isotope

system as well as Nb, U, Ce and Pb trace elements. Constant parameters and solid-melt
partition coefficients used in the study are presented in Supplementary Tables 9, 10

respectively.

. Geodynamic models: definition of sampling for Figures 7,8 (main

text)

For the models presented in Figures 7 and 8 (main text), we show the evolution of the mean
Nb/U and Ce/Pb ratios with time for a selection of the model’s cells fulfilling the following
conditions: (1) Average cell temperature has to be more than 100K higher than average
temperature of all cells located at the same depth. This condition allows us to identify mantle
plume material. In practice, potential temperature of all selected cells in most of the models
appear to be higher than 1700°C. (i1) Cells have to be located within the depth range of 400-
600km. This condition is required to avoid cells from the top 300 km, from which the melt is
extracted and trace elements are partitioned. (iii) Average initial Sr isotope ratio (®’Sr/*Sr) of
each cell has to be less than 0.6997 to identify the Hadean fraction. Following this procedure, we
obtain mean values of trace elements ratios in the Hadean fraction of the potential komatiite
source and standard deviations of mean values at every output model time. To avoid
unrepresentative and too uncertain values, we further filter out values at times with too few
Hadean cells (<=20), with too large value of 2 standard deviation of mean Nb/U ratio (>=4) and
with too large 2 standard deviation of mean Ce/Pb ratio (>=2). As a result, we obtain mean
values of trace element ratios and their standard deviations (multiplied by 2) for each model at

every model output time, which we show in Figure 7& 8 (main text).
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Due to inherent randomness of convection processes arising from the initial thermal
perturbations and initial tracer positions, the model results vary even with the exact same
parameters. Group I presented in Figure 7 comprises of two sets of models (3 in each set) with
the same frictional strength (f=0.1) but with different water saturation fraction (alpha=0.25 or
0.20). The higher the value of alpha, the higher is the input of water into the lithosphere. Group
II presented in Figure 8 also comprises of two sets of models (2 in each set) with the same
frictional strength (f=0.2) but with different water saturation fraction (alpha=0.40 or 0.30).
Values of alpha were chosen such that all models of both groups produce similar amount of

continental crust during the Hadean.

. Geodynamic models: parameter sensitivity

In the main text we show the effect of lithospheric hydration and strength on the evolution of the
trace elements ratios of the Hadean fraction of potential komatiite source (Figure 7). Here, we
additionally show the influence of the variation of the parameter “a” (eq. 6) responsible for
decreasing the density of rocks due to water-containing minerals. Panels a-h in Figure S10 show
our models that fit well with the geochemical observations computed with our preferred value of
“a” of 2. Panels i-p in Figure S10 show modelling results obtained with the value of “a”
parameter of 1.5, which is more suitable for rocks at relatively high pressures (see Figure S9b)
with all the other parameters same as in the models with a=2. As we see from Figure S10, the

variation of “a” parameter does not change significantly the modeling results.
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