\

Making continental crust on water-bearing terrestrial planets
Justine Bernadet, Anastassia Yu. Borisova, Martin Guitreau, Oleg Safonov, Paul

Asimow, Anne Nédélec, Wendy Bohrson, Svetlana Kosova, Philippe de Parseval

» To cite this version:

Justine Bernadet, Anastassia Yu. Borisova, Martin Guitreau, Oleg Safonov, Paul Asimow, et al.. Making con-
tinental crust on water-bearing terrestrial planets. Science Advances, 2025, 11 (13), {10.1126/sciadv.ads6746).
<hal-05350377)

HAL Id: hal-05350377
https://cnrs.hal.science/hal-05350377v1

Submitted on 6 Nov 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://cnrs.hal.science/hal-05350377v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

SCIENCE ADVANCES | RESEARCH ARTICLE

W) Check for updates

SPACE SCIENCES

Making continental crust on water-bearing

terrestrial planets

Justine Bernadet’, Anastassia Y. Borisova'*, Martin Guitreau?, Oleg G. Safonov>*?, Paul Asimow?®,
Anne Nédélec", Wendy A. Bohrson®, Svetlana A. Kosova®, Philippe de Parseval’

The debate about early Earth differentiation focuses on the processes responsible for the formation of protocrust(s)
and continental crust of felsic (SiO, > 55 weight %) composition. One aspect of this debate is how Hadean zircons
fit into an ultramafic environment. On the basis of experiments, thermodynamic modeling, and elemental parti-
tioning, we show that felsic melts could have been generated by shallow interaction between primordial serpen-
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tinized peridotite and basaltic magmas on Earth and Mars. On the basis of the hafnium isotopic evolution of
Hadean detrital zircons worldwide, we infer that these interactions allowed for the formation of extensive Hadean
felsic crust (4.4 to 4.5 billion years ago), which, in turn, would account for up to 50% of the present continental
crustal mass. A similar process may have occurred on Mars. The serpentinized protocrust had a dual role in the
primitive planetary environment: to provide ingredients for the continental crust and to enable life to emerge on

water-bearing terrestrial planets.

INTRODUCTION

It has long been recognized that the Earth’s continental crust is Si and
Alrich [i.e., ~60 wt % SiO; and ~15 wt % Al,Os; (1)] and is thus felsic,
as testified to by the archaic adjective “sialic” The presence of conti-
nental crust on Earth is considered to be a consequence of plate tec-
tonics and abundant liquid water (2). Current geodynamic models
predict that liquid-water oceans could be generated on planetary
surfaces under a wide range of conditions (3), such that the continen-
tal crust could also be present on other rocky planets such as Mars
(4). The only remaining witnesses of the Hadean Eon are fossil isoto-
pic signatures left by extinct radioactivity (e.g., u'**Nd and p'**W)
and detrital zircon crystals (ZrSiO,) found in a dozen locations (5).
Extinct radioactivity mostly indicates that primordial protocrusts
were mafic and that mantle depletion was widespread and started
early, >4.3 billion years ago (Ga) (5). In contrast, Hadean zircon
crystals point to the existence of felsic magmas, crustal reworking,
relatively cool and oxidizing crustal conditions, and surface weather-
ing linked to liquid water and suggest that life may have had already
emerged by 4.1 Ga (6-11). These primordial conditions possibly oc-
curred on other terrestrial planets and exoplanets as well. Ancient
quartz diorite or granodioritic rocks have been identified in situ on
Mars (12, 13), and evidence for early felsic rocks has been reported
by remote observations thanks to spectroscopy (4, 14-17) by Com-
pact Reconnaissance Imaging Spectrometer for Mars (CRISM) and
Galileo Near-Infrared Mapping Spectrometer data for Venus. Conti-
nental crust formation is generally assumed to be intimately linked
to plate tectonics on Earth (5), but it is hard to reconcile the presence
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of continental crust on other planets that exhibit no evidence for
such a geodynamic regime.

Geochemical constraints such as detrital zircon Hf isotope com-
positions imply that Hadean felsic crust production began as early as
4.5 billion years (Gyr) ago (18, 19). Recently, we proposed a previ-
ously unknown mechanism for plagiogranite crust production via
shallow, fluid-assisted interaction between heavily serpentinized pro-
tocrust and basaltic melts (20, 21). In the present manuscript, we
document the maximum mass of felsic crust produced by serpentinite-
basaltic melt interaction and estimate the thermodynamic stability of
a primordial continental crust produced by this mechanism. In addi-
tion, we present an original model of primordial primitive mantle
magma ocean-to-felsic protocrust differentiation based on the ther-
modynamic modeling for Earth and Mars. All experimental, analyti-
cal, and modeling data are given in figs. S1 to S7 and tables S1 to S25.

RESULTS

To constrain trace element compositions of the resulting melt (e.g.,
Lu/Hf, Rb/Sr, Sm/Nd, and U) and olivine, we performed 13 long-
duration experiments on Earth’s basalt-serpentinite interaction (fig.
S1) and conducted temperature-pressure (T-P)-controlled thermo-
dynamic modeling to constrain the physical-chemical conditions and
mass of shallow felsic crust production on Earth and Mars. The ex-
periments (with variable melt-to-rock mass ratio, R) were designed
to simulate open-system interaction of basaltic melts with surround-
ing serpentinite. The coupled basalt-serpentinite system does not
necessarily have to reach thermodynamic equilibrium, although this
is likely to be the case in the experiments carried out previously (20)
and in this work (table S1). All experimental, analytical, and model-
ing details are shown in Materials and Methods. The produced mafic
to felsic melt compositions and the melt fractions strongly depend on
the starting basaltic melt-to-serpentinite mass ratio (Fig. 1). The ~6 wt
% difference between SiO, contents obtained in the models and those
measured in experimental melts are explained by a contribution from
shallow supercritical aqueous fluid produced in the hybrid system
(20). The resulting mafic to felsic melts [Mg# = Mg/(Mg+Fe) >
40] coexist with a garnet-free residue composed mostly of high-Mg
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Fig. 1. Felsic glasses and melts produced during experiments and by MELTS modeling. (A and B) SiO, and Al,O5 contents (in wt %) in the resulting melts versus start-
ing serpentinite proportions (or percentage in wt %) produced in the basalt-serpentinite system based on rhyolite-MELTS thermodynamic modeling and the 0.1-GPa ex-
periments. On the basis of the thermodynamic modeling, we show that felsic (SiO, > 55 wt %) melts could have been generated by shallow basalt-serpentinite interaction
on Earth. The shaded area corresponds to the most relevant serpentinite proportions (>60 wt %) when the melt compositions are felsic. The 6 wt % SiO, difference be-
tween SiO, contents in the modeled and experimental (yellow symbols) melts is explained by the role of supercritical aqueous fluid (79). Model 1 at 1090°C and 0.1 GPa
and model 2 at 1100°C and 0.1 GPa are performed with 1.0.2 MELTS. Model 3 at 1110°C and 0.1 GPa and model 4 at 1090°C and 0.1 GPa are obtained with 1.0.2 MELTS and
1.2.0 MELTS, respectively. The experiment was performed at 1100°C and 0.1 GPa. The stars correspond to the partial melts reaching felsic composition produced when the
Earth'’s primitive mantle or the Bulk Silicate Mars are reequilibrated at 950° to 1000°C and 0.1 GPa. Cpx, clinopyroxene. All data are available in tables S7 to S25.
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olivine (Fo > 91 mol %, forsterite content), rare Cr-spinel [Mg# = Mg/
(Mg+Fe) > 50, Cr# = Cr/(Cr+Al) > 60], and rare high-Mg clino-
and orthopyroxenes [Mg# = Mg/(Mg+Fe) > 68] (table S2). Heating
of pure serpentinite (100 wt %) to basalt superliquidus temperatures
does not generate melt but does produce an aqueous fluid in equilib-
rium with a harzburgite residue (figs. S2 to S4). The optimal serpen-
tinite percentage favorable for felsic melt production (SiO, > 55 wt
%) varies between 60 and 99 wt % (Fig. 1). The fraction of felsic melt
that is plagiogranite-type at the most relevant serpentinite percentage
is inversely proportional to the starting serpentinite percentage (in wt
%) in the basalt-serpentinite system (e.g., high serpentinite propor-
tions yield low portions of melt; Fig. 2). An important outcome of our
experiments is also the fact that the more serpentinite involved, and
hence the more hydrated the protocrust, the more enriched in trace
elements is the produced felsic melts, except for U (fig. S6). U was the
most efficient heat-producing element, through ***U decay, during
the Hadean Eon. Consequently, the shallow upper mantle could
maintain high heat flux, which, in turn, would influence the rheology
of the upper mantle, preventing it from stiffening and initiating plate
tectonics-like regime.

Our rhyolite-MELTS (versions 1.0.2 and 1.2.0) thermodynamic
calculations of felsic (Fig. 1, >55 wt % SiOy; figs. S2 to S4; and tables
S7 to S25) melt stability and melt fractions (Fig. 2) produced through
the basalt-to-serpentinite reaction were done at 1090° to 1250°C
and 0.1 to 0.7 GPa, as well as redox conditions corresponding to
quartz-fayalite-magnetite (QFM) mineral buffer. These calculations
constrain the maximum mass of the primordial continental crust
compared to that of the bulk continental crust on Earth (22), and
felsic melt fractions were further used to constrain the bulk mass of
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Fig. 2. Resulting melt fraction versus starting serpentinite proportion (or per-
centage in wt %) in the basalt-serpentinite system from 0.1 to 0.7 GPa and
from 1090° to 1250°C. The rhyolite-MELTS thermodynamic calculations of melt
fractions (<0.4) of felsic (> 55 wt % SiO,) melts produced due to the Earth’s basalt-
to-serpentinite reaction at 1090° to 1250°C and 0.1-0.7 GPa constrain the maximal
mass of the primordial continental crust. Model 5 at 1250°C and 0.5 GPa and model
6 at 1250°C and 0.7 GPa are obtained with 1.2.0 MELTS and 1.0.2 MELTS, respec-
tively. For experimental and other modeling constraints, see caption to Fig. 1. All
data are available in tables S1 and S7 to S25.
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the felsic crust. These masses are minima because we only used
rhyolite-MELTS model data, which showed an ~6 wt % difference
between SiO; contents obtained in models and those measured in
experimental melts; these differences can be explained by contribu-
tion from a shallow supercritical aqueous fluid (20). These con-
straints indicate that felsic crust production is possible owing to the
shallow (<0.5 GPa, <20 km) reaction between primordial hydrated
peridotite and basalt at the beginning of the Hadean (4.4 to 4.5 Ga).
We demonstrate that it was possible to produce felsic (continental)
crust equivalent to a minimum of 50% of present-day continental
crust mass (table S6).

DISCUSSION

Trace element [e.g., rare earth elements (REEs), Hf, etc.] concentra-
tions in experimentally produced felsic glasses from this study allow
constraints to be placed upon early mantle-crust differentiation pro-
cesses, which were encoded in Hadean zircons. Because the resulting
felsic glass composition is controlled by that of the starting basaltic
melt, the resulting glass is moderately enriched in REEs, Hf, Zr, and
other lithophile elements. Figure 3 presents a relevant compilation of
€nfcr) versus age [million years ago (Ma)] for Hadean and Archean
zircons (18, 19, 23-28). Hafnium isotope signatures in Hadean zircons
define a broad positive correlation with age as already noted by several
authors [e.g., (8, 19, 23, 25)]. This broad correlation is commonly in-
terpreted as tracing the reworking of an isolated enriched reservoir
throughout the Hadean. The slope of this correlation can be converted
into a Lu/Hf ratio which, in turn, can be used to establish the nature of
the enriched reservoir that was the source of zircon parental magmas.
When converted into a Lu/Hf ratio, the correlation for Hadean zircons
gives an average 76w/ Hf of ~0.02 [e.g., (19, 25)]. This ratio, taken at
face value, is interpreted as tracing a “mafic” crust involvement and
reworking (18, 19, 23, 25) because mafic rocks generally exhibit these
values (29). Our experimental felsic glasses produced at 0.1 to 0.2 GPa
(<6 km in depth; tables S3 and S4) have a variable Lu/Hf of 0.08 to
0.17 (fig. $5), equivalent to a '”°Lu/"”"Hf of 0.011 to 0.024, which are
identical to that recorded by Hadean zircons. In our experiments, the
highest ratios (Y®Lu/"7Hf = 0.023 to 0.024), which were obtained in 8
of 11 experiments (72%), correspond to felsic rather than mafic melts.
This finding addresses a major controversy, which is that mafic crust
reworking cannot explain the affinity of many Hadean zircons that be-
long to meta- to peraluminous granites (high-Al composition with
aluminum saturation index > 1) (5, 10, 27). Therefore, meta- to per-
aluminous felsic melts derived from hydrated ultramafic protocrust
and their further reworking throughout the Hadean can account for
all features of Hadean zircons. This felsic crust differentiation process
could have started 4.5 Gyr ago and required prior alteration of the
early-solidified magma ocean by liquid water.

It has been proposed that the correlation exhibited by Hadean
zircons may reflect a more complex history of mafic and felsic crust
reworking (30) and that it may also be affected by analytical and/or
geological artifacts (31). Consequently, more than one process could
be hidden in the broad Hadean correlation of Fig. 3 but it is essen-
tially impossible to deconvolute this complexity at the scale of ana-
Iytical uncertainties. However, such eyt versus age correlation at a
crustal scale is known to be apparently controlled, and buffered, by
dominant lithologies [e.g., (32, 33)]. Consequently, the average
76Lu/""Hf obtained from such correlations may not fully capture
the complexity of crustal evolution but may still provide meaningful
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Fig. 3. eHf versus age for globally distributed early terrestrial zircons. This plot
shows the specific evolution of Hadean zircon crystals, illustrated by the purple
array, compared to Archean crystals, which have more variable signatures requir-
ing an interplay between mantle contribution (rejuvenation) and crustal rework-
ing. All symbols correspond to zircon data. The data represent the evolution of
reservoirs characterized by 7°Lu/'77Hf that commonly correspond to chondritic
0.0338 (60), basaltic 0.022 (23), felsic 0.012 (7), and TTG (tonalite-trondhjemite-
granodiorite) 0.004 (67). The Archean TTG range is after (67). Our results illustrate
that Hadean zircon parental magmas may have originated from reworking of felsic
Hadean crust characterized by 76Lu/"77Hf obtained in our experiments (0.011 to
0.024), which was not the case in post-Hadean processes, where this crust appears
no longer sampled. The brown arrow represents post-Hadean rejuvenation by
crust-to-mantle interaction.

insights into dominant crustal processes. The results of our experi-
ments, therefore, provide a viable interpretation of Hadean zircon
enf(r) versus age correlation. We further show that the reworking of
such a felsic reservoir could be detected in the early Sr isotope re-
cord but not in the Nd isotope record due to very limited fraction-
ation between Sm and Nd (fig. S7).

Widespread melting of hydrated peridotite protocrust is possible
not only due to initial (ultra)mafic magmatism but also due to mete-
oritic impact-induced melting (20, 34). Our model limits the maxi-
mum pressure of felsic crust formation at 0.5 GPa, which corresponds
to a depth of 18 km on Earth (Fig. 4). Zircon-bearing plagiogranites
(20, 21) were formed due to high-temperature reactions, and 18 km is
the thermodynamic limit for such primordial plagiogranite crust pro-
duction provided that protocrust was hydrated and fractured to these
depths and conditions close to equilibrium conditions were achieved
during high-temperature fluid-assisted reactions (Figs. 1 and 2, figs.
S2 to $4, and table S6). Extensive melting of protocrust could, hence,
be possible at the beginning of the Hadean, where residual basaltic
melts from a magma ocean percolated through solidified ultramafic
protocrust. Renewed melting of the ultramafic protocrust or rework-
ing of the early felsic crust could still occur due to low to moderate
velocity impacts during the early Hadean. The zircon-bearing plagio-
granites (20) or granitic (35) crust was likely produced in high volume
during the Hadean. Available models on impact-induced melting
at controlled velocity of the impacting bodies (36) predict that shal-
low impact-induced melting related to low to moderate velocity
(220 km/s) and high-density impacts could be a principal trigger of
widespread partial melting. This process can be responsible for the

Bernadet et al., Sci. Adv. 11, eads6746 (2025) 26 March 2025

formation of a crustal volume that corresponds to a maximum of
~50% of present-day felsic crust, which would have segregated from
the ultramafic residue at the beginning of planetary evolution accord-
ing to this study (Fig. 4 and table S6). As we consider the planetary
surface to be covered by primordial hydrated (ultra)mafic proto-
crust, impact-induced melting is a likely process for formation of pri-
mordial shallow plagiogranite crust during the Hadean.

Alternatively, primordial differentiation of an ultramafic primi-
tive mantle-type magma ocean during the early Hadean could ac-
count for shallow plagiogranite protocrust production provided that
extensive volatile element degassing occurred and aqueous fluid
saturation conditions occurred at shallow levels upon magma ocean
differentiation and cooling (Figs. 1 and 2). Thermodynamic equili-
bration at 1000°C and 0.1 GPa of the Earth’s primitive mantle would
result in felsic melt production (Fig. 4). Water saturation of the mag-
ma ocean at shallow levels is highly possible based on physical con-
siderations (37). The bulk hybrid system of basalt with hydrated
harzburgite (serpentinite) is similar to the initial primitive mantle-
type model composition (~80 wt % harzburgite +20 wt % basalt)
(38). Our model of shallow (<10 km) differentiation under water-
saturated and moderate-temperature (1000°C) conditions (Fig. 1)
followed by melt segregation from an ultramafic residue at the be-
ginning of the Hadean could have produced <1% of present-day
continental crust mass (Fig. 4 and table S6). However, this is a mini-
mum estimate because we only considered shallow levels of the
primitive mantle layers and static instead of dynamic (convection-
driven) differentiation. Therefore, the limited production of conti-
nental protocrust could have been possible at the very beginning of
planetary evolution (early Hadean, 4.4 to 4.5 Ga) and could generate
continental crust (<1 km in depth) from shallow hydrated primitive
mantle magma ocean material provided high water contents at shal-
low levels that allowed aqueous fluid saturation of the magma at
pressures below 0.1 GPa. This process of felsic protocrust differen-
tiation, which may have happened as early as 4.5 Ga, requires earlier
hydration of the shallow magma ocean by an aqueous fluid.

The above-described mechanisms may have also been effective
on Mars during the Pre-Noachian to Noachian. Martian serpenti-
nites have been detected in ancient terrains (39), likely indicating
hydrothermal activity and serpentinite production even if an ocean
eventually formed on Mars (40), and that the Martian mid-crust was
composed of rocks saturated with an aqueous fluid (41). The pres-
ence of serpentinite implies an essential role of hydrothermal activ-
ity in the past on Mars. The bulk silicate composition of the Martian
mantle differs from that of the Earth’s mantle due to a much higher
FeO content, up to 15 wt % (42), which explains the higher density
of the Martian mantle. Model input of primitive basalt and serpen-
tinite compositions are representative for Mars, and the thermody-
namic modeling procedure is the same as that applied for the Earth’s
felsic crust (Materials and Methods and table S1). Impact-induced
melting of serpentinized protocrust impregnated with basalt below
0.4 GPa may be responsible for up to ~40% of Martian felsic crust
formation and segregation from the ultramafic residue at the begin-
ning of planetary evolution (Fig. 4 and table S6), assuming a
30-km-thick modern Martian crust (43).

Alternatively, planetary differentiation and the first felsic proto-
crust production could happen during the solidification of a magma
ocean that has primitive mantle composition. To account for the exis-
tence of evolved felsic lithologies (granodiorites) and thick crustal
blocks observed at the Martian surface through rover and orbiter
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Fig. 4. Schematic illustration of scenarios of the felsic crust and protocrust formation. (A) Scenario relates the abundant Earth’s felsic crust formation to extensive
impact-induced melting of serpentinized protocrust during Hadean, whereas scenario (B) relates the limited Earth’s felsic protocrust production to primitive magma
ocean differentiation. Schematic illustration of (C) and (D), two scenarios of the Martian felsic crust and felsic protocrust formation, respectively. (C) Scenario relates the
abundant Martian felsic crust formation to extensive impact-induced melting of the serpentinized protocrust, whereas scenario (D) relates the limited felsic Martian pro-
tocrust production to primordial magma ocean differentiation. All starting material component compositions can be found in the table S1B. The models are explained in

Materials and Methods and summarized in tables S6 to S25.

analysis (4, 12, 13), we performed thermodynamic modeling of bulk
silicate Mars at moderate depths with aqueous fluid saturation.
Shallow-level differentiation (at 0.1 GPa corresponding to <10 km in
depth; table S6) could happen at conditions of aqueous fluid satura-
tion and a temperature of 950°C (Figs. 1 and 4). The subsequent seg-
regation of the felsic melt from an ultramafic residue at depths below

Bernadet et al., Sci. Adv. 11, eads6746 (2025) 26 March 2025

1 km at the beginning of the Pre-Noachian could account for
<1% of the bulk Martian continental crust (table S6). Again, this is
a minimum estimate because we only considered shallow levels of the
water-saturated primitive mantle and a static instead of dynamic
differentiation. Figures 1 and 4 illustrate that low-pressure silicate
and hydrous mantle differentiation could be a viable rock-forming
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process to produce a limited felsic protocrust on terrestrial planets
such as Mars.

Extensive formation of felsic crust could happen due to the pres-
ence on rocky planets of highly serpentinized protocrust, whereas
only limited felsic protocrust could be produced from primitive
magma ocean differentiation. In addition to providing the means of
formation of the first felsic crust, shallow serpentinite protocrust is
also a favorable setting for the abiotic synthesis of amino acids/RNA
components in shallow hydrothermal systems (44), creating an ap-
propriate tectono-magmatic environment for the emergence of life
on Earth and possibly on other water-bearing terrestrial planets.

MATERIALS AND METHODS

High-temperature experiments

Mixed-type long-duration reaction experiments were used to model
equilibration. The starting materials were composed of mixtures of
basalt and serpentinite powders in different proportions (from 0 to
100 wt % of serpentinite; Fig. 1), and therefore different starting
melt (basaltic component)-to-rock (serpentinite component) mass
ratios (R, in wt %) were used (table S1A). The starting serpentinite
and basalt compositions are given in the table S1B. The starting ba-
salt is a slightly enriched mid-ocean ridge basaltic glass with com-
position corresponding to the Archaean basalt (21). Experiments
were performed at 0.1 GPa and 1100°C, and all experiments were
run for 5 days. The experiments (with variable melt-to-rock mass
ratio, R) were designed to simulate open-system interaction of ba-
saltic melt with serpentinite. The hybrid system does not necessarily
have to reach thermodynamic equilibrium, although this is likely to
be the case in the experiments carried out in this work. The 6 wt %
difference between SiO, contents in the modeled and experimental
melts (Fig. 1) is explained by the contribution of aqueous fluid (20),
which cannot be distinguished from melt due to the quenching ef-
fect. The experiments were carried out using an internally heated
gas pressure vessel at the Korzhinskii Institute of Experimental Min-
eralogy, Chernogolovka, Russia, using argon gas as the pressure me-
dium. The system was heated by a furnace with two windings (to
minimize the thermal gradients). The temperature was controlled
and measured by a TRM-101 OVEN controller with two S-type
(PtooRhyo-Pt;gp) thermocouples. The thermocouples were mounted
on top and close to the bottom of the experimental capsule. The ex-
periments were quenched by switching off the furnace’s electrical
power. The pressure during the quench was constant down to 150°C
and then was slowly released at lower temperatures. The cooling rate
from the run temperature to 500°C was 167°C/min and 90°C/min
down to 150°C.

Microanalysis

Major element analyses of silicate and oxide minerals and silicate
glasses (table S2) and backscattered electron images of the samples
were performed at the Géosciences Environnement Toulouse (GET,
Toulouse, France) laboratory and at the Centre de Microcaractérisa-
tion Raimond Castaing (Toulouse, France). The main silicate phases
in the samples were identified using a scanning electron microscope
JEOL JSM-6360 LV coupled with energy-dispersive x-ray spectros-
copy (20). The major, minor, and volatile element concentrations
in glasses and minerals were analyzed using a CAMECA SX-Five
microprobe. For the microanalysis of the silicate hydrous glasses,
the CAMECA SX-Five was used following the method in (20). The
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beam (15 kV and 10 nA) was defocused to ~10 pm? where possible
for the glass analysis. Sodium was analyzed first to ensure minimal
loss during electron probe microanalysis (EPMA). For the micro-
analysis of the silicate and oxide minerals, the beam (15 kV and 20 nA)
was focused to ~2 pm®. These analytical conditions allowed an optimal
signal for the major and minor elements, good internal precision,
and minimal sodium loss during EPMA. The following synthetic
and natural standards were used for calibration: albite (Na), corun-
dum (Al), wollastonite (Si and Ca), sanidine (K), pyrophanite (Mn
and Ti), hematite (Fe), periclase (Mg), and Cr,O3 (Cr). Element and
background counting times for most analyzed elements were 10 s
(except for 5 s for Na and K) and 5 s, respectively, whereas the peak
counting time was 120 s for Cr. The detection limit for Cr was 70 parts
per million. The silicate reference materials of MPI-DING and
SRM NIST, which ranged from ultramafic to felsic composition
(GOR132-G, GOR128-G, KL2-G, ML3B-G, and ATHO-G) (45),
were analyzed as unknown samples to monitor analytical accuracy.
The estimated accuracy ranges from 0.5 to 3% [1o RSD (relative
SD)], depending on the element contents in the reference glasses. In
addition, analysis of reference silicate material allowed us to estimate
analytical precision for the major and minor elements (e.g., Cr in
glasses). The precision estimated in this way is compatible with the
microprobe analytical uncertainty (derived from counting statistics).

Experimental glass compositions were determined using laser
ablation inductively coupled plasma mass spectrometry at Labora-
toire Magmas et Volcans (Clermont-Ferrand, France) using a Reson-
etics Resolution M-50 (5-ns pulse duration and 193-nm wavelength)
coupled to a Thermo Element XR. Measurements were conducted
using a spot size of 15 pm, a frequency of 3 Hz, and a fluence of 2.5 J/
cm’. We analyzed the following interference-free isotopes to deter-
mine elemental concentrations: *'B, *Na, Mg, ¥’ Al, *Si, *K, *Ca,
974 550, BRb, 8y, 2y, 07r SNb, 3Cs, *Ba, PLa, °Ce, “Ipr,
146Nd, WSm, Blgy, 157Gd 159Tb 163Dy, 165H 166Er’ 169T 173y,
7Ly, "8OH, 181T 183W 208ph, 232Th, and *°U. Experlmental glasses
were analyzed by standard bracketing using SRM NIST 612 (45),
which was used as our primary reference material, whereas BCR-2G
(46) was used as a secondary standard for quality check. Concentra-
tions were obtained from background-corrected signals using *’Ca,
and data were processed using the software GLITTER (47, 48). All
determined concentrations are consistent with published uncertain-
ty, which is <20%.

Thermodynamic modeling

Calculations used an enriched mid-ocean ridge basalt sample as a
representative mafic melt and the serpentinite TSL-19 (19) as the
representative serpentinite rock for Earth and typical Martian or
comparable terrestrial analogs for basalt and serpentinite for Mars
(table S1B). The starting materials of Martian serpentinite and ba-
salt, Bulk Silicate Mars, and Earth’s primitive Mantle are from refs.
(38, 42, 43, 49-51) (table S1B). To estimate the composition of the
melt and mineral phases produced in serpentinite-basalt interac-
tion, we performed rhyolite-MELTS thermodynamic equilibrium
calculations in the basalt-serpentinite system. Most calculations
were conducted at a temperature range from 1100° to 1250°C and
pressures of 0.1 to 0.7 GPa and oxygen fugacity corresponding to
QFM oxygen mineral buffer, with basalt-to-serpentinite initial mass
ratios (R) covering the whole range of the experimental ratios in the
mixed experiments where the felsic liquids were recorded. Initial
basaltic melt-to-serpentinite rock mass ratios (R) ranged from 0 to
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1. Modeling of thermodynamic equilibrium phases was performed
using the easyMelts 0.2.4 beta (https://magmasource.caltech.edu/
gitlist/easyMelts.git/) software package and rhyolite-MELTS (ver-
sions 1.2.0 and 1.0.2) software (52, 53). During the modeling of in-
teraction between a pure serpentinite end-member and a basaltic
melt, the rate of assimilation was 2 g per step for 1000 steps; tables
S7 to S25 list modeling results, and figs. S2 to S4 provide more infor-
mation on the performed PERPLE_X thermodynamic modeling.

PERPLE_X modeling (version 7.1.5, published 12 January 2023)
was also used to further compare thermodynamic model results to
the experimental data. The database was set to hp633ver.dat, and
computational option was left to default. The main oxide compo-
nents were left untransformed. The goal for this study was to create
a two-dimensional grid, with a starting serpentinite mass fraction
from 0 to 1 (from 0 to 100 wt %) on the x axis whereas temperatures
ranging from 1173 K (900°C) to 1673 K (1400°C) on the y axis of
phase diagrams. Fluid equation of state used was that in (54), and
solid solution list used accounts for the presence of clinopyroxene,
orthopyroxene, spinel, olivine phases all from (55), as well as plagio-
clase, ilmenite (54), and melt (56) in the hybrid system. An optimal
terrestrial serpentinite percentage favorable for production of felsic
(=55 wt % SiO;) melts is higher than 60 wt % at a melt fraction
lower than 0.4. Thus, it was confirmed that optimal parameters for
the felsic (>55 wt %) melt production were between 0.1 and 0.2 GPa,
temperatures between 1273 and 1473 K (1000° and 1200°C), and
starting hydrated peridotite proportions above 60 wt %. Further
phase diagrams were thus created first by using a fixed mixture of
80 wt % serpentinite and 20 wt % basalt ratio, plotting pressure
against temperature. Two additional diagrams were then created
plotting compositions against pressure on a fixed temperature of
1373 K (1100°C), and one representing composition versus temper-
ature using the fixed pressures of 0.2 GPa (figs. S2 to S4).

Geochemical modeling
Theoretical modeling of the Lu-Hf evolution corresponds to the iso-
topic notations of eye(T)

enry = { | (7B THE) /(TR TR G| - 1) <000 1)

where CHUR is chondritic uniform reservoir. The CHUR (Chon-
dritic Uniform Reservoir) '"°Hf/'””Hf ratio was corrected using a
present-day value of 0.282793 and a "7*Lu/"”"Hf ratio of 0.0338 (57).
The felsic crust differentiation line corresponds to the average Lu/
Hf=0.16 and '"°Lu/"""Hf = 0.023 observed in the basalt-serpentinite
reaction-type experiments (Fig. 3). To plot the line, the decay con-
stant A 7%Lu = 1.867.10" year_1 (58) and chondritic uniform reser-
voir parameters published in (57) were used.

Estimation of the continental crust and protocrust masses
and depths (Earth and Mars)

The protocrust is formed due to the magma ocean solidification.
Masses (kg and tonne) of the continental crusts and protocrusts
(Earth, Mars) were estimated using the following equation

M=4nFR*Hp ®)

where M is the continental crust mass (kg and tonne), F is the max-
imum fraction of felsic melt obtained by the performed thermody-
namic modeling, R is the Earth’s radius (and Martian radius) (59) (km),
H (km) is the maximum depth where the shallow felsic (>55 wt %
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SiOy) crust is stable, and p (kg/ m°) is the average density of the felsic
crusts (49) (table S6). The obtained continental crust masses were
subsequently compared to the mass of the modern Earth’s continen-
tal crust (22) and the bulk mass of the Martian continental crust
(~1.3" tonnes) estimated based on the available InSight data (49) on
the Martian crust density (table S6). The depths (km) of the felsic
crusts and protocrusts (Fig. 4) have been estimated based on the fol-
lowing equations (Eqs. 3 to 5)

P

H=-2

pg ®
where H is the depth (km) of the partially melted system where the
felsic crust is stable, P (Pa or kg m~! s72) is the pressure of the ther-
modynamic stability of the felsic melts, p is the felsic crust density
(2800 kg/m3 for Earth and 2975 kg/m3 for Mars) (49), and g is the
gravitational constant (9.8 m/ s for Earth and 3.7 m/s* for Mars) (59)

m (felsic melt)

F =
m (crystal residue) + m (felsic melt) (4)

where F is the fraction of the melt in the hybrid system, m is mass
(kg) of the felsic melt (equivalent of felsic crust), and the crystal
residue is the crystals (olivine, chromite, and pyroxenes) in the pro-
duced hybrid systems

_ h(felsic crust)
H (bulk system) (5)

_ v (felsic melt)
Vv (bulk system)

where v and V are the volumes of the produced felsic crust and the
bulk partially melted system, respectively; and h and H are depths of
the crust and the bulk partially melted system, respectively. The H
(km) illustrated in Fig. 4 corresponds to the maximal pressures of
the felsic melt and crust stability.
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