
HAL Id: insu-03857079
https://insu.hal.science/insu-03857079

Submitted on 21 Jul 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Early differentiation processes on Mars inferred from
silicon isotopes

Delphine Losno, Caroline Fitoussi, Bernard Bourdon

To cite this version:
Delphine Losno, Caroline Fitoussi, Bernard Bourdon. Early differentiation processes on Mars
inferred from silicon isotopes. Geochimica et Cosmochimica Acta, 2022, 338, pp.11-23.
�10.1016/j.gca.2022.10.002�. �insu-03857079�

https://insu.hal.science/insu-03857079
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Geochimica et Cosmochimica Acta 338 (2022) 11–23
Contents lists available at ScienceDirect

Geochimica et Cosmochimica Acta

journal homepage: www.elsevier .com/locate /gca
Early differentiation processes on Mars inferred from silicon isotopes
https://doi.org/10.1016/j.gca.2022.10.002
0016-7037/� 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: bernard.bourdon@ens-lyon.fr (B. Bourdon).
Delphine Losno, Caroline Fitoussi, Bernard Bourdon ⇑
Laboratoire de Géologie de Lyon, Terre, Planètes, Environnement, ENS de Lyon, UCBL, CNRS, 46 Allée d’Italie, 69364 Lyon cedex 07, France
a r t i c l e i n f o

Article history:
Received 4 April 2022
Accepted 3 October 2022
Available online 10 October 2022
Associate editor: Helen Williams

Keywords:
Mars
Magma ocean
Silicon isotope
Isotope fractionation
a b s t r a c t

Accretion of terrestrial planets involved partial or global melting events such as magma oceans or magma
ponds. Mars experienced large-scale differentiation very early in its history, as shown by its 146Sm-142Nd
and 182Hf-182W record. The broad variations in e142Nd and e142W of SNC meteorites highlight the pres-
ence of mantle sources that must have remained isolated, at least partly, after the crystallization of a glo-
bal magma ocean. In this study, we have investigated whether the crystallization of the martian magma
ocean could have generated mantle reservoirs characterized by different silicon isotope signatures, as the
fractionation of Si isotopes between minerals and melts is known to depend on pressure. Thus, the goal of
this study was to investigate whether there were any relationships between magma ocean crystallisation
and possible variations in the Si isotope record of SNC meteorites. High resolution silicon isotope mea-
surements were performed on twelve meteorites from the Shergottite, Nakhlite and Chassignite groups
using a Neptune Plus MC-ICP-MS in dry plasma mode. The d30Si values are in good agreement with pre-
vious studies but display a narrower range of variations with a mean value at �0.46 ‰ ± 0.07 (2SD). A
magma ocean crystallization model shows that the range of d30Si in SNCs is consistent with that gener-
ated by magma ocean crystallisation. In particular, there is a correlation between calculated 147Sm/144Nd
for the moderately depleted mantle sources with d30Si values; this correlation is consistent with the crys-
tallization model if one includes trapped melt in the cumulates. In contrast, enriched shergottites dis-
played a very homogenous composition in Sm/Nd ratios, despite significant variability in d30Si. This
observation could be related to either fluid-rock interactions or redox effect during magma differentia-
tion. Altogether, silicon isotope compositions of SNC provide new constraints about magma ocean crys-
tallization processes in Mars.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The isotope composition of major elements such as Fe, Mg and
Si in planetary materials has been the focus of various studies aim-
ing at better understanding accretion and differentiation processes
leading to the chemical diversity among planetary bodies (e.g.
Dauphas et al., 2015; Fitoussi et al., 2009; Hin et al., 2017;
Magna et al., 2017; Sossi et al., 2016; Williams et al., 2021). The
Earth, Moon, Mars and smaller objects of the inner Solar System
likely experienced a partially or totally molten state following their
accretion (Solomatov, 2000, 2007; Reese and Solomatov, 2006;
Elkins-Tanton, 2012; Schaefer and Elkins-Tanton, 2018). The
sources of energy to produce such a magma ocean are linked with
accretion processes, core formation and radioactive decay of short-
lived radioisotope such as 26Al, provided the accretion timescale
was sufficiently rapid (half-life of 0.717 Myr) (Elkins-Tanton,
2012). The large amount of energy released by impacts during
accretion and differentiation was sufficient to entirely melt a
Mars-size object (Elkins-Tanton, 2005; Nimmo and Kleine, 2007;
Plesa et al., 2014). The complete separation of metal and silicate
during core formation of the Earth and Mars should also yield com-
plete mantle melting, thereby allowing metallic liquid percolation
throughout the entire mantle (Terasaki et al., 2005).

The SNC meteorites (Shergottite, Nahklite and Chassignite
group) are basaltic to ultramafic rocks that are thought to have
been ejected from the surface of Mars (McSween, 1994; Treiman
et al., 2000). The shergottites show a large variation in e142Nd
and e142W indicating heterogeneous mantle sources that were
formed when the parent isotopes of 142Nd and 182W were still
extant (Harper et al., 1995; Foley et al., 2005; Debaille et al.,
2007; Caro et al., 2008; Kruijer et al., 2017). Thus, mantle differen-
tiation must have occurred very early in Mars history and the time
scale of differentiation was estimated to range between 20 Myr
after the beginning of the Solar System (Bouvier et al., 2018;
Kruijer et al., 2020) and 100 Myr in the case of a protracted magma
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ocean (Debaille et al., 2007; Caro et al., 2008; Borg et al., 2016;
Kruijer et al., 2017). Subsequently, the geochemical evolution of
SNC mantle sources has been explained by various models high-
lighting a complex magmatic history (Blichert-Toft et al., 1999;
Jones, 2003; Papike et al., 2009; McCubbin et al., 2013).

The preservation of 142Nd and 182W anomalies in SNC shows
evidence for inefficient mantle mixing following magma ocean
crystallization and is corroborated by dynamical models of mantle
evolution (e.g. Breuer and Spohn, 2003; Kiefer 2003). The study of
Huang et al. (2014) has shown that in the Earth, magma ocean
crystallization could impart a Si isotope signature typical of the
lower mantle that would be distinct from the upper mantle. The
crystallization of a magma ocean (Draper et al., 2003; Draper
et al., 2005; Elkins-Tanton et al., 2003; Bertka and Fei, 1997) should
in principle involve at least the presence of majorite and ringwood-
ite or even perhaps bridgmanite (Mg-perovskite), which have been
shown to involve a larger Si isotope fractionation factor compared
with other minerals (Huang et al., 2014). Note, however, that in
principle according to recent models for Mars composition (e.g.
Yoshizaki and McDonough 20), bridgmanite should not be present
in the martian mantle). Thus, the fractional crystallization of the
MMO (Martian Magma Ocean) could potentially give rise to the
presence of different Si isotope reservoirs. Given that the Mars
mantle shows a better preservation of old magma-ocean related
signatures in other isotope systems, one could imagine that it is
worth investigating Si isotopes from that perspective.

In this respect, the silicon isotope signatures of SNC could also
reflect the composition of their various mantle sources, as mag-
matic melting and differentiation does not greatly fractionate sili-
con isotopes, provided the SiO2 contents are below 55 wt% (Fitoussi
et al., 2009; Savage et al., 2014). It has been suggested that evapo-
ration processes from the surface of the magma ocean could have
fractionated silicon isotopes in the case of the Earth (Hin et al.,
2017). Thus, one could argue that similar processes could have
operated since Mars also experienced a magma ocean stage. In
contrast, a recent study by Tang and Young (2020) indicates no sig-
nificant Si mass-dependent fractionation is likely to take place
while a planet-size body had a magma ocean. It was also shown
by Dauphas et al. (2015) that impact-induced Si volatilization
was also not likely to have induced silicon isotope fractionation
on Moon and Mars sized planetesimals. In addition, one also needs
to take into account the potential effect of core formation, as this
process has been shown to affect the Si isotope composition of
planetary mantles (e.g., Bourdon et al., 2018).

Previous studies of Si isotopes in SNC meteorites have shown a
large range in d30Si values (–0.33 to �0.61 ‰) and this could be
indicative of analytical biases between laboratories (Armytage
et al., 2011; Pringle et al., 2013; Zambardi et al., 2013) or of a true
isotope heterogeneity, although it is difficult to conclude as these
studies had few samples in common.

In this study, we revisited this issue by analyzing a larger collec-
tion of martian meteorites using a Neptune Plus MC-ICP-MS oper-
ating in dry plasma mode. These new Si isotope measurements
define a precise dataset of silicon isotope signature for the different
martian mantle sources and this data set is used to investigate
whether magma ocean signatures could still be present in the mar-
tian mantle.
2. Sample preparation and analytical methods

2.1. Sample description

Samples analysed in this study include ten martian meteorites
which belong to the shergottite group (LAR06319, LAR12011,
RBT04262, NWA856, NWA480, EET790010-A and B, Zagami and
12
NWA), one meteorite from the nakhlite group (MIL03346) and
one from the chassignite group (NWA2737) (see Supplementary
Materials, Tables S1 and S2). The three different groups share sim-
ilar oxygen isotope composition expressed as D17O (Clayton and
Mayeda, 1983) and show homogeneous redox state within each
group (Stolper et al., 1979; Wadhwa, 2001; Herd, 2003) although
a recent study argues for a homogeneous fO2 in the martian mantle
(Nicklas et al., 2021). The relatively young crystallization age of
shergottites, between 170 and 341 Ma (see compilation by
McSween and McLennan, 2014) compared with other extra-
terrestrial materials means that the formation of SNC are associ-
ated with relatively recent igneous processes that could be related
to Mars mantle-crust evolution (Bogard and Johnson, 1983; Udry
et al., 2014; Filiberto, 2017; Day et al., 2018; Mezger et al. Udry
et al., 2020). The SNC meteorites consist of mafic and ultramafic
cumulate rocks with various magmatic history (McSween, 1994;
Udry et al., 2020). The classification of SNC is based on their incom-
patible trace element relative enrichment and three groups can be
distinguished, depleted, intermediate and enriched, corresponding
to various levels in the La/Yb ratio (e.g. Udry et al., 2020). In paral-
lel, the shergottite group is also divided according to their petro-
logical type (Udry et al., 2020) and this classification was
followed in Table 3 and Tables S1 and S2. The basaltic shergottites
have basaltic textures with major mineral phases consisting of
clinopyroxenes (pigeonite and augite) and plagioclase (in the form
of glass or maskelynite produced by shocks). Poikilitic shergottites
present a poikilitic texture consisting mainly of olivine with
clinopyroxene and orthopyroxene. The olivine-phyric group pre-
sents olivine porphyritic texture, low augite content and chromite
in addition to other minor mineral phases. Nakhlite MIL03346 con-
sisting mainly of clinopyroxene was classified as a clinopyroxenite
and Chassignite NWA2737 composed essentially of olivine was
classified as a dunite. The nakhlite and chassignite group share
similar crystallization ages, ejection ages and trace element com-
positions that suggested a common magmatic petrogenesis
(Jones, 1989; McCubbin et al., 2013). The twelve analyzed samples
were not exposed to significant terrestrial or martian weathering
and presented shock features as melt pockets (see Supplementary
Materials, Table S2).

2.2. Sample preparation

The samples were first cleaned in an ultrasonic bath with deion-
ized water followed by a bath in distilled ethanol. Samples were
then powdered in an agate mortar that was pre-cleaned with
0.5 M HNO3. The primary standard reference material SRM 8546
(consisting of ultra-pure silica powder), secondary standards Dia-
tomite and BHVO-2 and martian samples were dissolved using
an alkali fusion method adapted from the procedure described in
Georg et al. (2006). Between 1 and 4 mg of powdered sample
was melted at 730 �C in a silver crucible with a � 200 mg NaOH
pellet for 7 min and 30 s. After letting the fusion cake cool down,
the crucible was transferred to a 30 ml Savillex vial filled with
Milli-Q Element water. An ultrasonic tip was introduced in the vial
for 4 min and the solution was left to equilibrate at 120� on a hot-
plate overnight. The solutions were then transferred to Teflon bot-
tles and the vials were rinsed with Milli-Q water until the silicon
concentration was diluted to 6 ppm. A solution of 6 M HCl was
then added to reach a pH between 2 and 3 which is a necessary
condition for reliable silicon isotope analysis (Fitoussi et al., 2009).

2.3. Column chromatography

A solution corresponding to approximately 3 lg of silicon was
loaded on a BioRad column filled with 1 ml of cation exchange
resin BioRad 50 W-X8, 200–400 mesh in H+ form. The separation



Table 2
Instrumental settings for silicon isotope analysis on the Neptune Plus MC-ICP-MS.

Parameter Neptune Plus

Rf power 1200
Sampler cone Standard ‘‘H”-type, Nickel
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procedure was adapted from the initial procedure described by
Georg et al. (2006) and the new separation protocol is summarized
in Table 1. The cations stick to the resin whereas the silicic acid
(H4SiO4 and H3SiO4

- in acidic water solution) goes through the col-
umn and thus the Si fraction is collected with a yield close to 100 %.
Skimmer cone Jet ‘‘X”-type, Nickel
Coolant gas (Ar) flow 16 l/min
Auxiliary gas (Ar) flow 1.23 l/min
Z torch position 2.5 mm
Nebulizer uptake rate � 70 ll/min
Cup configuration H3: 30Si; C: 29Si; L3: 28Si
Si running concentration 0.5 ppm
Sensitivity on 28Si beam � 15 V
Instrumental blank � 150 mV
Desolvating device DSN-100
DSN nebulizer pressure 30 PSI
DSN hot gas flow 0.2 l/min
DSN membrane gas (Ar) flow � 4–5 l/min
2.4. Mass spectrometry

Silicon isotopic measurements were performed on a Neptune
Plus MC-ICP-MS in dry plasma mode using a DSN-100 desolvating
nebulizer introduction system. The aerosol was introduced in the
plasma by a silicon torch equipped with a sapphire injector to min-
imize Si instrumental blank. The mass spectrometer was run in
medium resolution mode with a resolving power of � 7500 which
allows to resolve silicon isotope ion beams from polyatomic inter-
ferences on the high mass side of the peak plateau (e.g. 12C16O+ and
14N2 on 28Si+; 12C17O+, 14N15N+, 12C17O+ on 29Si+; 12C18O+, 14N16O+

on 30Si+). The measuring position for 28, 29 and 30 amu on the
peak shoulder is illustrated in Fig. S1 that also shows the level of
interferences. All instrumental parameters were optimized to
reach maximum sensitivity, signal stability and signal to noise
ratio and the running conditions are given in Table 2. The signal
to noise ratio was increased by modifying the nature of the injector
(sapphire versus quartz) as well as the running parameters (e.g.
position of the torch, RF power). This overall increased the signal
to noise ratio by a factor of at least 10. The instrumental mass frac-
tionation was corrected by the sample-standard bracketing
method. Silicon isotope compositions are expressed in per mil vari-
ation relative to the NBS-28 standard using the following equation
with exponent x corresponding to either 29 or 30:

dxSi ¼
dxSi
d28Si

� �
sample

dxSi
d28Si

� �
NBS�28

� 1

2
64

3
75� 1000 ð1Þ

The electronic background level on the Faraday cup amplifiers
was measured over 60 s and subtracted prior to each sample mea-
surement. Each sample was measured over one block of 36 cycles
with an integration time of 8.389 s, each amplifier being equipped
with 1011 X resistors. An on-peak-zero (OPZ) correction was car-
ried out by measuring the intensities of the three silicon masses
in the cleanest 0.002 M HCl wash over 75 s before and after each
analysis.

The Diatomite was used as a secondary standard at the begin-
ning and within each measurement sequence to ensure the accu-
racy and mass dependence of the measurements. The well-
characterized terrestrial Hawaiian basalt BHVO-2 was also used
Table 1
Column chromatography procedure for silicon separation.

Separation Stage Solution Volume

Pre-cleaning resin 3 N HCl Column
reservoir

Pre-cleaning resin 6 N HCl Column
reservoir

Pre-cleaning resin 15 N HNO3 200 ll
Pre-cleaning resin 6 N HCl Column

reservoir
Pre-cleaning resin 3 N HCl Column

reservoir
Pre-cleaning resin Milli-Q 4 column

reservoirs
Sample load Acidified sample solution to

pH 2–3
� 0.5 ml

Elution Milli-Q 2 ml
Dilution to running

concentration
Milli-Q Between 2 and

5 ml
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to assess the reproducibility of our measurements. The d30Si for
these standards are 1.25 ± 0.16‰ (±2SD, N = 429) for the Diatomite
and �0.27 ± 0.13 ‰ (±2SD, N = 131) for BHVO-2, which is in good
agreement with literature data as summarized in Table 5.
3. Results

The silicon isotope compositions for twelve martian meteorites,
one lunar sample 70017 and the two secondary standards Diato-
mite and BHVO-2 are reported Table 3 and shown in Fig. 1 for
checking consistency with previous work (e.g. Fitoussi and
Bourdon 2012). All measured Si isotope data were mass dependent
and this was used as a validity check. The three-isotope plot, d29Si
versus d30Si yielded a slope of 0.5055 which is consistent with the
slopes of equilibrium (0.5178) and kinetic (0.5092) isotope frac-
tionation (Fig. 2b).

The lunar d30Si value of �0.33 ± 0.01 ‰ (2SE, N = 12) coincides
with recent d30Si reported in the literature (Georg et al., 2007;
Fitoussi and Bourdon, 2012; Armytage et al., 2012; Zambardi
et al., 2013). The d30Si values of martian meteorites analyzed in this
study range from �0.41 to –0.52 ‰ leading to a mean d30Si for SNC
equal to �0.46 ± 0.07 ‰ (2SD), in agreement with previous studies
(Table 4). Nevertheless, the spread in d30Si values of SNC is more
limited than in previous studies. The d30Si of Nakhlite MIL03346
was previously measured by Zambardi et al. (2013) with a mean
of �0.49 ± 0.06 ‰ (2SE) close to the value of �0.50 ± 0.02 ‰

(2SE) obtained in this study. The enriched shergottite Zagami
was also measured by Zambardi et al. (2013) with a d30Si value
of �0.49 ± 0.05 ‰ (2SE) and by Armytage et al. (2011) with a
higher d30Si value equal to �0.39 ± 0.04 ‰ (2SE). The d30Si for
Zagami obtained in this study (�0.46 ± 0.02) is closer to the value
given by Zambardi et al. (2013) (�0.49 ± 0.05 ‰, 2SE). The d30Si
values of the Nakhlite MIL03346 (�0.50 ± 0.02) and Chassignite
NWA2737 (�0.52 ± 0.02) analyzed in this study indicate a slight
enrichment in light isotopes compared with the mean of �0.45 ± 0
.02 ‰ (2SE) of shergottites.
4. Discussion

4.1. Role of core formation on the Si isotope composition of SNC
meteorites

Silicon partitioning experiments between metal and silicate
have demonstrated that the metal fraction should be enriched in
light Si isotopes, while an enrichment in heavy Si isotopes was
found for the silicate phase (Shahar et al., 2009, 2011; Javoy
et al., 2012; Hin et al., 2014). The silicon isotope composition of



Table 3
Silicon isotope data for martian meteorites.

Nature d29Si 2SE d30Si 2SE N1 SiO2 (wt%)2

Standards
Diatomite (±2SD) 0.64 0.09* 1.25 0.16* 429 100
BHVO-2 Hawaïan basalt �0.14 0.01 �0.27 0.02 43 49.9

Moon

70017 Ilmenite basalt �0.16 0.01 �0.33 0.01 12 38.5
Martian Meteorites
Depleted3

DaG-476 Ol-phyric Shergottite �0.20 0.03 �0.43 0.03 5 45.4
SaU-005 Ol-phyric Shergottite �0.21 0.02 �0.45 0.02 5 46.3
Intermediate
NWA480 Basaltic Shergottite �0.22 0.01 �0.44 0.02 12 50.3
EET790010A Ol-phyric Shergottite �0.22 0.01 �0.44 0.03 10 51.7
EET790010B Ol-phyric Shergottite �0.25 0.01 �0.47 0.02 12 49.9
ALH77005 Poikilitic Shergottite �0.22 0.01 �0.43 0.02 12 41.3
Enriched
LAR06319 Ol-phyric Shergottite �0.21 0.02 �0.42 0.05 8 46.7
LAR12011 Ol-phyric Shergottite �0.25 0.02 �0.49 0.03 12 46.7
RBT04262 Poikilitic Shergottite �0.25 0.02 �0.45 0.02 12 47.6
Zagami Basaltic Shergottite �0.23 0.01 �0.46 0.02 12 51.2
NWA856 Basaltic shergottite �0.21 0.02 �0.41 0.05 8 48.9
NWA14017 Ol-phyric shergottite �0.24 0.02 �0.47 0.04 18 _
NWA2737 Chassignite �0.27 0.01 �0.52 0.02 17 37
MIL03346 Naklite, cpxnite �0.26 0.01 �0.50 0.02 26 49.5
Mars average (±2SD) �0.24 0.04 �0.46 0.07 N = 12

1 N is the number of measurements of each sample.
2 Silicon concentrations are obtained from the Lunar Sample Compendium for 70017 and the Martian Meteorite Compendium for the SNC and from the United States

Geological Survey for BHVO-2.
3 Silicon isotope data of depleted shergottites are from Zambardi et al. (2013).
* ±2 S.D. (for the Diatomite only).

Table 4
Comparison of recent Si isotope data for martian meteorites.

Martian mean from d29Si 2SD d30Si 2SD Number of samples

This study �0.24 0.04 �0.46 0.07 N = 12
Pringle et al. (2013) �0.24 0.04 �0.48 0.07 N = 6
Zambardi et al. (2013) �0.22 0.08 �0.49 0.09 N = 9
Armytage et al. (2011) �0.25 0.08 �0.48 0.13 N = 5
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martian mantle rocks could thus have been shifted due to core for-
mation processes. Temperature, pressure and oxygen fugacity (fO2)
conditions under which martian core formed have been estab-
lished based on the abundances of siderophile elements in SNC
(Righter and Drake, 1996; Righter and Chabot, 2011; Rai and van
Westrenen, 2013; Yang et al., 2015). According to these studies,
the conditions of Mars core formation were rather oxidizing condi-
tions with a calculated DIW (fO2 relative to the iron-wüstite buf-
fer) of –1.25 at a temperature of � 2400 K while the maximum
pressure of metal segregation did not exceed 14 ± 3 GPa. This depth
is shallower than the depth of the magma ocean (20 GPa) but this
may be due to the fact that metal droplets near the boundary can
be re-entrained by silicate convection, thereby yielding a lower
depth of metal silicate equilibration (Righter and Chabot 2011).
These redox conditions and the moderate pressure of core segrega-
tion prevented silicon from entering the metallic phase in substan-
tial amounts (Kilburn and Wood, 1997; Gessmann et al., 2001;
Steenstra et al., 2020). Silicon isotope compositions of SNC were
thus not affected by core formation processes.
4.2. Si isotope fractionation during magmatic differentiation

The behavior of silicon isotopes during magmatic differentia-
tion was reviewed by Savage et al. (2014) who showed a positive
slope between silica content and d30Si for a suite of terrestrial rocks
14
as already suggested by an older study of Douthitt (1982). As mag-
mas get differentiated by fractional crystallization, the magma
becomes more enriched in silica and in heavy isotopes.

When considering the effect of partial melting, there was no off-
set between mantle peridotites and the more mafic compositions
(i.e. basalts), suggesting that the d30Si of basalts were representa-
tive of their mantle sources (Fitoussi et al., 2009; Armytage et al.,
2011; Zambardi et al., 2013). The variations in Si isotopes of mar-
tian meteorites shows no correlation (R2 = 0.14) with their silica or
MgO contents (not shown) (Fig. 3). Hence, the Si isotope differ-
ences among the samples are not related to magmatic differentia-
tion or partial melting. Unlike the terrestrial mantle which appears
to be homogeneous with respect to Si isotopes (Fitoussi et al.,
2009; Savage et al., 2014; Zambardi et al., 2013), the Martian man-
tle did not experience global mixing, as suggested by the large
range in Nd and W isotope systematics (e.g. Foley et al., 2005;
Debaille et al., 2007; Caro et al., 2008; Kruijer et al., 2017), such
that the Si isotope variations among the SNC could be inherited
from different mantle sources generated by the crystallization of
the magma ocean.
4.3. Volatility-related Si isotope fractionation

The formation of a magma ocean could have led to Si isotope
fractionation by evaporation, provided the existence of a liquid



Table 5
Silicon isotope composition of Diatomite and BHVO-2 standards from literature and from this study.

d30Si 2SD d29Si 2SD N

Diatomite
Reynolds et al. (2007) 1.26 0.2 0.64 0.14 82
Abraham et al. (2008) 1.25 0.14 0.64 0.1 24
Fitoussi et al. (2009) 1.24 0.19 0.64 0.09 89
Ziegler et al. (2010) 1 1.22 0.18 0.63 0.008 1
Chakrabarti and Jacobsen (2010) 1.23 0.19 0.61 0.13 41
Savage et al. (2011) 1.23 0.1 0.64 0.08 177
Armytage et al. (2011) 1.23 0.15 0.63 0.1 400
Armytage et al. (2012) 1.23 0.14 0.63 0.09 250
Fitoussi and Bourdon (2012) 1.23 0.21 0.64 0.10 110
Savage and Moynier (2013) 1.22 0.1 0.63 0.06 43
This study 1.25 0.16 0.64 0.09 429

BHVO-2
Abraham et al. (2008) �0.29 0.31 �0.17 0.11 8
Fitoussi et al. (2009) �0.32 0.15 �0.16 0.15 14
Savage et al. (2011) �0.29 0.09 �0.15 0.08 188
Zambardi and Poitrasson (2011) �0.27 0.08 �0.14 0.05 360
Armytage et al. (2011) �0.30 0.09 �0.18 0.07 11
Armytage et al. (2012) �0.28 0.14 �0.15 0.08 210
Zambardi et al. (2013) �0.27 0.07 �0.14 0.04 54
Savage and Moynier (2013) �0.28 0.09 �0.15 0.06 44
Pringle et al. (2013) �0.28 0.12 �0.15 0.09 26
Pringle et al. (2014) �0.31 0.12 �0.16 0.08 57
Dauphas et al. (2015) 2 �0.262 0.053 �0.132 0.037 9
This study �0.27 0.13 �0.14 0.07 131

1 Error given as 2SE.
2 Errors given as 95% intervals of the means of 9 analysis.

Fig. 1. Crystallization age and Mars ejection age of the 12 samples analyzed in this study, ‘‘enr” is for enriched and ‘‘interm” is for intermediate shergottite. Data are taken
from the review of McSween and McLennan, (2014) and Bellucci et al. (2015) for the crystallization age of LAR12011 (see Supplementary Materials).
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surface was sufficiently long (Hin et al., 2017; Young et al., 2019;
Tang and Young 2020). Since we are investigating Si isotope differ-
ences among mantle reservoirs, the main issue is to find out
whether the various reservoirs formed at different depths could
have experienced various degrees of Si loss leading to Si isotope
fractionation. In this case, one would expect a correlation between
volatile element loss and d30Si in these reservoirs. One possible
indicator of such a loss would be the ratio of a moderately volatile
element to a more refractory element of similar behavior in mag-
matic processes, such as melting or crystallization. However,
Zn/Fe, Rb/Ba and, Cs/Ba ratios for SNC show no correlation with
d30Si (Fig. S3), suggesting that this interpretation cannot explain
the variations in Si isotopes among SNC meteorites. Thus, although
one cannot preclude a global shift in d30Si relative to an initially
15
unknown Si isotope composition for the bulk Mars, the existence
of mantle heterogeneity seems unrelated to volatile loss.
4.4. Silicon behaviour during magma ocean crystallisation

The 182W and 142Nd isotope signature of martian rocks clearly
indicates that mantle convection did not entirely rehomogenize
the mantle following magma ocean crystallization (e.g. Foley
et al., 2005; Debaille et al., 2007; Caro et al., 2008; Kruijer et al.,
2017). Given that Si isotopes have been shown to fractionate
between various high-pressure minerals and melts (Méheut and
Schauble, 2014; Huang et al., 2014; Qin et al., 2016), it is possible
that crystallization of high-pressure minerals in equilibrium with
silicate melts could have generated unusual Si isotope signatures.



Fig. 2. (a) Si isotope composition of the 12 martian meteorites measured in this study reported as d30Si. The error bars correspond to the 2SE uncertainty. The shaded area
corresponds to the 2SD of all samples and shows the limited dispersion of our data. (b) Three-isotope plot illustrating the mass dependence of our Si isotope measurements
(same color symbols as in (a)). The grey solid line represents equilibrium isotope fractionation (slope 0.5178) and the dashed line kinetic isotope fractionation (slope 0.5092).

Fig. 3. Variation of the Si isotope composition of SNC meteorites as a function of
silica content. The dotted green line corresponds to the ‘‘terrestrial igneous array”
defined in Savage et al. (2011).

Table 6
Models of martian magma ocean crystallisation.

Crystallisation
sequence from

Stage# Percent solid
(%)

Mineral phases

Draper et al. (2005) 5 98 cpx + ilmenite (90:10)
4 90 opx + cpx (60:40)
3 65 olivine + opx (50:50)
2 35 ringwoodite + majorite

(95:5)
1 10 majoritic garnet

Crystallisation
sequence from

Stage# Percent solid
(%)

Mineral phases

Draper et al. (2005) + pv 6 98 cpx + ilmenite (90:10)
5 90 opx + cpx (60:40)
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The mass-dependent inter-mineral silicon isotope fractionation
between minerals has been shown to depend on melt polymeriza-
tion, Si-O bond lengths and Si coordination number in minerals
and melts (Méheut and Schauble, 2014; Huang et al., 2014; Qin
et al., 2016). Using ab initio methods to calculate Si isotope frac-
tionation factors between mineral phases crystallizing from a ter-
restrial magma ocean, Huang et al. (2014) showed that the
terrestrial lower mantle should be lighter than the upper mantle
with D30Siupper mantle – lower mantle ranging between 0.08 ‰ to
0.12 ‰. However, in the case of the Earth’s mantle, the more vigor-
ous convection may have erased these early signatures, which is
perhaps not the case in Mars (Kieffer, 2003; Maurice et al., 2017).
Following an approach similar to Huang et al. (2014), we investi-
gate in what follows the possible effect of magma ocean crystal-
lization on the Si isotope composition of SNC meteorites.
4 65 olivine + opx (50:50)
3 35 ringwoodite + majorite

(95:5)
2 10 majoritic garnet
1 5 pv + majorite + mw

(64:20:16)

‘‘pv” stands for perovskite and ‘‘mw” for magnesiowüstite.
4.4.1. Crystallization sequence
Models of magma ocean crystallization were developed based

on the crystallization sequence described in the study of Draper
et al. (2005). This model involves the crystallization of a
�2000 km deep magma ocean and implies mineral phases such
16
as olivine and its high-pressure equivalent (c-olivine or ringwood-
ite), pyroxenes (px), garnet and ilmenite (Table 6). A thin layer of
perovskite with garnet and magnesiowüstite might be present at
the very bottom of the martian mantle (Bertka and Fei, 1997)
and its impact on silicon isotope signature will also be discussed.
The goal of investigating the possible role of Mg-perovskite was
justified by (1) the fact that Mg-perovskite should impart a very
clear Si isotope signature and (2) the intention of verifying that
Mg-perovskite was indeed unlikely to be a representative phase
in the crystallization of the MMO as suggested by recent studies
based on completely different approaches.

At each crystallization stage, the mineral assemblage is
assumed to be in chemical equilibrium with the surrounding melt
before being isolated from the residual melt and the melt is
assumed to be chemically homogeneous due to vigorous convec-
tion of the molten mantle (Solomatov, 2000; Elkins-Tanton et al.,
2003). Various geochemical models have been proposed for the
crystallization of magma oceans for the Earth or Mars and the
model presented here is inspired from previous work (e.g. Caro
et al., 2005; Debaille et al., 2008; Rizo et al., 2011) but adapted



Fig. 4. d30Si values of cumulates and residual melts in the martian mantle as a
function of the pressure of magma ocean crystallization in GPa using the various
mineralogical assemblages given in Table 6. This model is based on the crystalli-
sation sequence of Draper et al. (2005). The plotted curves correspond to the d30Si of
the cumulate and the melt that are in equilibrium at each pressure.
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for the case of stable isotopes. The Si isotope composition of the
residual melt Rmelt was calculated using a mass-balance equation
at each crystallization stage according to:

R0 ¼ Fmelt � Rmelt þ
P

iFi � Ri ð2Þ
R0 and Ri are respectively the 30Si/28Si isotope ratio of the bulk
magma ocean (minerals + melt) and of mineral phase i; Fi corre-
sponds to the mass fraction of silicon in mineral i, while Fmelt is
the mass fraction of Si in the melt. This mass balance equation
can be rewritten with the delta notation to calculate the d30Si of
the melt and each mineral phase as follows:

d30Simelt ¼ d30 Si0 �
P

iFi � 30Simineral i�melt ð3Þ

where

D 30 Simineral i�melt ¼ d30Simineral i � d30Simelt ð4Þ
The initial composition of the magma ocean d 30Si0 was sup-

posed to be equal to the mean isotope composition of the SNC,
i.e. �0.46 ± 0.07 ‰. For the second step of crystallization, d 30Si0
corresponded to the isotope composition of the residual melt.
The d30Si of each mineral was calculated from the definition of
D 30Simineral i�melt . The Si isotope composition of cumulates were cal-
culated with the following equation:

d 30Sicumulate ¼
P

iFi � d 30Simineral i=
P

iFi ð5Þ
The mass fraction of Si in each mineral phase Fi (mSi

min i / m
Si
bulk)

was calculated according to the following equation:

Fi ¼ Dmin i � XiP
jDmin j � Xj þ Xmelt

ð6Þ

The mass fraction of each phase Xi is calculated at each crystal-
lization stage (Table 6). Note that Table 6 includes a version of the
model including perovskite in order to test whether perovskite
could be a liquidus phase to check the consistency of Si isotope
observations with previous inferences (e.g. Yoshizaki and
McDonough 2020). The partition coefficients of silicon between
mineral and melt Dmin j were obtained from the literature and are
summarized in Table S3 (Borg and Draper, 2003; Corgne et al.,
2005).

4.4.2. Si isotope fractionation factor between mineral and melt
Huang et al. (2014) calculated silicon isotope fractionation fac-

tors for the following mantle minerals that should be present in the
martian mantle: olivine, orthopyroxene, clinopyroxene, majorite,
ringwoodite and Mg-perovskite using density functional theory.
Huang et al. (2014) have also defined a method for calculating
the isotope fraction factor between mineral and melts based on
the coordination of Si in melts (See Supplement for details). In this
study, we used the coordination of Si in melts determined at vari-
ous pressures and temperatures for a pyrolite (Solomatova and
Caracas, 2019). We then assume as in Huang et al. (2014) that
the isotope fractionation factor between a mineral i and IV coordi-
nated Si in the melt is equal to:

D30Simin i�IVSi melt ¼ D30Simin i�olivine

¼ 1000� ðlnbmin i � lnbolivineÞ ð7Þ
With this type of assumption, one can calculate the isotope frac-

tionation factor between mineral i and melt as a function of tem-
perature. The Si isotope fractionation coefficients were thus
calculated at 0 GPa, 10 GPa and 20 GPa. The temperatures were
constrained using the crystallization sequences described in Table 6
and the temperature profile of the magma ocean (Elkins-Tanton
et al., 2003; Plesa et al., 2014).
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4.4.3. Silicon isotope composition of martian mantle reservoirs
The results of the magma ocean crystallisation models for Si iso-

topes are shown in Figs. 4 and 5 and reported in Table 7 that rep-
resents the calculated d30Si of the bulk cumulates, as well as the
d30Si of the residual melt calculated at each crystallisation stage
(see Table S6 and Table S7 for calculated d30Si in individual mineral
phases and the corresponding Si isotope fractionation factors).

According to our model, the crystallization of the magma ocean
should lead to the formation of heterogeneous mantle cumulate
reservoirs with respect to their Si isotope compositions as shown
in Table 7. The ‘‘high pressure” mineral phases, i.e. majorite and
ringwoodite, were enriched in light silicon isotopes compared with
the melt, in agreement with isotope fractionation studies of high-
pressure mineral phases (Huang et al., 2014). The d30Si of bulk
cumulates ranges between �0.354 ‰ and �0.506 ‰, which agrees
with the range found in SNC meteorites. If one assumes that there
is an Mg-perovskite layer of approximately 360 km at the very bot-
tom of the magma ocean representing 5 wt% of solid (Bertka and
Fei, 1997), then the calculated cumulates have a very light d30Si
value of �0.79 ‰ (Table 7). Since there is no evidence of such
extreme d30Si in SNC meteorites, this suggests that this reservoir
was never sampled by martian magmatism. The sampling of a deep
reservoir would require specific conditions (as described for Fe iso-
topes in Williams et al., 2021). First, the deep-seated cumulates
with a low d30Si value must be entrained to a high enough level
for melting and second, the melting process must preserve the
specific Si isotope signature (which is likely in this case as there
is little fractionation between mineral and melts in the upper man-
tle). Since there are indications of mantle plume magmatism (Kief-
fer, 2003; Day et al., 2018) and efficient convection in the martian
mantle (Kieffer, 2003), (despite evidence for the preservation of
isotope heterogeneities), we consider it more likely that this reser-
voir does not exist in the martian mantle.

If later processes such as mantle melting and fractional crystal-
lization had little influence on the d30Si values, then the d30Si of
bulk cumulates can be directly compared with those of SNC mete-
orites. The d30Si of our SNC samples is overall within the range of
the calculated d30Si range of cumulates (except for the Mg-
perovskite-bearing cumulate). If the pressure of the core-mantle
boundary were deeper than 22.5 GPa (Bertka and Fei 1997), the
bottom of the magma ocean should have included a layer of Mg-
perovskite (bridgmanite) with a markedly low d30Si value. Since
no SNC meteorites carry such a signature, we conclude that there
is no evidence for a bridgmanite layer at the bottom of the martian
mantle. This observation is consistent with the recent finding that



Fig. 5. Silicon isotope composition of cumulates and residual melts in the martian
mantle after magma ocean crystallization based on the crystallization sequence of
Draper et al. (2005) as a function of the crystallized fraction, assuming that Mg-
perovskite is stable in the first cumulate. The shaded blue rectangle shows the
range in d30Si of SNC meteorites. The plotted curves correspond to the d30Si of the
cumulate and the melt that are in equilibrium for a given percent of crystallized
solid (PCS).
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the core of Mars had a radius of 1830 ± 40 km, precluding the exis-
tence of a Mg-perovskite layer at the core-mantle boundary
(Stähler et al., 2021). Altogether, this model also suggests that
the magma ocean crystallization model may be consistent with
our observations. One could speculate that if such a perovskite
had formed near the core mantle boundary, it would likely have
been replaced by an iron-rich basal layer as described in Samuel
et al. (2021). Had it existed, this means that the perovskite layer
would have been unlikely to remain a hidden reservoir. Our mod-
elling shows that the existence of measurable Si isotope fractiona-
tion resulting from magma ocean crystallization hinges on the co-
existence of Si(IV), Si(V) and Si(VI) in high pressure minerals and
melts (Huang et al., 2014; Solomatova and Caracas, 2019). This is
the case of majorite and bridgmanite (Mg-perovskite) but signifi-
cant fractionation can result also from ringwoodite. These effects
are unlikely to be found in smaller planetary objects such as Vesta
or the Moon, where the pressure at the core-mantle boundary is �
5GPa.

To further investigate whether the observed Si isotope signa-
tures could correspond to mantle reservoirs formed during magma
ocean crystallisation, our model was used to calculate the Sm/Nd
signature of the cumulates, as this ratio can be compared with
Sm/Nd estimates of source composition, based on 147Sm-143Nd sys-
tematics in SNC meteorites.
4.5. Sm-Nd fractionation during magma ocean crystallization

Elemental ratios of incompatible trace elements can be useful
tracers of magma ocean crystallization, as the high-pressure
phases typical of magma ocean crystallization may impart signa-
tures that differ from those of typical mantle-crust evolution
(Kato et al., 1988; Caro et al., 2005; Rizo et al., 2011; Jackson
Table 7
Si isotope composition of the martian mantle corresponding to the crystallization stages o

Model

d30Si cumulate (‰) d30Si melt (‰

Stage 6
Stage 5 �0.51 �0.49
Stage 4 �0.41 �0.51
Stage 3 �0.45 �0.44
Stage 2 �0.47 �0.45
Stage 1 �0.35 �0.47
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et al., 2014). In order to assess the effect of magma ocean crystal-
lization in Mars, the partitioning of Sm and Nd at each magma
ocean crystallization stage was calculated using the same formal-
ism as described in section 4.3. The composition of each mineral
phase within the resulting cumulate and of the residual melt was
calculated following the crystallisation sequences described in
Table 6 using crystal-melt partition coefficients determined in pre-
vious studies (Dunn and Sen, 1994; Borg and Draper, 2003; Corgne
and Wood, 2004; Corgne et al., 2005, 2012; Mallmann and O’Neill,
2009).

For example, the concentration of Nd in a mineral i, CNd
min i was

calculated as:

CNd
min i ¼ DNd

min i � CNd
0 =ðPiXi � CNd

min i þ XmeltÞ ð8Þ
with

CNd
melt ¼ CNd

min i =D
Nd
min i ð9Þ

and Xi representing the mass fraction of each phase; DNd
min i the par-

tition coefficient of Nd between a mineral i and the melt; CNd
0 the

initial concentration of Nd in the magma ocean (Taylor, 2013) for
the first crystallisation stage and of the residual melt for the follow-
ing crystallisation stages. By analogy with the calculation of Si iso-
tope compositions of cumulates, the distribution of REE in the
cumulates was calculated as follows:

CNd
cumulates ¼

P
iXi � CNd

min i=
P

iXi ð10Þ
In this study, we focused on the Sm-Nd system since it is an

unequivocal tracer of silicate differentiation, in particular magma
ocean crystallization (e.g., Debaille et al., 2008). The 142Nd-143Nd
record of SNC meteorites indicates that there has been an early
Sm/Nd fractionation that is commonly attributed to magma ocean
differentiation (Debaille et al., 2007; Caro et al., 2008; Debaille
et al., 2008). Similarly to Si isotopes, Sm/Nd ratios are sensitive
to high pressure phases such as majorite or Mg-perovskite. Thus,
a correlation of Sm/Nd ratios with Si isotopes could be a good indi-
cator of magma ocean differentiation.

The variations in Sm-Nd in SNC meteorites have been inter-
preted by the mixing of a depleted mantle component and an
enriched component that represent either a crustal material
(Humayun et al., 2013) or the residual liquid of magma ocean crys-
tallization (Blichert-Toft et al., 1999; Borg and Draper, 2003;
Debaille et al., 2007; 2008). As shown in Armytage et al. (2018),
the mixing line between depleted mantle and early martian crust
represented by the NWA 7034 meteorite does not fit the other
SNC data. In addition, this interpretation is also not favoured by
Os isotope data in shergottites (Brandon et al., 2012). Thus, the
enriched component as a residual liquid or at least ancient mantle
heterogeneity (Ferdous et al., 2017) seems most consistent with
existing data.

Owing to its lower ionic radius than Nd, Sm is more compatible
than Nd in minerals relative to silicate melts. Thus, upon crystalliz-
ing the martian magma ocean, it is expected that the effect of MMO
crystallization will be to fractionate the Sm/Nd ratio with a higher
f Table 6.

Model + Mg-pv

) d30Si cumulate (‰) d30Si melt (‰)

�0.51 �0.48
�0.41 �0.50
�0.45 �0.43
�0.47 �0.44
�0.35 �0.46
�0.79 �0.43



Fig. 6. (a) Variations in silicon isotope compositions of SNC with the calculated
147Sm/144Nd of their mantle sources. (b) Variations in silicon isotope compositions
of SNC with the calculated 147Sm/144Nd of their mantle sources including data from
this study and literature data from Armytage et al. (2011) and Zambardi et al.
(2013). The intermediate shergottites combined with Nakhlites and Chassigny yield
a coherent trend, while the enriched shergottites give a flat trend.
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Sm/Nd in the residual melt, while the cumulate phases will be
characterized by a higher Sm/Nd ratio. In order to examine the
effect of magma ocean crystallization on Sm/Nd fractionation,
one cannot consider the Sm/Nd directly measured in the samples,
as this ratio could have been modified by the process of partial
melting and fractional crystallization that affected all magmas.
Thus, rather than using the Sm/Nd measured in SNC meteorites,
we calculated the integrated 147Sm/144Nd ratio of their mantle
source based on their 143Nd isotope signature. An approach com-
bining 142Nd and 143Nd data is also possible. However, by using
only 143Nd, it is possible to calculate an Sm/Ndsource ratio for all
samples. First, the present-day 143Nd/144Nd isotope ratio, together
with the measured 147Sm/144Nd (Borg et al., 2016; Borg and Draper,
2003; Caro et al., 2008; Nyquist and Reese, 2009; Kruijer et al.,
2017) and crystallisation age of the sample (see Supplementary
Materials) are used to calculate the 143Nd/144Nd isotope ratio at
the time of eruption (formation):

143Nd
143Ndpresent

¼ 143Nd
144NdTerupt

þ ð 147Sm
144NdÞsample

ðekTerupt � 1Þ ð11Þ

Hence:

143Nd
144NdTerupt

¼ 143Nd
143Ndpresent

� ð 147Sm
144NdÞsample

ðekTerupt � 1Þ ð12Þ

We now assume that this sample evolved from a chondritic Nd
isotope composition starting from the beginning of the Solar Sys-
tem at 4568 Ma (Bouvier and Wadhwa, 2010) until the time of
eruption (Terupt):

143Nd
144NdTerupt

¼
143Nd
144NdT0

þ
147Sm
144Ndsource

ðekT0 � ekTerupt Þ ð13Þ

From these equations, it is possible to derive the 147Sm/144Nd
ratio of the source of SNC meteorite samples:

147Sm
144Ndsource

¼
143Nd
144NdTerupt

� 143Nd
144NdT0

ekT0 � ekTerupt
ð14Þ

The calculated 147Sm/144Nd ratio of the SNC sources are given in
Table 8 and these ratios are plotted as a function of d30Si in Fig. 6.
The d30Si values are negatively correlated with 147Sm/144Ndsource

for the SNC meteorites characterized by a high Sm/Nd ratio. In con-
trast, the enriched shergottites with a low Sm/Nd show no correla-
tion with d30Si values.

The SNC data can then be compared with the calculated melt
and cumulate compositions during magma ocean crystallization
using the model described above. The results are plotted in Fig. 7
and it is obvious that the cumulate composition shows a much
broader range in Sm/Nd and d30Si than what is observed in SNC
meteorites. As shown in the next section, by including the effect
of trapping melts in the cumulates, the observations can be made
more consistent with the model predictions.
Table 8
Calculated 147Sm/144Nd present-day ratios of the sources, sh-shergottite, ol phyr-
olivine-phyric, lh-lherzolitic and interm for intermediate.

Sample name Type 147Sm/144Nd (source)

LAR06319 enriched-ol phyr sh 0.1845
LAR12011 enriched-ol phyr sh 0.1840
RBT04262 enriched-ol phyr sh 0.1849
Zagami enriched-sh 0.1844
NWA856 enriched-sh 0.1849
ALH77005 interm-lh sh 0.2164
NWA480 interm-sh 0.2166
EET790010A interm-sh 0.2234
EET790010B interm-sh 0.2258
MIL03346 nakhlite 0.2330
NWA2737 chassignite 0.2371
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4.6. A role for trapped melt in the martian magma ocean cumulate pile

It has been advocated in previous studies of magma ocean crys-
tallization, that depending on the relative rates of cooling and
cumulate pile compaction, that some residual melt could be
trapped within the cumulate pile (Elkins-Tanton et al., 2003).
According to Elkins-Tanton et al. (2003), melts can be trapped in
solidifying cumulate piles if the solidus is reached before melt
escapes due to crystal mush compaction. The net result of trapping
melts in a cumulate is to buffer the crystal + melt composition to a
narrower range, since the trapped melt has the same composition
as the residual melt. Such a model was used in the study of
Debaille et al. (2008) to demonstrate that the 176Lu-176Hf and
Sm-Nd systematics of shergottites requires a mixture between a
residual melt (i.e. a trapped melt) and depleted cumulates. Note
that the composition of the trapped melt in the model of
Debaille et al. (2008) corresponded to residual melt formed after
98–99.5 % equilibrium crystallization.

Here, the melt trapped in cumulates is the melt formed at each
individual stage of crystallization. The trapped melt can simply be
considered as an additional ‘mineral phase’ with a mineral/melt
partition coefficient of 1. The calculation of the melt composition
is identical to the previous case. The only difference is in the com-
position of the cumulates. In this case, the Si isotope composition
of the cumulate can be calculated as:



Fig. 7. 147Sm/144Nd versus d30Si in cumulates and residual melts calculated using a magma ocean crystallization model based on the crystallization sequence of Draper et al.
(2005) for various mass fractions of trapped melt in the cumulate pile (a) trapped melt = 0 % (b) trapped melt = 1 % (c) trapped melt = 10 %. The mass fraction of trapped melt is
assumed to be equal to 0 % in the top crystallized layer. The data for SNC meteorites from this study is shown for reference.
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d30Sicumulate ¼ d30Si0 � F 0
meltd

30Simelt

1� F 0
melt

ð15Þ

where F 0
melt represents the mass fraction of melt not being trapped

in cumulate. The mass fraction of trapped melt is then expressed as:

Ftrapped ¼ Fmelt � F 0
melt ð16Þ
20
The mass fraction of trapped melt is not known a priori and is
commonly taken as ranging between 1 and 10 % (e.g. Charlier
et al., 2018; Kraettli et al., 2022) in the case of magma ocean crys-
tallization. If one introduces the effect of trapping melts inside
cumulates (Fig. 7), then there is a reasonable match between the
SNC data and model predictions, especially when the fraction of
trapped melt reaches 10 %. As shown in Fig. S2, the match is also
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good when all the literature data is included; in particular the
depleted shergottites are well explained by a trapped melt fraction
of �1 %, which is consistent with previous studies (e.g. Debaille
et al., 2008). The most enriched cumulate and the residual melts,
corresponding to the last stages of crystallization give 147Sm/144Nd
and d30Si values that are overall consistent with enriched shergot-
tites, while the intermediate and depleted shergottites are
explained by cumulates formed at greater depths.

The 147Sm/144Nd ratio of the sources of intermediate shergottites,
nakhlite sample MIL03346 and chassignite sample NWA2737 char-
acterized by 147Sm/144Ndsource greater than the chondritic value
show a negative correlation with their d30Si, which agrees with the
predicted negative trend observed between the different mantle
sources (see Fig. 6). The measured d30Si variations in these mantle-
derived samples can be attributed to magma ocean crystallization
rather than magmatic differentiation, which is consistent with the
lack of a correlation between the d30Si and the SiO2 concentrations
and other direct indicators of magmatic processes.

Unfortunately, there is not enough 182Wdata available in the liter-
ature on the same samples measured in this study to further docu-
ment our inference as we have only three samples measured in
commonwiththestudiesofFoleyetal. (2005)andKruijeretal. (2017).

4.7. The origin of enriched shergottites

The predicted composition of the enriched melt produced by
magma ocean crystallization agrees with the observed d30Si and
Sm/Ndsource of enriched SNC meteorites, as shown in Fig. 7. How-
ever, one intriguing observation is the rather constant Sm/Nd with
variable d30Si. The predicted Sm/Nd in residual melts are also more
variable than the range in enriched shergottites; thus, it suggests
that either one type of melt was sampled in SNC meteorites or that
in terms of Sm/Nd, there has been homogeneization in the
enriched shergottite reservoir. In both cases, one would expect
constant d30Si values. One interpretation might be that the d30Si
variations in enriched shergottites are of secondary nature and
thus unrelated to magma ocean crystallization.

For example, one could speculate that fluid-rock interactions
could have modified Si isotopes during recent events without
affecting the long term Sm/Nd systematics. If we assume that
aqueous alteration could have taken place at the surface or or sub-
surface of Mars, then it is possible that alteration or weathering
would have enriched crustal rocks in light Si isotopes (as observed
in Iceland basalts by Georg et al., 2006).

Enriched shergottites are also known to be more oxidized than
depleted shergottites and this property may indirectly affect Si iso-
tope evolution. It has been shown that silicate polymerization is
modified by the redox state of magmas (e.g. Mysen et al., 1984)
with oxidized magma being more depolymerized. It has been doc-
umented that enriched shergottites are characterized by greater
fO2 (Herd, 2003), although this interpretation has recently been
questioned (Nicklas et al., 2021). Thus, one could imagine that
the corresponding modification of melt structure directly affecting
the bond length of Si-O in the melt could directly impact the d30Si
of magmas. The observed d30Si variations are small, which means
that such an effect was perhaps not detected in previous studies.

In summary, the enriched shergottites may have been affected
by a different set of processes that could be related to the more oxi-
dized nature of these samples or to fluid-rock interactions if the
source of these samples was indeed residing in the martian crust
or lithosphere.
5. Conclusions

The Si isotope composition of SNC meteorites shows a small but
resolvable variation with d30Si values ranging between �0.41 and
21
�0.52 ‰. No correlation was observed between major elements
and silicon isotopes and this may be due to the complex magmatic
history of SNC rocks, including the effects of magma ocean crystal-
lization, partial melting and fractional crystallization. Similarly, the
d30Si values show no correlation with indicators of volatile element
loss that should have been observed if there had been different
degrees of volatile loss during an early magma ocean vaporization.

The effect of the crystallization of a magma ocean on Si isotopes
was investigated and compared with the observed d30Si variations
in SNC. First, the crystallization in the presence of Mg-perovskite
(bridgmanite) at the bottom of the martian mantle should have
produced much lower d30Si values than what is observed. Our
observations are thus consistent with the recent finding of a large
core for Mars, precluding the stability of Mg-perovskite near the
core-mantle boundary. However, we did find a correlation with
147Sm/144Nd estimates of the SNC mantle sources with d30Si for
the most depleted samples, while the enriched rocks showed no
trend. The variations in d30Si are attributed to changes in Si coordi-
nation in high pressure minerals formed during magma ocean
crystallization, relative to the mean coordination of the silicate
melt in equilibrium with these minerals. The correlation of d30Si
with 147Sm/144Ndsource can be explained by ancient mantle hetero-
geneities resulting from magma ocean crystallization and the for-
mation of cumulates that includes some of the local residual melt.

The enriched shergottite samples displayed a significant range
in d30Si values despite having a constant Sm/Nd ratio. This singular
behaviour was attributed either to Si isotope fractionation related
to change in coordination in the derived enriched melts or to fluid-
rock interactions.

More data on the most depleted shergottites and on a common
data set including Hf/W data would be useful to fully assess our
inferences regarding the role of a magma ocean on the Si isotope
signature of martian rocks.
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