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Abstract Radiometric dating indicates that Mars accreted in the ﬁrst ~4 Myr of the solar system,
coinciding with the formation and possible migration of Jupiter. While nebular gas from the
protoplanetary disk was still present, Jupiter may have migrated inward and tacked at 1.5 AU in a 3:2
resonance with Saturn. This migration excited planetary building blocks in the inner solar system, resulting in
extensive mixing and planetesimal removal. Here we evaluate the plausible nature of Mars’s building blocks,
focusing in particular on how its growth was inﬂuenced by Jupiter. We use dynamical simulations and an
isotopic mixing model that traces the accretion. Dynamical simulations show that Jupiter’s migration causes
the late stages of Earth’s and Mars’s accretion to be dominated by EC (enstatite chondrite)-type material
due to the loss of ordinary chondrite planetesimals. Our analysis of available isotopic data for Mars shows that
þ35
it consists of approximately 68%þ0
39 EC þ 32%0 ordinary chondrite by mass (2σ). The large uncertainties
indicate that isotopic analyses of Martian samples are generally too imprecise to deﬁnitely test model
predictions; in particular, it remains uncertain whether or not Mars accreted predominantly EC material in the
latter stages of its formation history. Dynamical simulations also provide no deﬁnitive constraint on Mars’s
accretion history due to the great variety of dynamical pathways that the Martian embryo exhibits. The
present work calls for new measurements of isotopic anomalies in Martian meteorites targeting siderophile
elements (most notably Ni, Mo, and Ru) to constrain Mars’s accretion history and its formation location.
Plain Language Summary We report the ﬁrst results that attempt to obtain the compositional
makeup of material that formed Mars through the successive stages of its accretion. We employ Monte
Carlo computer models that mix together the listed three classes of primitive (chondrite) meteorites to derive
a bulk composition of Mars. This ﬁnal composition, and the successive stages of Mars’s accretion, is
constrained by the isotopic variations of speciﬁc elements in the red planet and that of the various
meteorites. The isotopic constraints as they currently exist, however, are insufﬁcient to account for the
composition of Mars. We conclude that Mars’ accretion history remains mysterious, so much so that further
high-resolution isotopic analyses are warranted.
1. Introduction
Mars formed rapidly, within about 4 Myr after solar system formation (Dauphas & Pourmand, 2011). This is
within the lifetime of the protoplanetary nebula. Kruijer et al. (2017) inferred from a dichotomy in Mo isotopic
anomalies among iron meteorites that Jupiter’s core may have formed within 1 Myr of solar system
formation. Furthermore, Jupiter must have completed its growth before the nebular gas had dissipated,
which studies of remnant magnetism in primitive meteorites (Wang et al., 2017) and observations of young
stellar objects (Mamajek, 2009) indicate takes place within the ﬁrst ~5 Myr of solar system formation. If Jupiter
underwent gas-driven migration, as has been proposed in the Grand Tack model (Walsh et al., 2011), then this
migration presumably occurred while Mars was still growing.
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Two recent studies point to two very different scenarios for Mars’s accretion. Using a Monte Carlo mixing
model for a subset of isotopic systems, Fitoussi et al. (2016) report that Earth and Mars are built from up to
93% of the same material and that a scenario wherein Mars forms beyond 2 AU is inconsistent with mixing
calculations. Even though dynamical simulations were not reported in that work, a preferred formation
model was advocated wherein Mars and Earth share the same feeding zone close to Earth, and where
Mars was subsequently scattered outward to its current location. Based on dynamical modeling and isotopic
analysis of Mars and major chondrite groups, Brasser et al. (2017) reach the opposite conclusion and argue
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Figure 1. Snapshots of the evolution of the coupled migrations of Jupiter and Saturn in the grand tack model (Walsh et al.,
2011). The color coding indicates the composition of planetesimals in the protoplanetary disk: green for enstatite chondrite, orange for ordinary chondrite and blue for carbonaceous chondrite. The gas giants Jupiter and Saturn migrate inward
and reach 1.5 AU in 0.1 Myr. They subsequently change directions (tack) and terminate their migration at their current
positions after 5 Myr. During their journey, they remove >95% of the planetesimals and planetary embryos in the asteroid
belt. Notably, they deplete the inner disk in ordinary chondrite material, leaving the terrestrial planets to grow from predominantly enstatite chondrite material in the later stages of their accretion.

instead that Mars’s distinct isotopic composition calls for its formation in the asteroid belt with a subsequent
dynamical pathway that parks it at its current orbit. The goals of the present study are to evaluate how the
formation and migration of Jupiter could have inﬂuenced the nature of the material accreted by Mars and
to attempt to distinguish between these two scenarios. In what follows we rely on the output of dynamical
simulations coupled with isotopic studies of primitive meteorites and samples originating from Mars (the
Shergottite Nakhlite Chassignite (SNC) meteorites, which are thought to come from Mars) to constrain its
accretion history.
Many primitive solar system objects are isotopically anomalous, meaning that their compositions cannot be
related to the terrestrial isotopic composition by the laws of mass-dependent fractionation (Dauphas &
Schauble, 2016, and references therein). These isotopic anomalies—expressed in Δ17O, ε48Ca, ε50Ti, ε54Cr,
ε64Ni, ε92Mo, ε100Ru, and ε142Nd notations—help establish links between planetary bodies, evaluate in
quantitative ways the timing of delivery of various meteoritic building blocks to the terrestrial planets, and
trace a planet’s accretion through time (Dauphas, 2017). Speciﬁcally, lithophile elements such as O, Ca, Ti,
and Nd trace the whole accretion history, whereas moderately siderophile Cr, Ni, and Mo trace the latter half,
and highly siderophile Ru only traces the last stages of planetary accretion.

2. Mars’s Accretion From N-Body Simulations
In Brasser et al. (2017), we tracked the fate of planetesimals and protoplanets in the framework of the Grand
Tack model of terrestrial planet formation (Walsh et al., 2011; see Figure 1). This scenario involves the inwardthen-outward migration of Jupiter and is the only holistic model so far that can successfully account for the
mass-semimajor axis distribution of the terrestrial planets, their accretion timescales, and the compositional
structure of the asteroid belt (DeMeo & Carry, 2014).
The initial conditions of our N-body simulations are discussed in Brasser et al. (2016) and consist of a disk of
planetary embryos and planetesimals between 0.7 and 3 AU, with a surface density proﬁle that scales with
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heliocentric distance as Σ ∝ r3/2; additional planetesimals that are assumed to have compositions similar to
carbonaceous chondrites (CCs) are initially placed between 5 and 9 AU. The initial conditions for these
simulations follow the prescriptions of Jacobson and Morbidelli (2014): The planetary embryos are of equal
mass, being 0.025, 0.05, or 0.08 Earth masses (ME) and the total mass in planetesimals is 1, 1/4, or 1/8 times
the total mass in planetary embryos. The average total mass in the solid disk is 5 ME. The permutation of these
parameters results in nine sets of simulations, although here we only analyze simulation results using the
latter two embryo masses because the outcome of the ﬁrst has a low compatibility with the current solar
system (Brasser et al., 2016). When we assume that the embryos initially accrete from 10-km-sized
planetesimals (Chambers, 2006), the time to grow to 0.05 and 0.08 ME takes between 0.5 to 1 Myr at 1 AU
and 1 to 2 Myr at 1.5 AU (Brasser et al., 2016; Chambers, 2006). Thus, the solar system is assumed to be about
1- to 2-Myr old when the simulations are initiated. To begin, Jupiter and Saturn are placed at 3.5 and 4.5 AU
with their current masses. The gas giants then migrate to 1.5 and 2.5 AU in 0.1 Myr from the start of the
simulations and then move back to 5 AU and 7.5 AU over the next 5 Myr. Most of the migration is completed
within 3 Myr from the start of the simulations, when the solar system is about 4- to 5-Myr old and the solar
nebula has dissipated. Given the short duration of the inward migration in the simulation, the planetary
embryos do not accrete much additional material before Jupiter tacks (see Figure 1), but because the
embryos start with masses that are a signiﬁcant fraction of Mars’s ﬁnal mass (typically 50–80%), their
compositions to some extent still reﬂect the structure of the disk prior to Jupiter migration. The simulations
were run for 150 Myr, and perfect accretion is assumed (Brasser et al., 2016).
It has been suggested—but not universally accepted—that the solid disk originally had a heliocentric
composition gradient consisting of dry, reduced enstatite chondrite (EC) close to the Sun, moderately
volatile-rich and oxidized ordinary chondrite (OC) in the region of the asteroid belt, and highly oxidized
and volatile-rich CC beyond (Morbidelli et al., 2012), mirroring the heliocentric distribution of asteroid groups
(Gradie & Tedesco, 1982). We compute the fractions of EC, OC, and CC material that are accreted by the
terrestrial planets by tracing the dynamical evolution of each protoplanet and planetesimal that are
assembled into planets. Before the start of the simulation, planetary embryos are assumed to have coalesced
locally so that their composition is either EC or OC depending on their initial distance to the Sun. We follow
Brasser et al. (2017) and assume that ECs are initially within 1.5 AU, OCs are between 1.5 AU and 3 AU, and CCs
are assumed to have formed beyond Jupiter between 5 and 9 AU. Jupiter and Saturn initially reside at 3.5 and
4.5 AU. The ﬁnal isotopic compositions of Earth and Mars sensitively depend on the location of the EC/OC
boundary, with the best ﬁt being in the vicinity of 1.5 AU.
At the beginning of the simulation, the typical mass of EC is 2.2 ME, while that of OC is 3.0 ME. The migration of
Jupiter leads to the loss of on average 0.8 ME (36%) of EC and 2.7 ME (90%) of OC through ejection by, and
collision with, the gas giants. In the aftermath of Jupiter’s migration the truncated inner disk (within
~1 AU) is relatively well mixed and comprises, on average, 85% EC + 14% OC + 1% CC (compared to 100%
EC in the same region before Jupiter’s migration).
Dauphas (2017) divided the accretion of Earth into three stages (I, II, and III) corresponding to the ﬁrst 60%,
60–99.5%, and the last 0.5% of Earth’s accretion. In the dynamical simulations, we approximate Earth’s stage
I to be the ﬁrst 5 Myr of evolution because analysis of the simulation data shows that by this time Venus and
Earth reached roughly half their current masses (see also Jacobson & Walsh, 2015). Stages II and III combined
trace the subsequent 145 Myr of the simulation. Roughly 80% of the mass that went into Earth consists of
planetary embryos, ~95% of which are EC. The composition of material accreted by the Earth during stage
I is 91% EC + 8% OC + 1% CC. For stages II and III, the accreted material is made of 85% EC + 14%
OC + 1% CC, with relative uncertainties of about1/5 of the listed values. This indicates a small decrease in
the EC fraction with time, though it remains the main constituent of the Earth. Although Jupiter’s migration
preferentially depletes the OC reservoir, it also pushes some into the inner part of the disk, thus bringing
more OC material to the growing Earth which therefore slightly decreases the proportion of EC. The OC
material that is emplaced in the inner disk consists of both planetesimals and planetary embryos in the ratio
set by the initial conditions.
By the time the giant planets have ceased migrating, the Mars analogs in our simulations consist (on average)
of 67% EC + 32% OC, but the 2σ uncertainties sample the range from 0% to 100% EC because the distribution
of the accreted fraction of EC is bimodal (Brasser et al., 2017): The Mars analogs are predominantly mostly EC

BRASSER ET AL.

5910

Geophysical Research Letters

10.1029/2018GL078011

or OC but seldom a mixture of both. In our dynamical simulations, accretion onto Mars is highly stochastic
and mostly consists of planetesimals with an average composition of 62% EC + 38% OC, with relative
uncertainties that are about 1/3 of the listed values.
þ14
At the end of the simulations, the Earth has a ﬁnal composition of 87%þ9
17 EC þ 12%10 OC, and Mars
þ29
þ65
consists of 67%66 EC þ 32%32 OC, with about 1% CC for each planet. Our composition estimates are
robust: When the dividing distance between the EC and OC reservoirs is varied from 1 to 2 AU, the mean
fraction of EC in both planets increases by less than 1/5 (Woo et al., 2018). The large uncertainties in Mars’s
composition are a consequence of (i) it accreting very little material during the simulations (on average
10–50% of the ﬁnal mass), (ii) the bimodal distribution in the ﬁnal fraction of EC in the Mars analogs, and
(iii) it undergoing a greater diversity in dynamical paths than Earth (Brasser et al., 2017). Usually, but not
always, both planets predominantly accrete EC during the early stages and see an increase in the delivery
of OC material during the gas-driven migration of Jupiter and Saturn as a result of mixing some OC material
into the inner disk. The dynamical simulations thus predict that the formation and migration of Jupiter
caused the terrestrial planets to ﬁnalize their assembly from a dominantly reduced and relatively dry reservoir of planetary building blocks gleaned from the inner solar system.

A feature of the simulations is that Jupiter’s migration stirs the disk and ejects the far majority of OC material.
This is in contrast to classical simulations of terrestrial planet formation wherein the giant planets are
assumed to reside on their current orbits. In those simulations all the terrestrial planets accrete material from
the entire protoplanetary disk (Brasser et al., 2016; Raymond et al., 2006), and the feeding zone of each planet
increases with time. This is true of Grand Tack as well (Fischer et al., 2018), but the nature of material that is
accreted late is different for both models. In the classical model late accretion (mostly the latter half) consists
primarily of material that originated in the region of the asteroid belt (assumed to be OC), while in the Grand
Tack model, the material accreted after the tack is primarily EC because the OC reservoir has been depleted
by Jupiter’s migration.
The dynamical simulations alone are insufﬁcient to pinpoint precisely where Mars formed due to the large
uncertainties in its ﬁnal composition. To better understand Mars’s accretion history and formation location,
we attempt to apply the isotopic mixing model of Dauphas (2017) to Mars.

3. Mars’s Composition as Inferred From Its Isotopic Anomalies
It has long been known that the Martian meteorites display isotopic anomalies for oxygen and several other
elements. For Mars, previously published meteorite mixtures based on isotopic studies are 75% CC + 25% OC
(Anderson, 1972), 85% H + 11 CV + 4% conﬁdence interval (CI; Lodders & Fegley, 1997), 45% EC + 55% OC
(Sanloup et al., 1999), and 55% angrite +9% CI + 36% OC (Fitoussi et al., 2016), where H is the high-metal
component of the OC group. Tang and Dauphas (2014) showed that the mixture of Sanloup et al. (1999)
matches Mars’s Δ17O, ε50Ti, ε54Cr, ε62Ni, and ε92Mo values, while that of Lodders and Fegley (1997) does
not (see their Figure 2). All the proposed mixtures are clearly distinct from that of the Earth.
Dauphas (2017) suggests that Earth’s isotopic composition is well reproduced using four distinct classes of
primitive (chondrite) meteorites as its building blocks: some material isotopically similar to, but chemically
distinct from, ECs component, OCs that comprise H, L, and LL groups (OC component), and the CI and
CO + CV classes of CC component. Combining these with the suggested three stages of accretion,
Dauphas (2017) ﬁnds that an overall mixture of 71% EC + 24% OC + 5% COCV, consistent both with terrestrial
isotopic measurements and with earlier independent estimates (Javoy et al., 2010; Lodders, 2000).
Here we use the same building blocks for Mars. Its accretion history can similarly be disentangled by
examining the isotopic compositions of elements that partitioned differently between the mantle and core.
No Ru isotopic measurements are available for Martian material, disallowing a direct application of the methods of Dauphas (2017), but we can rely on O, Ti, Cr, Ni, and Mo. The timing of the delivery of siderophile elements in the mantle depends on their afﬁnity for metal (Dauphas, 2017). We use the apparent Mars
core/mantle distribution coefﬁcients (Righter & Chabot, 2011) to estimate the time when the siderophile elements were delivered to the Martian mantle (DO,Ti = 0, DCr = 3, DMo = 56, and DNi = 170). The conditions of
core formation in Mars differed signiﬁcantly from those in the Earth, so that the isotopic signatures of
Martian meteorites record different fractions of the accretion history of Mars compared to Earth.
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4. Methodology: Calculation of Isotopic Anomalies
We compute the constituents of the Earth and Mars using a Markov chain Monte Carlo (MCMC) approach. The
ﬁnal isotopic composition of the mantle of Earth or Mars for each element k is given by (Dauphas, 2017)
εmantle;k ¼

X

X
j j;k

P
i f i; j C i; k εi; k
P
:
i f i; j C i; k

(1)

The isotopic composition of each chondritic reservoir i is εi,k, weighted by the element concentrations Ci,k.
The values fi,j are the mass fractions accreted from each reservoir i during accretion stage j, with the
P
constraint j f i;j ¼ 1. The mass fraction of each element k that is delivered to the mantle during accretion
P
stage j is Xj,k with the constraint j X j;k ¼ 1.
As mentioned in section 2 the accretion for both planets is assumed to proceed through three stages. For
both planets stage I consists of the ﬁrst 60% of its mass. Stage II traces the next 39.3% (Earth) or 39.2%
(Mars), while stage III consists of the remaining 0.7% (Earth) or 0.8% (Mars). The contribution from the last
stage corresponds to the mass of material delivered to the Earth after the completion of core formation;
the same is assumed for Mars. The amount of this late veneer is calculated based on the abundance of highly
siderophile elements in their mantles (Day et al., 2016; Kimura et al., 1974; Rubie et al., 2015). Four different
chondrite groups are considered as model building blocks: The carbonaceous CI and CO + CV (CO and CV
have sufﬁciently similar isotopic compositions that we consider them a single reservoir), the enstatites EL
and EH are lumped into the single EC chondrite supergroup, and OCs H, L, and LL are merged as the single
OC supergroup. The elemental concentrations, Ci,k, of each supergroup are taken from Wasson and
Kallemeyn (1988). The isotopic variations of Mars and the various chondrite groups are taken from
Dauphas (2017).
We estimate the values of Xj,k from the probability density function (PDF) of the delivery of each element
(Dauphas, 2017). We operate under the assumptions that the planet grows from impacts of inﬁnitesimal mass
and that the core mass fraction, β, the equilibration of the impactor core with the target metal, kic, and the
metal-silicate partitioning coefﬁcient, D, remain constant during the accretion. The PDF is then given by
ϕ ðx Þ ¼ ð1 þ κÞx κ ;

(2)

with
κ¼

Dβk ic
;
1β

(3)

where x is the mass fraction accreted by the planet. For Earth we set kic = 0.4 (Dauphas, 2017), while for Mars
we use kic = 1 because its accretion most probably involved smaller impactors that were more likely to
equilibrate with its mantle (Brasser & Mojzsis, 2017; Dauphas & Pourmand, 2011; Kobayashi & Dauphas,
2013; Kobayashi & Tanaka, 2010; Mezger et al., 2013). The Earth’s core mass fraction is 0.33, while for Mars
it is approximately 0.25 (Rivoldini et al., 2011). The partition coefﬁcients D for each element used here are
given in supporting information Table S1 for Earth (Badro et al., 2015; Siebert et al., 2011) and Mars
(Righter & Chabot, 2011). The D values correspond to the present bulk core-bulk mantle distribution
coefﬁcient (D = [C]bulk core/[C]bulk mantle). The range of acceptable kic values for Earth is 0.3–0.8 (Nimmo
et al., 2010).
A thorough discussion of the underlying assumptions of this model, the uncertainties in D and kic, and how
they affect the ﬁnal results is beyond the scope of this paper. Dauphas (2017) evaluated their impacts by
comparing the PDFs calculated from the analytical model with the PDFs calculated from more realistic and
sophisticated accretion models and the conclusion was that the assumptions made did not affect the PDFs
much. For Mars, where the accretion actually proceeded by impacts of small bodies (as opposed to giant
impacts for the Earth), we expect the predictions of the analytical model to be even more reliable.
We compute the contributions Xj from the partition coefﬁcients in supporting information Table S1 and
from the PDFs assuming that stage III consisted of chondritic material. Thus, the contribution to the bulk
silicate Earth (BSE) or bulk silicate Mars (BSM) from element Z during stage III (subscript lv) is given by
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Xlv = [Z/Ru]CI/[Z/Ru]BSE/BSM, where it is assumed that all of the Ru in
Earth’s mantle arrived during stage III; for the Earth, this may not be a
fully valid assumption (Rubie et al., 2016). The value of Xlv depends on
the bulk elemental abundances for Earth (McDonough & Sun, 1995)
and Mars (Brandon et al., 2012; Taylor, 2013). The contributions to stages
I and II follow from the PDF: Xj = (1-Xlv)(xbκ + 1-xaκ + 1)/xlv, where xa and
xb are the boundaries at each stage and xlv = 0.993 or 0.992 for Earth
and Mars, respectively. The resulting accretion contributions for both
planets are listed in supporting information Tables S2 and S3.

Figure 2. Proportions of the EC and OC component that go into Earth and
Mars at each stage of their accretion calculated based on isotopic anomaly
mixing models. Circles are OC; squares are EC. Final is the overall composition
of the planet. Since the conﬁdence interval and COCV reservoirs only contribute up to a few percent by mass to both planets, the EC + OC fraction is
often close to 1. OC = ordinary chondrite; EC = enstatite chondrite.

The free parameters of the model are the fractions of enstatite material
during each stage (fE,I, fE,II, and fE,III) and the proportions of CI, CO + CV
and OC. For simplicity the last three are kept constant during the accretion.
The model has ﬁve free parameters and ﬁve (for Mars) or six (for Earth) isotopic compositions that need to be reproduced. We determine the best ﬁt
for each of the ﬁve free input variables by minimizing the χ 2. We compute
χ 2 for Earth as (Dauphas et al., 2014) follows:
χ ¼
2

XX
k

X
j j;k

P

i f i; j C i; j εi;k

P
i

f i; j C i; j σ i;k

2
2 ;

(4)

where i is the reservoir index (maximum 4), j is the stage index (maximum 3), and k is the element index
(maximum 6 for Earth). Here σ i,k are the standard deviations of the uncertainties in the isotopic composition
of element k from reservoir i, which are computed from the uncertainties in the measurements. For Mars the
isotopic anomalies are nonzero and we use the relationship:
χ2 ¼

X
k



2
εmantle;k  εSNC;k
;
σ 2mantle;k þ σ 2SNC;k

(5)

where the values of εmantle,k are the compositions calculated from equation (1) and εSNC,k are the measured
isotopic compositions of the Martian meteorites; the same applies to the uncertainties. The six isotopes to be
computed are Δ17O, ε50Ti, ε54Cr, ε64Ni, ε92Mo, and ε100Ru. Unlike for Earth, no isotopic data for Ru are
available of Mars. ε64Ni has also not been measured precisely so we rely on existing ε62Ni isotope data for
Mars and make use of the correlation between the nickel isotopes: ε64Ni = 2.8ε62Ni (Tang & Dauphas,
2014). Mars’s stage III cannot be well traced, and we only list our results without discussion.
We compute the uncertainties in the best ﬁt parameters using the Metropolis-Hastings MCMC algorithm
(Hastings, 1970; Metropolis et al., 1953) wherein the accreted fractions were sampled using jumping normal
distributions with widths of 0.03. The MCMC was run until the uncertainties converged (typically after a few
million iterations). The MCMC calculation was implemented independently by two of us using different
softwares (R. B.: Fortran and N. D.: Mathematica), and there is complete agreement between the results.

5. Results
þ15
We ﬁrst applied our MCMC code to Earth. Our best ﬁt mixture during stage I is 51%þ28
20 EC þ 40%24
þ5
þ0
OC þ 0%0 CI þ 9%þ2
5 COCV by mass. Stages II and III are dominated by EC: 100%13 for stage II and
þ0
100%6 for stage III. Uncertainties are 2σ and result from the uncertainties in isotopic data of the various
chondrite groups. Stages I and II are different at greater than 95% conﬁdence. Taken together, the best
ﬁt meteorite mixture predicts that the Earth consists predominantly of EC (Javoy et al., 2010; Lodders,
2
þ10
þ3
þ1
2000): 71%þ14
12 EC þ 24%12 OC þ 0%0 CI þ 5%3 COCV (χ ~11). These values are identical to those of
Dauphas (2017). The high fractions of OC and COCV are needed to reproduce the terrestrial ε50Ti value, but
given the uncertainties in the model end member deﬁnitions (e.g., EH and EL have slightly distinct ε50Ti
values), it is conceivable that the contribution of OC was lower and that Earth accreted almost exclusively
(≥95%) from the EC component (Dauphas, 2017; Javoy et al., 2010; Lodders, 2000; Warren, 2011). Some dynamical models of terrestrial planet formation not involving Jupiter’s migration show that the last stages of the
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Figure 3. Fractions of enstatite chondrite (EC) accreted by Mars during stages I (top left), II (top right), and III (bottom left)
during our Markov chain Monte Carlo simulations with the Metropolis-Hastings algorithm. The bottom right panel
shows the total fraction of EC contained in Mars. It is obvious that for all three stages the fraction of EC is close to being
uniformly random from 0 to 1, meaning that the low precision isotopic data available for SNC meteorites provide limited
constraints on Mars’s accretion history.

accretion of the terrestrial planets predominantly consist of material that originated in the region of the
asteroid belt (Fischer et al., 2018; Raymond et al., 2006), assumed to be OC, while we show in section 2
that when Jupiter migration is considered, the later stages of accretion are mostly EC. The conclusion
reached based on isotopic anomalies differs from the prediction from the Grand Tack simulations: The
latter cannot produce accretion made of 100% EC during the later stages.
þ35
For Mars, we report a best ﬁt composition of 68%þ0
39 EC þ 32%0 OC with up to 3% in both CI and
2
COCV (χ ~ 12). This compares favorably with the previous estimate of 45% EC + 55% OC of Sanloup et al.
(1999) but not with the 85% H + 11% CV + 4% CI of Lodders and Fegley (1997). Note that these previous
estimates relied primarily on Δ17O, while the present study uses the full array of isotopic anomalies
measured in Martian meteorites that became available since then. Mars’s best ﬁt computed isotopic
50
54
64
þ0:24
þ0:09
þ0:08
composition is Δ17O = þ0:32‰þ0:31
0:10 , ε Ti = 0:340:08 , ε Cr = 0:180:04 , ε Ni = 0:110:02 , and
92
17
50
þ0:21
ε Mo = þ0:680:17 . The measured values are Δ O = +0.27‰ ± 0.03‰, ε Ti = 0.54 ± 0.17, ε54Cr
= 0.19 ± 0.04, ε64Ni = +0.10 ± 0.28, and ε92Mo = +0.20 ± 0.53 (2σ). The best ﬁt accretion mixture
þ85
þ50
during stage I consists of 100%þ0
89 EC þ 0%0 OC. Stage II contains a higher proportion of OC: 20%17
þ11
þ0
þ90
EC þ 80%52 OC, while for stage III the fractions are 100%95 EC þ 0%0 OC. All three stages contain up to
4% in both CI and COCV. A summary of the best ﬁt accretion histories of both Earth and Mars is shown in
Figure 2. The uncertainties in the reconstructed accretion history of Mars are very large, both in the mixing
model and in the dynamical model.

6. Discussion and Conclusions
Mars’s accretion took place in the ﬁrst ~4 Myr of the solar system history. The early stages of its growth
presumably took place before Jupiter migrated and the material accreted by Mars during that stage was
primarily sourced locally. Both the dynamical model and the isotopic data favor accretion in the inner solar
system, and thus, Mars’s initial growth comprised a large fraction of EC. When Jupiter migrated in the ﬁrst
~5 Myr of the solar system’s history, it dynamically excited the disk. The inner disk was extensively stirred,
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thus obliterating the strong heliocentric gradient in isotopic compositions that existed before. Most OC
material from the outer disk was ejected out of the solar system, while some was mixed with EC; the latter
therefore continued to dominate the inner solar system composition. The later stages of Mars’s formation,
posterior to Jupiter’s migration, thus consisted of an EC-rich mixture. Jupiter’s inward migration shepherded
some OC material in its interior mean-motion resonances and left it in the inner disk, some of which was
accreted by the growing terrestrial planets as the resonances swept past. The Earth, on the other hand,
accreted primarily from embryos, many of which were formed in the pre-Jupiter migration EC-rich inner part
of the inner disk. This sequence of events is consistent with the ﬁndings that Earth is largely dominated by EC
material (Dauphas, 2017; this study), while Mars comprises a signiﬁcant fraction of OC that was accreted most
likely throughout Mars’s formation history.
The uncertainties in the isotopic accretion model are very large (Figure 2). Figure 3 shows the fraction of EC
accreted during each stage from the MCMC run. For all three stages the EC fraction is close to being uniformly
random from 0 to 1. Thus, both the dynamical simulations and the MCMC model are equally consistent with
the scenarios proposed by Brasser et al. (2017) and Fitoussi et al. (2016). In the former Mars forms in the
asteroid belt and is dominated by OC material. In the latter Mars forms in the more internal regions that
are dominated by EC material.
We close by adding a note of caution to the above results: there is no consensus on whether or not the Earth
can be built from primitive meteorites sensu stricto. Achondrites plot outside of the range of isotopic
compositions deﬁned by chondrites for several elements (Dauphas & Schauble, 2016; Warren, 2011), and
including them in the model may somewhat change the conclusions drawn here. In particular, angrites have
oxygen isotopic compositions close to Earth and have been advocated as potential building blocks for the
Earth and possibly Mars (Fitoussi et al., 2016). They, however, have Ti, Cr, and Ni isotopic compositions that
are very distinct from the Earth and it takes ﬁne tuning to reproduce the terrestrial composition for these
elements, while this is readily explained by considering material akin to enstatite meteorites, which have
near-terrestrial compositions for all isotopic systems measured thus far (Dauphas, 2017; Dauphas &
Schauble, 2016; Warren, 2011). Furthermore, the absence of bulk concentration and isotopic data for Mo
and Ru in most achondritic meteorites precludes us from incorporating them into our model. These elements
provide critical constraints on Earth’s accretion because the Earth is an end member in Ru and Mo isotopes
(Dauphas et al., 2004; Fischer-Gödde et al., 2015). For Mars, there are no data on Ru and the Mo isotopic data
are of poor precision so most of the constraints on the late stage of Mars accretion are provided by Cr and Ni.
More precise measurements of the isotopic compositions of Ni and Mo as well as Ru in Martian samples
would greatly improve our understanding of Mars’s accretion history and distinguish between two end
member scenarios for Mars’s formation.
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