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GEOCHEMISTRY

Late delivery of exotic chromium to the crust of Mars
by water-rich carbonaceous asteroids

Ke Zhu't, Martin Schiller?, Lu Pan?, Nikitha Susan Saji?, Kirsten K. Larsen?, Elsa Amsellem?,
Courtney Rundhaug?, Paolo Sossi>, Ingo Leya®*, Frederic Moynier', Martin Bizzarro

The terrestrial planets endured a phase of bombardment following their accretion, but the nature of this late ac-
creted material is debated, preventing a full understanding of the origin of inner solar system volatiles. We report
the discovery of nucleosynthetic chromium isotope variability (u>*Cr) in Martian meteorites that represent mantle-
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derived magmas intruded in the Martian crust. The p**Cr variability, ranging from —33.1 5.4 to +6.8 + 1.5 parts
per million, correlates with magma chemistry such that samples having assimilated crustal material define a pos-
itive p>*Cr endmember. This compositional endmember represents the primordial crust modified by impacting
outer solar system bodies of carbonaceous composition. Late delivery of this volatile-rich material to Mars provided
an exotic water inventory corresponding to a global water layer >300 meters deep, in addition to the primordial
water reservoir from mantle outgassing. This carbonaceous material may also have delivered a source of biologically

relevant molecules to early Mars.

INTRODUCTION

The terrestrial planets endured an early period of intense bombard-
ment that postdates their main accretion phase from asteroids left-
over from the main planetary growth stage (1). These bombardment
episodes are modeled to result in compositional modification of plan-
etary crusts by assimilation of impacting bolides, which can poten-
tially deliver exotic material to the planets’ surfaces (2). However, it
remains debated whether the late accreted material was derived from
the inner or outer solar system and, hence, whether it was rich in
volatile elements (3-6). Elucidating the nature and composition of
the late accreted material is critical, as it may provide a source of
volatiles, including water, to terrestrial planets.

Mars is a planetary embryo that accreted and differentiated with-
in the ~5-Ma lifetime of the solar protoplanetary disk (7, 8), resulting
in the isotopic homogenization of the planet’s precursor material
via a vigorously convecting global magma ocean phase (9). Planetary
differentiation processes, including the dynamics of the crust-mantle
system, can be inferred from the study of Martian meteorites. These
include shergottites, nakhlites, and chassignites, representing mantle-
derived, near-surface extrusive lavas or hypabyssal rocks intruded
within the Martian crust (10). These meteorites record extreme iso-
topic and chemical diversity, which provides evidence for the exis-
tence of geochemically enriched and depleted reservoirs established
early in the planet’s history (11). Moreover, the existence of mass-
independent sulfur isotope anomalies in several Martian meteorites
(12), a fingerprint of atmospheric photochemical processing, indicate
that assimilation of crustal materials into Martian magmas occurred
throughout the planet’s history. Thus, Martian meteorites offer clues
with respect to the composition of the primordial crust of Mars, in-
cluding the existence of exotic material at the planet’s surface.
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It is well established from the meteorite record and remote sens-
ing that Mars experienced substantial reworking of its primordial
crust by intense bombardment episodes early in its evolution (13-15).
These energetic impacts are predicted to result in significant remelt-
ing of the primordial crust (16) and, in turn, compositional modifi-
cation by assimilation of impacting bolides. Given the large-scale
nucleosynthetic heterogeneity that exists among solar system rocky

bodies (17), compositional modification of the crust by admixing of

impacting material may result in a shift in the nucleosynthetic makeup
of the crust relative to that of the primitive mantle. As Mars lacks plate
tectonics, this signature will be preserved in the Martian crust over the

entire geologic history of the planet. Thus, progressive assimilation of

crustal material by mantle-derived magmas will lead to a trackable
change in the nucleosynthetic makeup of the contaminated lithologies.

RESULTS

Nucleosynthetic heterogeneity recorded

by Martian meteorites

Chromium isotopes provide insights into the nucleosynthetic history
and the formation time scales of planetary reservoirs. The solar sys-
tem’s asteroids and planets preserve initial heterogeneity in their
mass-independent **Cr/**Cr ratios (u**Cr), corresponding to 250 parts
per million (ppm) (18). Moreover, **Cr is the decay product of the
short-lived >>Mn nuclide (half-life of 3.7 Ma) such that Mn/Cr frac-
tionation events during the lifetime of **Mn will result in mass-
independent **Cr/>*Cr variability (u>’Cr). To search for the isotopic
signal of exotic Cr potentially present in the Martian crust, we con-
ducted ultrahigh precision Cr isotope measurements of Martian
meteorites. These measurements further allow us to determine the
tempo of primordial crust extraction using the short-lived >>Mn->Cr
chronometer. Our samples include shergottites, nakhlites, one chas-
signite, the ALH84001 orthopyroxenite, and the NWA 7533 breccia,
which represents a fragment of the ancient regolith of Mars. The
external reproducibility of our u*'Cr and p**Cr measurements cor-
responds to 7 and 4 ppm, respectively, representing a significant
improvement over published data (19). These measurements are
complemented by mass-dependent Cr isotope compositions (8°°Cr)
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using double-spike techniques and major and trace element data
obtained on the same aliquots used for Cr isotope determinations.
Moreover, we acquired Sm isotope data for a subset of the samples to
evaluate potential cosmogenic effects on the measured Cr isotopes.

We show in Fig. 1 that correlated variability exists in the u>*Cr
and p>>Cr compositions of Martian meteorites. The range of u>*Cr
and p>’Cr variability corresponds to 40.2 + 5.3 and 14.5 + 4.0 ppm,
respectively, which is at least a factor of 3 greater than the analytical
resolution of our technique. As the p**Cr and u>*Cr variability is
relatively small, it could reflect inappropriate correction for natural
mass-dependent fractionation affecting the samples. However,
recalculating the u>*Cr and p*Cr values assuming different mass
fractionation laws to account for the natural mass fractionation
experienced by the samples results in a comparable range of u>*Cr
and u53Cr compositions (fig. S1). Moreover, we note that ALHA
77005 and MIL 090032 that define a u*>*Cr offset of 37.8 + 6.1 ppm
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Fig. 1. Chromium mass-independent isotope compositions (u**Cr and p>*Cr)
and Mg number. Shown in (A) is the p>*Cr versus the u>3Cr for samples analyzed
in this study. The correlation defines a slope and intercept of 2.31 +0.60 and
—53.3 +10.4 (95% confidence interval), respectively, with an r* of 0.81. In (B), we
show that the u>*Cr values are correlated to the Mg number (Mg/Fe + Mg), an index
of magmatic differentiation. Uncertainties reflect internal errors (2SE).
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record 8>°Cr values of —0.10 + 0.02 and —0.18 + 0.02, respectively.
The maximum offset that can be attributed to inappropriate correc-
tion for natural mass-dependent fractionation affecting these two
samples (i.e., equilibrium as opposed to kinetic mass fractionation
law) is 8 ppm and, thus, cannot account for the observed variability.
Likewise, 10 of our samples do not show evidence for stable isotope
fractionation (8°>Cr of =0.11 + 0.02) relative to the composition of
the bulk silicate Earth such that any pu**Cr and p>*Cr variability re-
corded by these sample cannot be ascribed to inappropriate cor-
rection for natural mass-dependent fractionation. However, these
10 samples define a range of u**Cr and u>>Cr composition that span
nearly the entire spectrum defined by all our samples (fig. S1). These
observations establish that the observed variability cannot result
from inappropriate correction for natural mass-dependent frac-
tionation. Alternatively, the correlated u**Cr-p>*Cr variability could
reflect neutron-capture effects. In this model, the sample with the
lowest u>*Cr and u*Cr values (ALHA 77005) represents the primary
planetary composition, which requires a spallogenic production of
~15 and ~40 ppm for the u>>Cr and w>*Cr values, respectively. How-
ever, the "*°Sm/"*?Sm (u"*°Sm) ratios measured for a subset of our
samples with variable p>*Cr values return a homogenous n'*%Sm
composition of 26 + 4 ppm relative to Earth (fig. S2), which we in-
terpret as a nucleosynthetic r—process excess in Mars similar to that
observed for Nd isotopes (20, 21). Moreover, to assess the potential
effects on Cr isotopes from spallation of high-energy particles on
the target element Fe during the meteoroid phase, we calculated the
production rate of spallogenic Cr for various Fe/Cr ratios and
exposure ages that are typical for our samples. We calculated the
productions rates, assuming that the meteorites that we studied had
preatmospheric radii ranging from 8 to 50 cm (see Supplementary
Text). Using the highest Fe/Cr ratios in our samples and upper lim-
its of 5 and 15 Ma for the exposure ages of shergottites and nakhlites,
respectively, we show in fig. S3 that the effects on the u**Cr and
u>Cr values are at most 1 ppm in all models and, thus, are clearly
negligible. We conclude that the u>*Cr and u>’Cr variability expressed
in Martian meteorites reflects their primarz compositions.

The samples defining the high u>*Cr-u>’Cr endmember in Fig. 1
are two nakhlites (MIL 03346 and MIL 090032) and one evolved
shergottite NWA 7320) characterized by low Mg# (<50) and super-
chondritic Mn/Cr ratios. In contrast, the low compositional end-
member is defined by a primitive shergottite (ALHA 77005) typified
by a high Mg# (>70) and subchondritic Mn/Cr ratio (table S1), sug-
gesting that the u>*Cr-u>Cr variability may be a by-product of mag-
matic differentiation processes. We show in fig. S4 the u”*Cr-u>*Cr
and p*>*Cr-Mg# correlation diagrams for shergottites grouped ac-
cording to their level of light rare earth element enrichment, namely,
depleted, intermediate, and enriched. A compositional range exists
for the three types, with the intermediate and enriched shergottites
extending to the high u>*Cr-u>Cr endmember. Fractional crystalli-
zation is known to have played a role in generating some of the geo-
chemical diversity observed in Martian meteorites (22). In terrestrial
systems, pyroxene and chromite fractionation during the magmatic
evolution of mafic magmas results in progressive enrichment of the
evolving magmas in the light Cr isotopes (23), a process that depletes
the residual magma in Cr, as chromite is a major Cr reservoir. The
w>*Cr values correlate in a systematic way with typical indices of mag-
matic differentiation such as the Mg# (Fig. 1B); the 8°°Cr values; and
the Fe/Cr, Al/Cr, and Mn/Cr ratios (Fig. 2). Using the Fe/Cr ratio as
a proxy for the Cr concentration (fig. S5), Fig. 2C demonstrates that
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Fig. 2. Relationship between chromium mass-independent (n>*Cr) and mass-dependent (5°3Cr) isotope composition and indices of magmatic differentiation
(Mn/Cr, Fe/Cr, and Al/Cr). Uncertainties represent internal precisions (2SE) for p54Cr values whereas we use a 10% uncertainty (smaller than symbols) for the elemental ratios.

samples defining positive u>*Cr compositions have the lowest
inferred Cr concentrations, establishing that the preservation of an
exotic Cr isotope signal is a function of the initial Cr concentration
of the magmas. Thus, the isotope fingerprint of assimilation of exotic
Cr is most noticeable in Cr-poor evolved shergottites and nakhlites,
whereas the Cr-rich parental magmas of less evolved shergottites and
chassignites are impervious to this assimilation. A fractional crys-
tallization model (see Supplementary Text) indicates that, under oxy-
gen fugacity conditions recorded by Martian meteorites, significant
levels of Cr depletion occur during magmatic evolution such that
modest amounts of crustal assimilation (<5%) are required to generate
the observed p>*Cr variability. Critically, the nakhlites (MIL03346
and MIL 090032) that define the crustal endmember with a positive
w>*Cr composition record mass-independent sulfur isotope effects
indicative of interaction with a crustal reservoir (12, 24), in agreement
with our interpretation. We emphasize that the observed u>*Cr hetero-
geneity is not predicted to exist for nucleosynthetic tracers that behave
incompatibly during magmatic differentiation such as *’Ti and **Ca.

Admixing of exotic Cr in the Martian crust by impacts

The Cr isotope data require that mantle-derived magmas on Mars
interacted with a reservoir enriched in **Cr before or during their
eruption at the planet’s surface. An efficient means of delivering exotic

Zhuetal., Sci. Adv. 8, eabp8415 (2022) 16 November 2022

Cr is from impacting bodies, which can result in admixing of bo-
lide material to planet’s crust and mantle. The u**Cr compositions of
the most evolved lithologies, interpreted to have been readily affected
by assimilation of exotic Cr, provides a means of identifying its
source. The three samples with the highest u”*Cr values define a
mean of 6.8 + 1.5 ppm, which requires that the source of exotic Cr
comes from asteroids with p>*Cr-rich compositions. Thus, the only
plausible source of exotic Cr are the parent bodies of carbonaceous
chondrites, characterized by u”*Cr values ranging from ~50 to
~160 ppm (25), thereby ruling out noncarbonaceous material as a
significant source of late accreted asteroids. The observation that the
evolved NWA 7320 shergottite, characterized by a highly fractionated
8°>Cr value, records the same p>*Cr value, as the two evolved nakhlites
(Fig. 2A) has two important implications. First, it establishes that
the exotic Cr was assimilated by the host magma of NWA 7320 before
its subsequent differentiation, requiring that assimilation of exotic Cr
occurred in a magma chamber located within a crustal reservoir.
Second, it implies that the u>*Cr value of 6.8 + 1.5 ppm recorded
by three samples with variable §*Cr values must reflect that of the
assimilated Martian crust. Thus, our results indicate the bulk Cr
isotope composition of the Martian crust has been modified by
impacting bodies of carbonaceous compositions from the outer
solar system.

30f10

2202 ‘ST JoqUIBAON UO U YoU101(qIgsiselSoAIuN Te BI080us 105 MMM//Sd1y WO pepeo umod



SCIENCE ADVANCES | RESEARCH ARTICLE

Recent work on the Martian meteorite breccia NWA 7533 (and
its pairs) suggests that significant reworking and remelting of the
primordial crust occurred during the first ~100 Ma of the planet’s
history by bombardment (13, 14, 26). This epoch also comprises the
estimated formation time of the source reservoir of shergottites (27),
which has been linked to the formation of the Martian crustal di-
chotomy by a giant impact after extraction of the primordial crust
(28). This bombardment episode has been attributed to the early mi-
gration of the gas giant planets that caused a flux of asteroidal and
cometary bodies to the terrestrial planet-forming region (3). Recent
dynamical models that explore the origin of the source material im-
pacting the terrestrial planets, including outer asteroid belt bodies
and comets, concluded that for Mars, the impacting material will be
dominated by cometary bodies (29). This conclusion is consistent
with the carbonaceous nature of the exotic Cr component identified
in the Martian crust, which requires an outer solar system origin.

The Renazzo-type carbonaceous (CR) chondrites are inferred to
have formed in an outer solar system reservoir that is distinct from
most carbonaceous chondrites, possibly initially located beyond the
gas giants where cometary objects accreted (30, 31). Thus, CR chon-
drites provide a proxy for the composition of the material accreted
beyond Neptune and delivered to the terrestrial planet-forming
region in the aftermath of the migration of the gas giants (see Sup-
plementary Text). Using the average Cr concentration and u>*Cr
value of CR chondrites (25), an initial Cr concentration of 2500 ppm
and a p>*Cr value of —33 ppm for the primordial crust, our data
require that 24% of chondritic material has been admixed to the Martian
crust to reproduce the measured value of u*>*Cr 6.8 + 1.5 for the
crustal endmember (Material and Methods). To evaluate this con-
clusion, we determined the accumulated mass of impactor material
delivered to Mars before 4.1 Ga based on two approaches, which
provide a lower limit to the pre-Noachian impactor flux (Material
and Methods). First, we consider the observational evidence for early
impactors on Mars from buried impact basins, including only the
oldest large impact basins (32) with a Crater Ray Age greater than 2.
Second, we include the dichotomy-forming impact (28) as a possi-
ble major event that delivered chondritic materials to the Martian
surface. We show in Fig. 3 that the mass required to match our ob-
servations is achieved in two scenarios. A model that includes the
oldest large impact basins results in a mass of ~4.5 x 10°° kg, which,
if mixed in the first ~4 km of the Martian crust, provides the required
composition. Alternatively, including the dichotomy-forming impact
increases the total mass of bolide material to ~6 x 10*! kg. If mixed
with the entire thickness of the Martian crust, then this amount of
material can account for the observed **Cr composition of the crustal
endmember identified here. We note that the minimum estimate of
~4.5 x 10%° kg determined here for the cometary flux to Mars com-
pares favorably with that of ~2.6 to 3.0 x 10*° kg inferred from recent
numerical simulation (29). Although our impact model assumes homo-
geneous distribution of bolide material in the crust, vertical and
lateral heterogeneity is expected to be preserved. For example, the
inferred u>*Cr excess of 6.8 + 1.5 ppm for the crust recorded by
nakhlites and shergottites is different from that of -4.0 + 6.1 ppm
preserved in the NWA 7533 regolith breccia. However, the observation
that >*Cr-rich compositions distinct from the primordial mantle value
(~—30 ppm) are recorded by samples with variable ages and geo-
graphical origins and derived from different mantle source regions
(nakhlites, enriched and depleted shergottites, and NWA 7533) suggests
that the **Cr enrichment is a generic feature of the Martian crust.

Zhuetal., Sci. Adv. 8, eabp8415 (2022) 16 November 2022
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Fig. 3. Mixing model between an incoming flux of outer solar system chon-
dritic impactor and the crust of Mars. The model describes a scenario where the
observed Cr isotopic composition of the crust (u>*Cr of 6.8 + 1.5 ppm) can be ex-
plained by mixing the anomalous composition of incoming impactor flux before
4.1 Ga modeled to be CR chondrite-like (u>*Cr of 128 + 4 ppm) and requires a frac-
tion of impactor material of 24% to satisfy the observed composition (see Materials
and Methods). Two models are considered, namely, the old, buried basins (model 1)
(32) and the dichotomy-forming impact (model 2) (28). Pink vertical bar represents
the range of average crustal thickness from the results of seismic data from the
InSight mission (35). Both cases can account for the observed u**Cr of the crustal
endmember if the impactor mass is admixed to the first 5 km of the crust (model 1)
or the entire thickness of the crust (model 2).

DISCUSSION

Formation time scale of Mars’ main geochemical reservoirs
The evolved shergottite and the two nakhlites that define the crustal
endmember based on the 1**Cr data record a mean p*>Cr value of
24 + 2 ppm. However, using the mixing relationship derived from
the u>*Cr data, it is not possible to impart measurable variability in
w>3Cr that correlates with p>*Cr. This is because of the limited range
of u>Cr compositions that exists between the crust and mantle of
planetary bodies relative to that of carbonaceous chondrites (25),
which makes planetary crust and mantle impervious to >>Cr contam-
ination by chondritic bodies. Thus, the variability of 14.1 + 2.3 ppm
observed between the mantle and crustal end members of Mars can
only reflect Mn/Cr fractionation during the life span of >Mn, which
we interpret to represent the Mn/Cr fractionation associated with
planetary differentiation and crust extraction (fig. S6).

The bulk **Mn/**Cr ratio of Mars is estimated at 0.769 + 0.136
(33), whereas the average >Mn/**Cr ratio of the crust based on the
composition of surface sediments (34) is 1.22 + 0.27, consistent with
the preferential partitioning of Mn in the crust during differentia-
tion. Using these values and assuming average crustal and lithospheric
mantle thicknesses of 50 and 500 km, respectively (35, 36), mass bal-
ance requires that extraction of the primordial crust results in low-
ering the *>Mn/**Cr ratio of the residual mantle by ~6%. On the
basis of these estimates, we show in Fig. 4 that the u>>Cr values of the
residual mantle and crustal endmembers can only be reproduced
if Mn/Cr fractionation associated with primordial crust extraction
occurred within 6.4 Ma after solar system formation. This age for
primordial crust extraction is consistent with constraints from the
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Fig. 4. Mn-Cr time evolution diagram. The time evolution of the p>>Cringrowth,
which represents the difference between the mantle and crustal reservoirs with
modeled *°Mn/>2Cr ratios of 0.724 £0.12 and 1.22 + 0.27, respectively (see main text).
We use a value of 0.769 +0.136 for the bulk *>Mn/>2Cr ratio of Mars (33) and an ini-
tial solar system **Mn/>*Mn of 6.77 x 107° (77). The blue band reflects the range of
1>3Cr compositions considering the model uncertainty. The measured n>3Cr excess
of 14.1 £ 2.3 ppm represents the difference between the inferred mantle (ALHA
77005) and crustal (weighted mean of MIL 03346, MIL 090032, and NWA 7320)
endmember compositions.

combined U-Pb ages and Hf isotope systematics of ancient Martian
zircons that require primordial crust extraction within 20 Ma of so-
lar system formation (13, 26). We note that volatile-poor carbona-
ceous chondrites (i.e., CH, CV, CK, and CO), typified by >>Mn/**Cr
ratios of 0.3 to 0.4, have u*>*Cr values comparable (25) to that ob-
served here for the Martian mantle estimated by ALH 77005. These
chondrites are inferred to have completed their accretion within the
~5-Ma protoplanetary disk lifetime, thereby supporting the time scale
proposed here for the formation of the primordial Martian crust
despite the uncertainties in the model parameters.

Implications for the past and current water inventory of Mars
During the late solidification of Mars, catastrophic outgassing of the
mantle is predicted to have released a primordial surface water res-
ervoir (37). Thus, Mars’ cumulative water budget will consist of a pri-
mordial reservoir in addition to an exotic component derived from
the impacting carbonaceous asteroids that we model to be CR chon-
drites (see Material and Methods and Supplementary Text). On the
basis of the minimum impactor mass required to account for the
exotic Cr in Mars’ crust and assuming an average water to rock ratio of
0.1 for CR chondrites (38), we calculate that admixing of this mate-
rial will result in a water inventory of ~307-m global equivalent layer
(GEL) on the planet’s surface, consistent with the lower range of es-
timates based on geomorphology (39). Because CR chondrites have
a bulk D/H ratio enriched in deuterium (8D of 676 + 46%o) (40)
relative to the Martian mantle (8D <275%o) (41), using the mantle
D/H value to model global atmospheric loss of H over time will
yield inaccurate estimates because the D/H ratio of the cumulative
water budget is a mixture of the primordial and exotic components.
As the D/H ratio of the cumulative water budget will necessarily be
more D-rich than the mantle value, it will result in an overestima-
tion of the initial water inventory, implying that a lesser amount of

Zhuetal., Sci. Adv. 8, eabp8415 (2022) 16 November 2022

water was lost by atmospheric escape. This requires the existence of
a current reservoir of nonobservable water on Mars, the size of which
depends on the proportion of primordial water relative to the exotic
water component.

The current inventory of observable water on Mars is hosted by
the polar layered deposits and corresponds to at least 20-m GEL
(42, 43). However, the existence of additional nonobservable water
reservoirs has been proposed on the basis of the mismatch between
the initial water inventory inferred from geomorphology and that
based on the difference between the D/H value of the initial and
current water inventory (44, 45). Estimates for the quantity of non-
observable water on Mars today range from 100- to 1000-m GEL, a
water mass that is hypothesized to be sequestered by crustal hydra-
tion (45) or, alternatively, stored as subsurface ice deposits (46). As-
suming that Mars’ initial water budget was solely derived from the
impacting carbonaceous material, we calculate a minimum inven-
tory of sequestered, nonobservable water corresponding to 185-m
GEL, consistent with the lower range of estimates inferred from dif-
ferent approaches (44, 45). However, increasing the proportion of
primordial water relative to the exotic component will lead to a cor-
respondingly larger current reservoir of nonobservable water (fig.
S7). Although the size of the ancient surface water reservoir remains
uncertain, our work emphasizes the need for a better understand-
ing of the potential sources of ancient water to accurately model
the hydrologic cycle on Mars, including the storage of water in the
Martian crust.

Last, it has long been recognized that impacting carbonaceous
asteroids and comets can provide a potential source of organic mat-
ter, including biologically relevant molecules such as amino acids, to
planetary surfaces (46-49). Although the preservation rate of bio-
logically relevant molecules is dependent on a number of factors such
as impactor sizes and impact velocities (50), our results establish that
exotic organic matter was delivered to the surface of Mars, provid-
ing an accessible inventory of carbon available for cycling between
reservoirs during the early history of the planet. Thus, our results
and interpretations are consistent with a meteoritic origin for the
isotopically light carbon identified in ancient sediments from Gale
crater (51, 52).

MATERIALS AND METHODS

Sample selection, preparation, and digestion

We selected a total of 31 Martian meteorites, which includes 23
shergottites, 5 nakhlites, 1 chassignite (NWA 2737), 1 orthopyroxenite
(ALH 84001), and the NWA 7533 regolith breccia. We selected our
sample suite to include both falls and find and geochemically prim-
itive (high Mg#) and evolved (low Mg#) lithologies. Fragments
weighing between 20 and 200 mg were extracted from the available
meteorites and crushed to powders using an agate mortar, and the
powdered material was transferred to Teflon bombs for dissolution.
Sample dissolution was achieved by means of concentrated HF and
HNOj; (2:1) at 140°C for 2 days, and after dry down, the solid res-
idues were redissolved in 6 M HCI (at 140°C) for another 2 days to
ensure complete digestion of fluorides and refractory phases such as
chromite and spinel. All samples were visually inspected to ensure
the lack of solid residue. Before chemical purification, a 10% aliquot
was preserved for determination of elemental ratios, and the re-
mainder of the samples were aliquoted equally for mass-dependent
and mass-independent Cr isotope work.
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Chromium purification and isotope analysis
for determination of mass-independent compositions
The chemical purification used here for mass-independent work is
based on a number previously described protocols (53-56) and de-
tailed in full elsewhere (25). Briefly, we used a four-step column
chemistry with typical yields ranging from ~95 to ~99% that involves
anion, cation, and tetra-n-octyldiglycolamide (TODGA) resins. The
first purification step is aimed at removing Fe on anion exchange
resin (AG1-X8) in 6 M HCI. Before the second column chemistry
using cation exchange resin (AG50W-X8) aimed at separating matrix
elements (Mg, Ca, Al, Mn, and Ni), the samples were pretreated in
10 M HCl at >120°C to efficiently promote the formation of Cr**-Cl
species, which have a low affinity for the cation exchanger (56).
Subsequently, samples were loaded on the column in 0.5 M HCI
and eluted in 0.5 M HNOs. The recovered Cr cuts were then treated
with 0.5 M HNOj3 + 0.6% H,O, at room temperature for >1 day to
promote the formation of Cr**. The third clean-up column involved
cation exchange resin (AG50W-X8) and aimed at separating additional
matrix elements (Na, Mg, K, Al, Fe, V, Ti, and other high-field
strength elements) from Cr using 0.5 M HNO;, 1 M HF, and 6 M
HCIL. Last, the fourth column uses TODGA resin to remove the
residual Fe, V, and Ti in 8 M HCI. The total blank of our full purifi-
cation protocol is <5 ng, which is negligible compared to the 10 to
20 pg of Cr processed through the columns. The final Cr solutions
were dried down in concentrated HNOj three times to transform the
acid media to a nitrate and remove residual organics from the resins.
The mass-independent Cr isotope compositions were deter-
mined using a Neptune Plus MC-ICPMS located at the Centre for
Star and Planet Formation, Globe Institute, University of Copenhagen,
Denmark. Detailed analytical and data reduction methods are de-
scribed in earlier work (25, 55). Each sample was measured by sample-
standard bracketing using NIST SRM 979 as the reference Cr standard.
Sample solutions of ~0.5 ppm were introduced to the plasma via an
ESI Apex IR resulting in **Cr signals of 20 to 40 V at an uptake rate
of ~0.06 ml/min. Each sample was measured 10 times. The mass-
independent ’Cr/>*Cr and **Cr/**Cr ratios were normalized to a
constant *°Cr/>*Cr ratio of 0.051859 using the kinetic law. All the mea-
sured isotopic ratios are expressed relative to NIST SRM 979 in the
W notations as follows

(=)
“Cr sample

X
Cr=
“‘ (Xg)
52
Cr/ NIST SRM 979

- 1] % 1,000,000

where x is 53 or 54. The accuracy and external reproducibility of our
measurements by repeated analyses of individual column-processed
aliquots of the Allende meteorites and the DTS-1 terrestrial refer-
ence materials, which are reported by Zhu et al. (25) as the data
obtained here and in the aforementioned work, were acquired in
the same analytical session. On the basis of the Allende and DTS-1
data, summarized in table S2, we infer an external reproducibility of
4-and 7-ppm for the u**Cr and y>*Cr values, respectively. Two duplicate
sample digestions of Tissint and three duplicate digestions of Zagami
yield u>*Cr and p**Cr values that are within uncertainty, considering
our inferred external reproducibility (table S1). A recent study of the
mass-independent Cr isotope composition of Martian meteorites
reports data for seven of the samples analyzed here, albeit at a
lower precision, allowing for a comparison of the two datasets. All
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the u33Cr and p**Cr data are within error, considering the external
reproducibility of 4 and 7 ppm, respectively, as well as the external
reproducibility of 12 and 28 ppm reported by Kruijer et al. (19)
(fig. S8).

Chromium purification and isotope analysis

for determination of mass-dependent compositions

The mass-dependent Cr isotope compositions were determined using
double-spike techniques using the approach outlined by Sossi et al.
(57) and conducted in a different laboratory (Institut de Physique
du Globe de Paris) to avoid potential contamination of the unspiked
aliquots from the *°Cr->*Cr double spike. First, the adequate amount
of the *°Cr->*Cr double spike, which corresponds to 28% of the Cr
content endemic to the samples, was added to the aliquots reserved
for double-spike work. The samples were fluxed in closed beakers at
120°C overnight. Chromium from the spiked samples was purified
via a two-step cation exchange chromatography adapted from (53)
and described elsewhere (58). The purified Cr cuts were dried down
and treated with concentrated HNOj3 to convert the samples to ni-
trate form and eliminate any residual organics from the resin and,
lastly, dissolved in 2% HNOj3 for isotope analysis.

The Cr stable isotope composition of the purified samples were
measured on a Neptune Plus MC-ICPMS housed at the Institut de
Physique du Globe de Paris on the basis of previously described pro-
tocols (57). The stable isotope compositions are reported relative to
NIST SRM 979 in the & notation as follows

(53 Cr )
ZCr sample

(53g

87Cr(%o) =
<
Cr/ NIST SRM 979

- 1] x 1000

Samples were measured at least two times, and the quoted un-
certainty reflects the 2SD. We used the reported mass-independent
composition in the spike deconvolution algorithm to determine the
8”°Cr values. However, given the small range of u”>Cr and u**Cr values
for our samples, using the measured mass-independent composition
results in a 8°°Cr shift that is within the typical uncertainty of the
stable isotope measurements. The stable isotope data reported here
were acquired in the framework of a large analytical session that in-
cluded the determination of the §>’Cr values of several chondrites
(58). The reference materials analyzed in this session to test for data
accuracy include BHVO-2, PCC-1, and DTS-1 and are summarized in
table S3 and compare favorably with literature data. Last, the value
we report for Nakhla is identical to that reported in earlier work (59),
confirming the accuracy of the data.

Samarium purification and isotope analysis

We selected five Martian meteorites covering the range of observed
u>*Cr and p**Cr values to investigate whether the variable Cr iso-
tope data could be accounted for by spallogenic effects. Powders of
selected meteorites weighing 40 to 500 mg were dissolved in concen-
trated HF-HNOj3 mixture at 150°C on a hotplate for 2 days. Repeated
treatment with concentrated aqua regia and 6 M HCl followed HF-
HNOj digestion until a clear solution was obtained. Samarium was
purified from the ample matrix in a two-step procedure. The rare
earth elements (REE) were first isolated as a group on a cation
exchange column following the procedure described by Saji et al.
(21). We used a 2-ml capacity Bio-Rad column filled with AG50W-X8
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(200 to 400 mesh) resin, and high-field strength elements were
first washed off from the column with 1 M HF. The remaining major
elements were removed by elution with 2 M HNOs3, and the REE
fraction was lastly eluted with 6 M HNO3. Samarium was subse-
quently separated from other REEs using a Dionex equipped with a
fraction collector, where samples were eluted through a LN2-spec
column by elution with 0.2 M HNOs. Residual Nd interference
levels after a single pass of LN2 resulted in corrections of around
10,000 ppm on "*’Sm. To limit this, we passed the Sm-cut a second
time through the LN2-spec column, at which point the final cor-
rection from '*°Nd interference was on the order of a few hundred
parts per million and, thus, inconsequential for the accuracy of the
°Sm/'>*Sm ratio within the stated uncertainties. Gadolinium
interference levels on '**Sm used for internal mass bias correction
were significantly less than 10 ppm.

Sm isotopes were measured on a Neptune Plus MC-ICPMS in-
strument at the Centre for Star and Planet Formation (University of
Copenhagen) by sample-standard bracketing using an Aristar Sm
ICPMS solution as a bracketing standard, and isotope data are re-
ported as parts per million deviations of the *°Sm/***Sm ratio from
the standard, normalized to constant */Nd/"**Nd = 0.56081. Sam-
ples were dissolved in 2% HNOj; and introduced into the plasma
source via an ESI Apex IR at an aspiration rate of 0.1 ml/min. Be-
tween 2 and 70 ng of Sm was analyzed for the individual samples dis-
solved in 3 ml, and signal intensities on '*’Sm ranged from 0.12 to
4.65 V. A single analysis consisted of 55 cycles with an integration
interval of 8.34 s, and each sample was analyzed three times. Re-
ported uncertainties are the 2SD of the three individual analyses,
and uncertainties are primarily controlled by the available material
for analysis.

Determination of elemental ratios

An unprocessed aliquot from the original digestion of the Martian
meteorites analyzed here was preserved for elemental ratio determi-
nation. The >>Mn/*Cr ratio of all samples were determined using a
Neptune Plus MC-ICPMS located at the Institut de Physique du Globe
de Paris (Paris, France) by the sample-standard bracketing approach
using gravimetrically prepared standards of known >>Mn/**Cr ratio,
which provides an accuracy of ~5% (25). Elemental ratios for major
and trace elements were determined on the same aliquots using
either an Agilent 7900 ICPMS (Institut de Physique du Globe de
Paris) or an iCap ICPMS (Centre for Star and Planet Formation) by
the sample-standard bracketing approach and using gravimetrically
prepared solution of known concentration as the bracketing stan-
dards. This method ensures an accuracy of 10% for all elemental
ratios reported here.

Determination of the mass of exotic material delivered

to Mars by impacts

As dynamical models suggest that the influx of outer solar system
material to the terrestrial planet formation region occurred early
(3, 29), we consider the earliest impactor populations on Mars within
hundreds of million years after the planet’s formation. The observed
impact basin populations on the Martian surface provides a lower
limit to constrain the total mass of accreted materials from chondritic
impactors. The first 400 Ma of Mars do not have a well-preserved
cratering record (60), and the extrapolated impactor population for
this period is model dependent (29, 61). Conservatively, we consider
the observational evidence for early impactors on Mars from buried
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impact basins to the Martian dichotomy. In the first scenario, we
include only the oldest large impact basins from the work of Frey
(32) with a Crater Ray Age greater than 2 (excluding Hellas, Argyre,
and Isidis). The selected basins likely formed during the pre-Noachian
to Noachian period (4.4 to 4.1 Ga). In the second scenario, we con-
sider the possible giant impact that created the Martian dichotomy,
predating the current Martian surface (62, 63), a possible major event
where chondritic materials were delivered to the Martian crust and
mantle. These two cases provide the best estimate for the known
population of pre-Noachian impactor flux. To calculate the impac-
tor sizes for large basins on Mars, we used the following scaling re-
lationship (64)

0.15 ~0.85
D, = DYDY

Here, D, is the transient crater diameter, D+ is the simple-to-
complex transition diameter (~7 km on Mars), and Dy is the final
crater diameter. The transient crater diameter, Dy, is then translated
to Dy with a factor of 1.2 (65). Scaling relationship between impac-
tor kinetic energy and transient cavity size gives

~ zp?.ll RO.13E0.22 (Sine)l/s

D, =
p;)/3 go.zz

where we take p,, (density of projectile) = 2835 kg m ™, E (impactor
kinetic energy) = (%)nR3pmv2, v (average impactor velocity) =
10 km s}, 6 (most probable impact angle) = 45°, p,, (density of ba-
saltic target material) = 3000 kg m ™, and g (gravity) = 3.71 ms ™. The
density is estimated considering the average density of CR chon-
drites (3.05 x 10° kg m™>) (66) with 10% ice component, consistent
with the inferred water/rock ratio of CR chondrites (38). For the
dichotomy-forming impact, we chose to use the output from a pre-
vious hydrocode simulation that estimated the impactor size to be
1600 km in diameter (67) under the assumptions of relevant impact
velocity and density.

The mass of the impactor materials is calculated as M = 4/3 7 (Dy/. 2)° Pps
assuming a constant density of the projectile. Notably, the amount of
material accreted to the planet is dominated by the largest impactors
(M~R%), so the dichotomy-forming impactor is an order of magni-
tude more important in total mass from impactors that from smaller
impact basins and craters.

Assuming an endmember composition of Cr isotope for CR chon-
drites (u>*Cr = 128 + 4 ppm) and Martian mantle (u**Cr = —33 ppm),
24% admixing of chondritic materials is required in the Martian
crust to explain the observed endmember crustal composition from
Martian meteorites (u**Cr = 8.3 ppm, i.e., 6.8 + 1.5 ppm). For smaller
impacts, most of the impactor materials are either vaporized or
enter the melt pool (68). Therefore, we expect a greater concentra-
tion of anomalous chromium composition close to the Martian sur-
face, later reworked by small impacts throughout Martian history.
The upper 8 to 12 km of the Martian crust has low seismic velocity,
possibly corresponding to a highly fractured or disrupted layer (69).
We show here that the first 4 km thoroughly mixed with chondritic
materials from the basin-forming impactors could explain the end-
member Cr signature in the Martian crust. Including the dichotomy-
forming impact extends the depth of mixing to that of the entire
crust. Hence, admixing of chondritic material to the first 4 km rep-
resents a minimum estimate. We discuss in the Supplementary Ma-
terials that the CR chondrite provides the most likely endmember
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for the impacting material, consistent with both cosmochemical
observations (30, 31) and dynamical models (29). However, if we
consider CO chondrites that have the least anomalous >*Cr compo-
sition [pS4Cr =50 ppm (25)] as an alternative endmember, then 49%
impactor material is expected in the final mixtures, which requires
either a restricted mixing zone (2 km for the basin-forming impac-
tors and a thin Mars crust for dichotomy-forming impact) or twice
the amount of impactor mass than assumed here (fig. S9). Thus, our
estimate of the amount of exotic carbonaceous material delivered to
Mars on the basis of CR chondrites represents a strict minimum. The
scaling and mass balance presented here assume that the impact-
modified Martian crust and mantle are well-mixed reservoirs. The
heterogeneous nature of impact processes could result in local vari-
ations in the concentration of chondritic materials, which, in princi-
ple, may require a smaller impactor flux to account for the observed
distribution of chromium isotopic composition of Martian meteor-
ites. However, the suggestion that shergottite magmas originate from
distinct mantle sources that later experienced fractional crystalli-
zation in different crustal magma chambers (70) supports our pro-
posal that the **Cr-enriched signal identified here reflects a crustal
signature.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp8415

View/request a protocol for this paper from Bio-protocol.
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