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Physical materials from planetary bodies are crucial for
understanding fundamental processes that constrain the
evolution of the solar system, as samples can be analyzed
at high precision and accuracy in Earth-based laboratories.
Mars is the only planet outside of Earth from which we
possess samples in the form of meteorites. Martian
meteorites (n > 350) have enabled constraints to be placed
on various aspects of the red planet's formation and
evolution, notably: that Mars accreted and differentiated
rapidly; that the planet has a complex volatile element
evolution; and that it has always been volcanically active
with a rich and diverse magmatic history. Meteorites have
limitations, however, with lack of field context, restricted
lithological diversity compared to the martian surface,
and with no sampling of a major portion of Mars' history
between 4.1 and 2.4 billion years ago. Returned samples
from Mars have the potential to fill these gaps and answer
many open questions driven by the study of meteorites, as
well as reveal new fundamental research questions. Key
questions that Mars Sample Return is likely to answer
regard the basic evolution of the martian interior and
surface, its potential for habitability and the possibility
of past life, and calibration of age dating of the martian
surface. Samples of various lithologies and different ages
collected at Jezero crater by the Perseverance rover will aid
in better understanding our own planet and will answer
outstanding questions regarding Mars’ future geological
evolution and habitability.

Mars | meteorites | planetary processes | returned samples

Why Study Martian Samples?

Much of what we understand about the compositions, ages,
and formation of planetary bodies comes from the study of
physical samples. For Earth, and even the Moon, such sam-
ples are available as materials collected at the surface in
dedicated field campaigns. These well-characterized samples
have been central to understanding of key processes, includ-
ing plate tectonics on Earth (e.g., ref. 1), and the importance
of complete melting to form a volatile-depleted Moon (2),
likely as a consequence of an Earth-Moon forming giant
impact event. More recently, planetary samples have enabled
assessment of key processes operating during the formation
and consequent evolution of the solar system. Although
some of these samples have been returned by spacecraft
[e.g., Asteroid Bennu sampled by the NASA OSIRIS-Rex mis-
sion (3) and asteroids Itokawa and Ryugu sampled by the
JAXA Hayabusa and Hayabusa2 missions] or by humans (the
Apollo lunar sample suite), the majority of planetary samples
have arrived to Earth in the form of >74,000 meteorites
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(Meteoritical Bulletin, https://www.lpi.usra.edu/meteor/).
Meteorites are ejected from their parent body during an
impact and subsequently fall on Earth or other planetary
bodies. Most meteorites originate from asteroids; some are
from Earth’s moon, with the only planet from which we know-
ingly possess meteorites being Mars.

Originally, what we now know of as martian meteorites
were thought to originate from the asteroid belt. This was until
McSween and Stolper (4) outlined arguments for their martian
origin based on their crystallization ages, mineralogy, and
chemical compositions. The martian origin theory was effec-
tively proven by Bogard and Johnson (5), who analyzed gas
compositions (nitrogen, carbon, and noble gasses) trapped in
minerals and impact melt glass in shergottites, the most com-
mon class of martian meteorite (6). They found that the
trapped gas within the shergottites matched the composition
of the martian atmosphere, measured on the surface in 1976
by the Viking landers (7). We have now refined classification
techniques to identify martian meteorites: Their distinctive
oxygen isotopic compositions and iron to manganese ratios
are used to effectively delineate martian meteorites from
meteorites from other parent bodies (8).

Meteorites are the only samples that we currently possess
from Mars. The evolution of Mars, including models for its
bulk composition, the history of its formation and differen-
tiation, the chemistry and mineralogy of igneous (otherwise
referred to as magmatic) environments, impact and altera-
tion processes, and the timing of all of those processes, have
all been informed by the study of martian meteorites.
Furthermore, it is now known that martian meteorites orig-
inate from different locations at the surface (>11 locations;
ref. 6), enabling the study of Mars at a “planetary scale.”

Mars' surface has been explored by landers and rovers
since the touchdown of the Viking landers in 1976. To date,

Author affiliations: °Department of Geosciences, University of Nevada Las Vegas,
Las Vegas, NV 89154; "Department of Mineral Sciences, National Museum of Natural
History, Smithsonian Institution, Washington, DC 20013-7012; “Scripps Institution of
Oceanography, University of California San Diego, La Jolla, CA 92093; and “School of
Geographical and Earth Sciences, Gregory Building, University of Glasgow, Glasgow G12
8QQ, Scotland

Author contributions: A.U. designed research; and A.U., AM.O., ].M.D.D., and L.J.H. wrote
the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2025 the Author(s). Published by PNAS. This open access article is distributed
under Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-
NC-ND).

"To whom correspondence may be addressed. Email: arya.udry@unlv.edu.

This article contains supporting information online at https://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2404254121/-/DCSupplemental.

Published January 6, 2025.

https://doi.org/10.1073/pnas.2404254121

10f9


mailto:
https://orcid.org/0000-0002-0074-8110
https://orcid.org/0000-0002-8574-4601
https://orcid.org/0000-0001-9520-3465
https://www.lpi.usra.edu/meteor/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:arya.udry@unlv.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2404254121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2404254121/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2404254121&domain=pdf&date_stamp=2025-1-3

Downloaded from https://www.pnas.org by ARY A UDRY on January 9, 2025 from I P address 70.173.231.215.

however, mass and technological constraints for such space-
craft prevent them from conducting analyses with the preci-
sion and accuracy available in terrestrial laboratories. This
includes accurately and precisely probing the ages, compo-
sitions, and physical properties, including magnetic and
microscopic characteristics of rocks on Mars’ surface. By
contrast, martian meteorites have been analyzed with a bat-
tery of highly precise and accurate techniques in Earth-based
laboratories, enabling the analysis of elemental abundances
down to picogram per gram (pg/g, or 1/107° parts by weight)
levels, and isotopic ratio measurements of certain radionu-
clides with precisions of better than 10 parts per million at
two sigma error (e.g., refs. 9, 10). This ability to make precise
and accurate measurements has enabled constraints on the
timing and nature of key processes in Mars’ history, including
its accretion, differentiation, and later evolution.
Constraining martian geological and environmental evolu-
tion, although the entirety of the red planet's history requires
the study of returned samples that would also allow for a
better comparison of Mars with Earth and the inner terrestrial
planets, from the deep interior to the atmosphere. For exam-
ple, by studying the atmospheric Roubion sample already
collected by the Perseverance rover, it should be possible to
constrain the modern martian atmospheric composition to
high resolution and thus better understand the formation of
atmospheres on small rocky planets (10). Additionally, the
Earth's geological record is limited to only minerals from the
Hadean and strongly metamorphosed and weathered rocks
from the Archean. By contrast, martian meteorites are already
known to span a range of crystallization (= formation) ages
from ~4.4to0 0.15 billion years old (= Ga) and, given an absence
of plate tectonics on Mars, returned samples may be some-
what representative of the early Earth, which also likely did
not immediately experience plate tectonics (11). The study of
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Mars therefore has the potential to unravel the early geology
of our own planet. Exploring possible life and habitability on
Mars could also reveal clues for the timing and the environ-
ments required for the onset of life on Earth.

Mars returned samples will benefit future generations of
researchers in a manner similar to the Apollo samples, which
are still intensively studied by scientists today, 55 y after the
Apollo 11 mission. Lunar meteorite and Apollo studies com-
plement one another, each sample type filling knowledge gaps
imposed by the other: Both are necessary and are interde-
pendent. Similar to the lunar meteorite and Apollo samples,
martian returned samples will help contextualize all future
meteorites. The Mars Sample Return mission, prior to human
exploration of the red planet, will provide the most pristine
sample set of this as-of-yet relatively untouched world. Mars
exploration provides us with the earliest chapters of planet
formation in the solar system—chapters which are missing or
incomplete on more dynamic planets, such as Earth and Venus.
Mars is also more accessible than Venus, which has an almost
inescapably thick atmosphere. The journey to Mercury is much
longer, and its proximity to the Sun means it is not a priority
in the search for habitable environments in our solar system.
In this sense, one of our closest neighbors, Mars, is a benign
planet, where the geological record has been preserved for
billions of years. In this paper, we outline some of the funda-
mental observations made from the study of martian meteor-
ites and some of the key questions that remain regarding the
origin and evolution of Mars that cannot be answered solely
through the study of martian meteorites.

A Diverse Collection of Martian Meteorites

Currently, more than 370 meteorites have been officially
classified as martian, altogether weighing 329 kg (725 lbs,
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Fig. 1. Timeline of crystallization of martian meteorites, with a large age gap between 4.1 Ga and 2.4 Ga. Martian timeline with age periods from (14), with
chronology with thinner lines representing different divisions of martian periods (e.g., E: early, M: mid, and L: late). Crystallization ages from references within
(6). Thin section images (from older to younger): Regolith breccia NWA 7034 (BSE image); Orthopyroxenite ALH 84001 (XPL image, courtesy of Allan Treiman,
Lunar and Planetary Institute); Augite-rich shergottite: NWA 8159 (BSE image from 12); Nakhlite: MIL 090030 (XPL image) and Chassignite: NWA 2737 (XPL image);
Olivine-phyric shergottite: LAR 06319 (XPL image). Scale bars represent 500 microns for thin section images.
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Meteoritical Bulletin). These meteorites represent 246 pairing
groups; paired meteorites originate from a single meteor
that broke up during Earth atmospheric entry. The first mar-
tian meteorite was discovered after its observed fall in
Chassigny (central France) in 1815. Since 2013, the number
of recovered meteorites has increased considerably, with
most of these rocks being recovered from the Saharan desert
(S1 Appendix, Fig. S1). Isotopic analyses reveal that meteorites
were all ejected from the surface of Mars during impact
events between 20 million years ago and 700,000 years ago
(e.g., refs.12,13).

Martian meteorites are divided into three groups, which
are together traditionally termed “SNC": shergottites, nakh-
lites, and chassignites. There are additionally two individual
rocks: Allan Hills (ALH) 84001 and Northwest Africa (NWA)
7034 and its 17 paired meteorites (Figs. 1 and 2). These rocks
all have mafic and ultramafic compositions, meaning that
their bulk magnesium oxide (MgO) falls between 4 and 30
wt.%, and bulk silica (SiO,) is between 34 and ~52 wt.% (6).
They are all rocks derived either directly or indirectly (NWA
7034, see below) from magmatic processes [(6) and refer-
ences therein]. Compositions, mineralogies, crystallization
and ejection ages, and isotopic compositions of the different
martian meteorites are summarized in Table S1.

The shergottites are the most common martian meteor-
ites, making up 88% of the collection in number (including
pairings). The magmas which formed shergottites were gen-
erated from distinct reservoirs within the mantle of Mars (6).
Shergottite samples vary in texture (size, shape, and abun-
dance of minerals), which is controlled by different magma
emplacement processes. Most shergottites are younger than
~700 million years, except for two (NWA 7635 and NWA 8159)
meteorites, which are both ~ 2.4 Ga (6, 20, 21) and references
therein). The nakhlites are clinopyroxene-rich rocks, and
chassignites are olivine-rich. There are a total of 35 known

nakhlites and chassignites, which have many compositional
similarities, share a common formation age (1.3 Ga), and
originate from the same volcanic system (22-24). These are
therefore the most complete suite of rocks from a single
planetary magmatic system outside of Earth. The ALH 84001
meteorite, found in Antarctica, is 4.1 Ga (25) and mostly con-
sists of low-calcium pyroxene. This rock is also one of the
most famous meteorites, as it was argued to contain evi-
dence of life from Mars in the form of organic molecules and
magnetite minerals shaped as though they were formed by
magnetobacteria (25, 26). Several studies have since shown
that similar magnetite can form through shock metamor-
phism (27). The controversy surrounding ALH 84001 none-
theless accelerated martian exploration.

All the above meteorites were emplaced at the martian sur-
face as lava flows, or close to the surface as shallow intrusive
rocks (e.g., dykes, sills), or in the subsurface as plutonic cumu-
lates. The NWA 7034 meteorite, however, is unique: It is a pol-
ymict regolith breccia, consisting of angular fragments (or
clasts) of other rocks from different origins which are amalga-
mated together, likely through an impact or multiple impacts
(28). Northwest Africa 7034 is composed of igneous or impact
clasts (29) that are up to 4.5 Ga, which are older than the Jack
Hills zircons, the oldest terrestrial minerals [~4.4 Ga; (24)].

What Critical Knowledge Have We Gained
from Martian Meteorites?

As noted in the following section, martian meteorites have
helped us understand various aspects of the red planet:

Mars Has Always Been a Volcanically Active Planet. While
remote sensing imagery can yield the relative age of an
extraterrestrial surface via crater counting (30), Earth-based
laboratory equipment can provide precise quantitative ages.
Meteorites can record crystallization, ejection, alteration,
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Fig. 2. Total alkali-silica element diagrams of most martian igneous rocks analyzed through meteorite studies (see ref. 7 and references therein), rocks from
Gusev crater (15, 16), and rocks from Gale crater (17) as well as M&az and Séitah formation from Jezero crater (18, 19). Most current martian samples are mafic

to ultramafic in composition.
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and impact ages. Martian magmatic meteorites crystallize
with either old (Noachian, 4.5 to 4.1 Ga; ALH 84001/NWA
7034) or relatively young ages (Amazonian, 2.4 Ga to 150 Ma;
see Fig. 1), but there are no existing ages from meteorites
in between (Fig. 1). Approximately 75% of the surface
of Mars is Noachian to Hesperian in age (31), whereas
the vast majority of meteorites were formed during the
Amazonian, suggesting that meteorites do not provide a
comprehensive understanding of the martian rock record.
Evidence from meteorites for magmatism at the beginning
of martian geologic history to more recent times implies that
convection of its interior occurred since 4.5 Ga and is likely
still happening (32).

Mars’ Mantle Differentiated Early in Its Geologic History. All
igneous rocks, martian included, can retain the minor to trace
(<0.1% by weight) element and isotopic characters of their
source, which are reflective of the mantle (or occasionally
crustal) rock that partially melted to generate a parent
magma. Earth-based laboratory analyses are necessary to
study trace element abundances and isotopes at sufficient
precision and accuracy for appropriate interpretation, and
such studies of martian meteorites have revealed that at least
five different sources exist or have existed on Mars (Fig. 3).
Shergottites likely originate from three of those sources,
which are referred to as enriched, intermediate, or depleted
according to the relative abundances of particular trace
elements (called rare earth elements, or REE), and by ratios
of their radiogenic isotopic compositions (e.g., decay of ¥’Rb
and "Sm to produce long-term, time-integrated #Sr/%°sr
versus "*Nd/"*Nd variations, respectively; see Borg et al.,
this volume). Allan Hills 84001 originates from a reservoir
similar to the enriched shergottites (Fig. 3). The nakhlites
and chassignites originate from a single distinct source (6,
23), and igneous clasts of NWA 7034 represent at least one
source (e.g., ref. 29). Critically, all of these reservoirs formed
early in martian geologic history around ~4.4 Ga, shortly after
the separation of its core, mantle, and crust, and show no
evidence of remixing since that time (e.g., refs. 32, 33). These
studies indicate that the martian interior is heterogeneous
in terms of trace elements and isotopes. This observation
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is somewhat surprising, as convection must have played an
important role in the martian evolution for 4.5 billion years
and the generation of recent volcanism on the planet.

Isotope Data Suggest Very Early and Rapid Planet Accretion and
Formation of the Martian Core and Mantle. Isotope analyses
(including the now-extinct "®2Hf-"8W and "**sm-"**Nd systems)
allow precise constraints on accretion of Mars and the
formation of its core and mantle. The accretion of Mars and its
core formation are now estimated to have taken place around
5 to 10 million years after the oldest components in the solar
system [which are called Calcium Aluminum inclusions (CAIs)]
(35, 36). Dauphas and Pormand (35) showed that Mars accreted
very rapidly, in a period of <1.8 million years, which took place
at the same time as the formation of small ~10 to 100 km
diameter planetary bodies in the solar system. Because of such
an early accretion age, Mars was potentially able to incorporate
enough %°Al, a heat-producing and short-lived isotope, in order
to completely melt and create a magma ocean (=planetary-scale
melting). Conversely, Earth likely accreted over 10 s of millions
of years, with completion around 50 to 100 million years after
CAI (35, 37).

Post-Core Formation Late Accretion Similar to Earth. Martian
meteorites have been analyzed for the abundances of
ultratrace elements (<0.001% by weight), such as the highly
siderophile elements (HSE). The HSE, which include osmium,
iridium, ruthenium, platinum, palladium, and rhenium, are
strongly partitioned into the metal core during core-mantle
differentiation processes. Consequently, Mars' silicate mantle
and crustal reservoirs should be depleted in the HSE, with
very large interelement (e.g., Re/Os) fractionations. In con-
trast, it has been shown that martian meteorites come from
partial melting of reservoirs in Mars with similar relative
and absolute enrichments of the HSE to Earth (9, 38). The
mantle of Mars has chondritic relative abundances of the HSE
suggesting ~0.6 to 0.7% mass addition after core formation
(38). The HSE appear to be quite well mixed within the martian
mantle, which further indicates that post-core formation late
accretion occurred before the isolation of mantle reservoirs
(“Mars’ mantle differentiated early in its geologic history"). The
similarity in post-core formation additions to Mars and Earth is
important for dynamical models of accretion (e.g., ref. 39, 40).
Mars is closer to potential noncarbonaceous (inner solar
system) and carbonaceous (outboard of Jupiter) sources of
late-accretion materials, making further study of martian
materials important for understanding wider solar system
evolution (41)

Evidence of Surficial Weathering Processes, Atmosphere-
Solid Mars Interactions, and Water. Martian meteorites
contain abundant evidence for the formation of secondary
materials that were formed after their crystallization on the
surface of Mars. Such secondary materials are common in
terrestrial rocks through weathering processes, indicating
a similar mode of origin for martian secondary minerals
through interactions with near-surficial or surficial water.
Iddingsite (i.e., alteration products from olivine) and min-
erals resulting from martian low-temperature alteration
processes, such as siderite (Fe-carbonates), phyllosilicates,
evaporites, and possibly salts, are found nearly ubiquitously
in all nakhlites (42-44). The meteorite ALH 84001 includes
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carbonates, whereas shergottites contain carbonates and
clays (45), and the polymict regolith breccia has experienced
hydrothermal alteration (46, 47). In addition to this physical
evidence for alteration, studies of sulfur isotopes in martian
meteorites have revealed a close link between alteration and
atmospherically produced mass independently fractionated
sulfur isotopes (48), with coupled S-Os isotopes, indicating
assimilation of altered ancient martian crust (24). Martian
meteorites therefore reveal an active atmospheric-ground
water cycle on Mars at certain stages in its past. Less clear
is whether this cycle was ephemeral, driven by localized
magmatism, or was long-lived.

Was Mars Volatile-Enriched or Volatile-Depleted? Evidence
from remote sensing and rover data suggests that the water
cycle on Mars was active and extensive during the planet's
early history, possibly akin to that of Earth (e.g., ref. 49).
Martian meteorite hydrogen isotope (D/H) data from both
primary and secondary minerals, however, suggest that this
water was largely lost via atmospheric stripping (50). Such
observations are consistent with mass fractionation of Xe
isotopes in martian meteorite gas, interpreted to reflect the
martian atmospheric composition, suggesting preferential
ionization and loss of the lighter isotopes of Xe during
escape of H from the martian atmosphere (e.g., ref. 51). The
remaining, much thinner, atmosphere of Mars is CO,-enriched,
and there is evidence from the nakhlite meteorites that this
CO, has resulted in carbon sequestration within the martian
igneous crust via a process of mineral carbonation (olivine
conversion to the Fe-carbonate siderite) (52). In addition to
carbonates, macromolecular carbon is ubiquitous within
meteorites and appears to originate from the mantle (e.g.,
ref. 53). Furthermore, the Rb/Sr and K/U ratios of martian
meteorites potentially indicate a volatile-rich interior for Mars
(e.g., ref. 54), yet studies of the stable isotope compositions of
the moderately volatile elements Zn and K suggest that Mars
experienced significant volatile depletion (55, 56). These results
are consistent with a likely size threshold at which planets are
unable to retain significant volatiles, with Mars apparently lying
at the lowermost bounds of such a threshold (55).

Meteorites Enable Investigation of Emplacement and Magma
Differentiation Processes. Direct and indirect studies on
martian meteorites have enabled quantitative and qualitative
constraints to be placed on the formation conditions
(pressure and temperature) of their minerals, the durations
for which their parent magmas were stored in the subsurface,
and how the magmas were finally emplaced on or near the
surface. These approaches have included the direct study of
meteorites (e.g., ref. 6), empirically derived constraints from
experimental petrology (57), and theoretical calculations
(22, 58). Both intrusive igneous rocks and extrusive lavas
are evident in the martian meteorite collection (6) and
were emplaced as lava flows, subsurface sills, and possibly
plutons, similar to emplacement mechanisms observed for
terrestrial magmas. Some meteorites, such as nakhlites
and chassignites, can be grouped together as a coherent
suite of rocks, implying that they all originate from the same
location and volcanic system on Mars, on the basis of shared
ejection ages. Textural studies enable determination that
most martian meteorites were emplaced in ways similar

PNAS 2025 Vol. 122 No.2 2404254121

to terrestrial rocks, for example, as a series of related lava
flows (22). The different textural subclasses of enriched
or depleted shergottite groups could also come from the
same magmatic system. These shergottite groups, which
derive from different mantle sources, are separately linked
through a magmatic differentiation process called fractional
crystallization—a common process on Earth (59, 60). However,
magmatic differentiation processes that lead to more evolved
compositions (richer in silica), are not clearly recorded in the
meteorite collection (58).

Magma Compositions Have Evolved Over Time. Although
we only have two basaltic meteorites dating from the
Noachian, compositions and mineralogical differences can
be observed between these rocks and younger basaltic
rocks. For example, orthopyroxene, a Mg-rich and Ca-poor
pyroxene endmember, is more prevalent in older rocks (as
also observed by orbit) (6, 61). Water content seems to also
have decreased with time in martian magmas (50, 62). In
addition, more evolved compositions have been observed in
NWA 7034, and not in the Amazonian meteorites. These lines
of evidence, from both meteorites and surface observations,
possibly indicate that evolved rocks could have been more
common early in Mars's history. They also provide the
possibility that water loss from Mars throughout its history
has fundamentally shaped its magmatic evolution.

Insight into Mars’ Magnetic Field. Weak magnetic fields above
many large martian impact basins have been observed from
orbit and are commonly interpreted to show that Mars's
dynamo shut down before 4.0 Ga (e.g., ref. 63). Conversely,
Allan Hills 84001 records evidence for strong magnetic
fields for Mars around 4.1 to as late as 3.7 Ga, which could
be explained by a late cessation of the martian dynamo.
Furthermore, the 1.3 Ga nakhlites show a possible crustal
local magnetization (64), providing evidence for a protracted
history of magnetism within Mars.

Current Limitations Imposed by the Available
Martian Meteorite Inventory

Despite the many contributions enabled by the study of mar-
tian meteorites, key areas are identified where Mars Sample
Return is required to address unanswered problems:

1. Absence of field context. Although we know when individ-
ual martian meteorites were ejected, we do not know
the exact location on the surface that they were ejected
from. There have been several proposals for source cra-
ters of different groupings of meteorites, most of which
are located in the Tharsis province (for some of the sher-
gottites) and the Southern Highlands (for NWA 7034)
(20, 65, 66), and a recent study was able to better con-
strain source crater locations (67). Even if a source crater
were to be unambiguously identified for a meteorite, its
field context cannot be determined with accuracy, which
would otherwise serve as a crucial requirement to con-
strain its emplacement history and environment to estab-
lish the geological history of that area. Selecting martian
samples at an outcrop for return is the only means with
which to address this shortcoming—a task currently being
undertaken by the Perseverance rover on Mars.

https://doi.org/10.1073/pnas.2404254121
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2. Gap in age record. No martian meteorites were formed
between 4.1 and 2.4 Ga, and then between 2.4 Ga and
~1.3 Ga, which comprises a large fraction of the planet's
age (Fig. 2). Igneous processes occurring from the mid-
Amazonian to the present day are reasonably well repre-
sented, as most martian meteorites (n = 242) are younger
than/or equal to 1.3 Ga. To bridge the time gap and better
understand martian geological evolution from 4.5 Ga to
the present, the sample collection needs to be enhanced
by sampling for unrepresented ages.

3. Biased samples of the crust. Martian meteorites do not seem
to represent the bulk of the martian crust. Martian mete-
orites overall display different compositions than those
observed at the martian surface by rovers: Martian meteor-
ites have lower silica, lower alkali elements, and higher MgO
and CaO contents relative to martian surface rocks (Fig. 2).
This discrepancy has not been explained, but is likely due
to differences in ages and mantle sources. Martian mete-
orites are much younger than most of the martian surface,
as more than 50% of the surface is older than 3.7 Ga (68).

4. Lack of lithological diversity. While there has been an increase
in the quantity of martian meteorite finds over the last dec-
ade that have expanded the compositional, textural, and
mineralogical range of the sample collection, all (except a
few clasts in NWA 7034) are mafic and ultramafic in com-
position. However, rovers have found significant diversity at
the few locations they have explored, including alkaline and
evolved compositions, representing magmatic processes
distinct from those recorded in martian meteorites (15, 17).
Sedimentary rocks in various environments have also been
analyzed at the surface by rovers and orbiters.

5. Mechanical sampling biases. Due to the process of impact on
the martian surface required to spall meteorites, it is likely
that well-consolidated igneous rocks from Mars are pref-
erentially sampled during the ejection process. The mar-
tian meteorites are dominated by igneous rocks that have
avoided extensive aqueous alteration and which crystallized
recently on or near the martian surface. This bias is due
to the fact that only more competent rocks, representing
younger rocks with low degrees of alteration, are able to sur-
vive the impact ejection process (69, 70). In addition, older
terrains on Mars are covered with a thicker regolith layer
than are younger terrains, which limits chances of ejection
of underlying material (71). This goes some way to explain-
ing why >95% of the martian meteorites are Amazonian
(<3.7 Ga), whereas >75% of the surface of Mars is Noachian
or Hesperian (>3.7 Ga) (68). Mars Sample Return will rectify
this bias sampling by bringing back samples that increase
the diversity of available rocks.

What Are the Critical Questions that Remain
Unanswered?

With every new finding resolved by martian meteorites, new
questions are brought to light. Rover analyses can aid in
answering these questions. However, rover instruments can-
not analyze with the precision and high resolution required
to answer the remaining questions about Mars. To be able
to conduct state-of-the-art geochemical, petrological, and
geochronological analyses on geological materials with field
context, returned samples are needed.
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Heterogeneity and Evolution of the Martian Interior and Surface.
With the expansion of the martian meteorite collection by
~73% since 2011 (Fig. 1), various magma sources have been
found. These reservoirs have retained long-term radiogenic
isotopic compositions consistent with relative isolation since
their formation (72-74). Thus, many open questions arise
from our findings in studying martian meteorites:

* How and when did the martian interior evolve in terms
of composition and mineralogy? Martian meteorites are
not representative of the many compositions of rocks
observed by lower-resolution instruments onboard rov-
ers and orbiters.

« What types of igneous rocks were formed between 4.1
and 2.4 billion years? What magmatic processes occurred
during this time; for example, is there a greater diversity
of more evolved rock types than recorded in meteorites
younger than 2.4 Ga?

+ What is the extent of compositional diversity on the mar-
tian surface? How common are evolved rocks on Mars and
when and how were they formed?

+ What was the origin and composition of the primary mar-
tian crust and what were its properties (thickness, density)?
What role did a magma ocean play in its formation?

« What is the field context of igneous rocks on Mars (e.g.,
intrusive versus extrusive)?

« How many different reservoirs are present in the martian
interior? Why have martian magma source reservoirs not
seemingly evolved with time, even if there is evidence for
vigorous convection on Mars, which would have the effect
of (at least partially) homogenizing the interior?

* When exactly did the Mars magnetic field weaken? How
does this relate to continued magmatic processes on Mars
evident from meteorites, and what effect did the magnetic
field have on the retention or loss of its atmosphere? Why do
we observe local magnetization throughout martian geologic
history?

Finally, what do all of these processes reveal about plan-

etary habitability?

Volatiles, life, and habitability. Martian meteorites show
the effects of aqueous alteration, or alteration in the pres-
ence of liquid water, which occurred prior to their ejection
from Mars. However, on Earth, the best-preserved biosig-
natures and volatile records are not in altered igneous rock,
but in the sedimentary and hydrothermal rocks, which are
largely missing from the meteorite record (75). Zircons—
resilient minerals frequently leveraged for geochronology—
from NWA 7034 are unaffected by the life-limiting shock

pressures seen in ancient terrestrial and lunar samples (76),

meaning that the surface of Mars could have been quies-

cent and possibly habitable from 4.2 Ga to 3.5 Ga, as water
largely dissipated (77). Lithologically diverse samples,
including sedimentary rocks, from a known location on

Mars would help resolve some of the many questions that

arise:

* How did the martian volatile (water and atmospheric gas)
cycles evolve during the 4.1 to 2.4 Ga period?

« What were the past climate conditions of Mars, and when
was it possibly habitable? Without sedimentary samples,
the conditions ranging from fluvial (river) to deltaic or even
glacial environments cannot be studied.
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+ The spatial and temporal extent of the magnetic field of
Mars has implications on habitability: Would obtaining
potentially magnetized material from a previously unsam-
pled age extend the age boundaries of habitability?

+ Can we find evidence of past life on Mars in carefully col-
lected samples?

Martian Crater Counting Calibration. Researchers can estimate
the age of the martian surface by measuring the spatial
density of overlapping craters: Simplistically, the more heavily
cratered a surface, the older it is. This method was developed
first for the lunar surface, where cratering events were
sampled by Apollo astronauts and were precisely age-dated.
There are currently no direct age dates of known martian
craters, except one K-Ar age of sandstone at Gale crater (78).
In fact, the crater counting chronology for Mars is currently
calibrated to the lunar crater counting chronology (79). This
calibration can lead to relative age dating errors from crater
counting since Mars likely underwent a distinct impact history
to the Moon. Therefore, an outstanding question remains:
What are the accurate ages for martian surface terrains? A
returned sample from a laterally continuous surface with a
known crater retention age, or from an impactite that could
date a significant impact event, would allow us to revise
crater counting techniques for Mars (e.g., ref. 65). The terrain
could be more accurately dated to better contextualize the
global martian surface ages.

How do Samples Collected by Jezero Answer Those Questions?
Shortcomings in the martian meteorite collection are largely
based in sampling without known provenance and in biases

Basement Rock
Oldest Units

Variable Lithologies
(Extended mission sampling)

Crater Floor
3.8-3 Gy

Igneous rocks
(Includes: Montdenier,
Montagnac, Salette, Coulettes,
Robine, Malay, Ha’ahéni, Atsa)

Atmosphere

Modern
(Includes: Roubion)

for age (too young) and for composition (e.g., no sedimentary
rocks). The samples collected by the Perseverance rover, which
landed at Jezero crater in February 2021, at least partially
address each of these issues. Rocks are well documented for
spatial context upon collection, so they have field context.
Although high-fidelity geochronology cannot be conducted by
a rover, crater counting estimates place Jezero crater at the
boundary of the Noachian and Hesperian (Fig. 4; ref. 80), which
has not yet been sampled by meteorites. In addition to igneous
rocks, Perseverance collected various sedimentary rocks (12
cores in early 2024), including sandstones and mudstones,
possibly representing multiple depositional environments,
and serving as a climate record (e.g., ref. 81). In addition, by
using igneous detrital minerals within these sedimentary
rocks, we can constrain igneous processes and sources of
these rocks as done in Gale crater (82). The Jezero samples
will enable possibly Noachian to Amazonian geochronology
(83, 84). Over the past three years, Perseverance drove through
three main units, including the crater floor. These represent
igneous units (18, 19, 85); including the Maaz formation, which
are basaltic lavas and pyroclasts, and the Séitah formation,
which consists of olivine cumulates; Fig. 2), the western fan,
and the margin unit (86), on the way to the crater rim. As shown
in Fig. 4, we anticipate Hesperian to Noachian ages for the
crater floor. This unit could help revise the martian cratering
calibration, although some challenges due to secondary
processes (erosion and aeolian processes) may arise (83, 84,
87, 88). We expect the western fan rocks to be around 3.2
to 3.6 Ga (89), whereas the margin unit rich in carbonates
and olivine is expected to be Noachian in age (81, 84).

I Margin Deposits
B |~3.8 Gy
*| Carbonates, olivine

(Includes: Lefroy Bay, Pelican Point)

Modern
(Includes: Atmo Mountain,
Crosswind Lake)

>3 Ga

Sedimentary rocks

(Includes: Swift Run, Skyland, Hazeltop, Bear-
wallow, Shuyak, Mageik, Kukaklek, Melyn, Otis
Peak, Pilot Mountain)

Fig. 4. lllustration overview of Jezero crater showing the different units (and atmospheric and regolith samples) already sampled by the Perseverance rover,
including their cratering ages and the names of the cached samples (81, 84, 88, 89).
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The breadth of samples already collected in Jezero crater in formation of Mars, the formation of planets in general,
terms of lithologies, compositions, and ages will help better and clues to the origins of life in the Universe.
answer the above questions (10).

The sampling by the Perseverance rover and successful
return of these samples to Earth will provide a single well-
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