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Abstract What allows a planet to be both within a potentially habitable zone and sustain habitability over
long geologic time? With the advent of exoplanetary astronomy and the ongoing discovery of terrestrial-type
planets around other stars, our own solar system becomes a key testing ground for ideas about what factors
control planetary evolution. Mars provides the solar system’s longest record of the interplay of the physical
and chemical processes relevant to habitability on an accessible rocky planet with an atmosphere and
hydrosphere. Here we review current understanding and update the timeline of key processes in early Mars
history. We then draw on knowledge of exoplanets and the other solar system terrestrial planets to identify
six broad questions of high importance to the development and sustaining of habitability (unprioritized): (1)
Is small planetary size fatal? (2) How do magnetic fields influence atmospheric evolution? (3) To what extent
does starting composition dictate subsequent evolution, including redox processes and the availability of
water and organics? (4) Does early impact bombardment have a net deleterious or beneficial influence? (5)
How do planetary climates respond to stellar evolution, e.g., sustaining early liquid water in spite of a faint
young Sun? (6) How important are the timescales of climate forcing and their dynamical drivers? Finally, we
suggest crucial types of Mars measurements (unprioritized) to address these questions: (1) in situ petrology at
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multiple units/sites; (2) continued quantification of volatile reservoirs and new isotopic measurements of H, C,
N, O, S, Cl, and noble gases in rocks that sample multiple stratigraphic sections; (3) radiometric age
dating of units in stratigraphic sections and from key volcanic and impact units; (4) higher-resolution
measurements of heat flux, subsurface structure, and magnetic field anomalies coupled with absolute age
dating. Understanding the evolution of early Mars will feed forward to understanding the factors driving
the divergent evolutionary paths of the Earth, Venus, and thousands of small rocky extrasolar planets yet
to be discovered.

1. Introduction

The advent of exoplanetary astronomy has led to the ongoing detection and characterization of thousands
of planetary systems orbiting other stars. Initial data reveal that extrasolar system architecture—planetary
size, spatial distribution, and orbital parameters—is often profoundly different from our own solar system
[e.g., Malhotra, 2015]. Nonetheless, dozens of planets are known as of mid-2016 whose parameters suggest
they might be “Earth-like”: rocky bodies, possibly with gas envelopes, and including some located in a
zone where liquid water might be supported at or near the planet’s surface. The concept of a circumstellar
“habitable zone” is governed by the last criterion, but planet size, mass, composition, and other dynamical
and historical factors must surely play additional roles, as we describe below. On Earth, the limits of life
appear largely set by the availability of water with microbial metabolisms and repair mechanisms respond-
ing to the challenges of temperature, aridity, radioactivity, and nutrient or energy paucity via a plethora of
adaptations. Though subject to debate, the availability of liquid water is the definition of a habitable zone
that we will use here.

Statistics of planetary radius, density, atmospheric composition, orbital parameters, and perhaps even atmo-
spheric and surface composition will become known for large numbers of Earth-like exoplanets in the coming
few decades. Planets similar in size and mass to our solar system’s planets have already been discovered, and
smaller planets will likely be discovered next as the sensitivity of telescopes improves (Figure 1). However, the
framework for interpreting their habitability over geologic time, which is crucial for the evolution of complex
life, still requires more insights on the factors that control planetary evolution.

Critically, examination of our own solar system demonstrates that a statically defined habitable zone, tem-
porally unchanging, cannot alone explain how likely a planet is to host or have hosted life. To explain why
some planets sustain habitable environments over billions of years and some do not requires consideration
of planetary and stellar evolution. Key factors include how planets were assembled; the relative role of initial
composition versus size in setting the evolutionary pathways of a planet’s magnetic, magmatic, tectonic,
and atmospheric evolution; and the stochastic role of impacts or dynamical parameters (Table 1).

On a timescale of decades to centuries, the avenues available to probe the evolution of habitability through
time lie in our solar system, making understanding the early history of Earth, Mars, and Venus essential for the
evaluation of the potential habitability of terrestrial exoplanets. The work done comparing our solar system’s
rocky planets provides the framework for interpreting the hundreds of similar, potentially habitable, worlds
predicted to be found around Sun-like stars and smaller main sequence dwarfs.

Here we discuss the history of Mars through the lens of understanding terrestrial planetary evolution and
habitability. Many of the questions raised herein are equally applicable to Venus evolution (for a summary
of those crucial required measurements, see Venus Exploration Analysis Group [2014] and compare to Mars
Exploration Program Analysis Group (MEPAG) [2015]). Likewise, key questions still remain about the initiation
and habitability of early Earth’s oceans, paleosurface temperature, and the drivers of the rise of atmospheric
oxygen (see for review Catling and Kasting [2017]). We focus on Mars because within our solar system, it
exclusively preserves the geologic record required to understand the early evolution of habitability. Unlike
Earth and Venus, large swaths of crust from Mars’ first billion years are preserved with stratigraphic context
at the surface or near surface, accessible for exploration. In contrast to the Moon, Mercury or icy satellites,
the early crustal record of Mars records the evolution of a body with a substantial atmosphere and rocky
surface with liquid water. Moreover, Mars’ geologic record is weighted toward the first 1 Gyr of planetary evo-
lution, a period that is disproportionately important for the long-term evolution of planetary habitability
because rapid changes in mantle temperature and volatile inventory occur early on.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1928



The Mars exploration program of the
last two decades has generated semi-
nal discoveries, including insights
into geologic and atmospheric pro-
cesses supporting ancient habitable
environments with liquid water as
well as modern day loss and cycling
of volatiles. Mars supported multiple
aqueous, habitable environments
during its first billion years. The main
exploration question has transitioned
from “Was Mars a habitable world?”
to (a) “Was/is Mars inhabited?” and
(b) “Why did major planetary-scale
transitions in environmental condi-
tions and habitability occur?” With
its cold, dry, irradiated surface today,
few would argue that Mars is any-
thing but at the edge of habitability,
though subsurface refugia for life
may still exist [e.g., Cockell, 2014].
Recent choices for Mars exploration
have been strongly influenced by
the search for biosignatures to
address question (a) [e.g., Farmer

and Des Marais, 1999; ExoMars Project, 2014; Grotzinger et al., 2012;Mustard et al., 2013]. Certainly, outstanding
questions remain about conditions most conducive to preserving any biosignatures and about processes
that destroy organics. Here we articulate the set of crucial Mars-related questions and investigations
about early evolution, question (b), which has broader relevance across our solar system and to exoplanetary
systems.

Figure 1. Solar irradiance as a function of planetary radius for a subset of
confirmed and candidate exoplanets. As telescope and processing technol-
ogies are refined, smaller planetary candidates are being reported for
assessment that are similar to our solar system’s rocky planets. The orange
line indicates planetary equilibrium temperatures where liquid water is
permitted, assuming a planetary albedo of 0.25 and not considering
atmospheric radiative forcing or brines.

Table 1. Key Primary and Derived Parameters for the Evolution of Habitable Terrestrial Planets Along With Resultant Effects

Primary Parameter Exoplanet Measurable? Derived Parameters Resultant Effectsa

1. Distance from star Yes Solar irradiation versus wavelength; solar wind
particle flux and variability; solar wind; solar
particle events; irradiation (EUV, UV, visible,
and IR)

Equilibrium surface temperature
2. Type of star and its flux Yes

3. Planetary Size Yes Existence/nature of differentiation (magma
ocean, overturn) (3, 4, 5); nature and duration
of mantle convection (3, 4); nature and
duration of core convection (3, 4, 5);
existence/duration of plate tectonics (3, 4);
volatile flux to the atmosphere (3, 4); core
size and composition (3, 4); mantle and crust
composition and fO2 (3, 4); planetary bulk
density (4); radiogenic heat flux (4, 5)

Atmospheric loss rate (1–3, 5, 6); heat flux
(3–6); magnetic field, including the record
of remanent magnetization (3, 4, 5); igneous
rock composition and type (3, 4); planetary
topography (3, 4, 6); atmospheric
composition (1–6); density and density
distribution (3, 4, 5)

4. Starting composition Partial
5. Timing of accretion (differences
within solar system would lead
to differences in parameters
1, 4, 6 by planet)

No

6. Impact bombardment flux
and timing

No Composition of the mantle and crust;
impact heating

Melts, breccias, impact-induced
decompression lavas

7. Spin and orbital Parameters Yes Time cycle of insolation variability;
latitudinal insolation distribution

Variation in surface temperature distribution,
climate, and geological processes

aCollectively, the resultant effects dictate the climate (surface temperature, atmospheric circulation, and nature of the hydrologic cycle) and thus surface and
near-subsurface environmental conditions, recorded in the geologic record (secondary minerals, physical geology). Resultant effects are italicized when they are
determined by multiple primary parameters; this is the case for most, thus necessitating detailed study to disentangle the relative importance of each primary
parameter.
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Below the current state of knowledge of Mars history is briefly summarized (section 2), key questions about
drivers of terrestrial planet evolution are identified (section 3), and, finally, a list of key Mars measurements is
provided (section 4), along with a look to future approaches for acquisition of measurements from Mars and
from exoplanets (section 5). This paper is intended to be accessible to a diverse audience, including Mars-
focused scientists, exoplanet-focused scientists, instrumentalists and exploration program architects. The
reader is encouraged to use this outline to focus their attention on sections of greatest interest.

2. The Current View of Mars Evolution and Habitability

We summarize the state of knowledge of Mars and its evolution so as to provide sufficient context for the key
questions andmeasurements. The reader is directed to several other recent, comprehensive reviews on geologic
history [Fassett and Head, 2011], mineralogy [Ehlmann and Edwards, 2014;McSween, 2015], sedimentary geology
[Grotzinger and Milliken, 2012], magmatism [Grott et al., 2013], Mars tectonics [Golombek and Phillips, 2010], Mars
atmospheric evolution [Lammer et al., 2013], and Mars climate [Wordsworth, 2016] that extend this brief review.

2.1. Accretion, Crustal Solidification, and Lack of Mantle Mixing

Timescales of accretion of the solar system’s terrestrial planets fromplanetary embryos are typically thought to
be tens of millions of years in the presence of a large perturbing body (Jupiter), in its absence, at least an order
ofmagnitudemore [Morbidelli et al., 2012b]. Indeed, theMoon-forming impact event on Earth—essentially the
last collision of the growing Earth with a roughly Mars-sized embryo—is dated to be ~100Myr after solar sys-
tem formation [Touboul et al., 2007; Halliday, 2008]. However, this long timescale arises from a need to
develop orbit crossing of large embryos. Mars was likely different; it may have been an embryo itself rather
than the accumulation of embryos. Indeed, multiple isotopic systems in Martian meteorites indicate that
Mars accreted rapidly and at an early stage differentiated into atmosphere, crust, mantle, and core. Mars
lacks any volumetrically significant additions ~20Myr after solar system formation [e.g., Halliday et al.,
2001]. Dauphas and Pourmand [2011] from observations based on the Hf-W isotope system proposed that
Mars is a planetary embryo with 90–100% of accretion complete by 5Myr. It is possible that Mars was largely
complete while the nebula was still present (unlike Earth and Venus) and thus may have had a hydrogen-
rich atmosphere at that time, but this would have been small in mass because Mars is such low mass com-
pared to Earth and Venus.

Mars is less dense than Venus, Earth, or Mercury, implying more volatiles or less iron, or both during accretion.
Certainly, compared to Earth, a larger proportion of Mars’ iron resides in the mantle and crust, not core. Mars’
core hosts only ~20% of its mass, while the value is ~30% on Earth. Relatively low abundances of siderophile
(iron-loving) elements with chalcophile (sulfur-loving) affinities are consistent with a homogeneous accretion
scenario for Mars during which sulfur reacted with metallic iron forming a sulfur-rich FeNi phase for the core
[e.g., Treiman et al., 1987]. This likely results from formation under more oxidative conditions, consistent with
volatile richness, which may be related to Mars’ position in a colder part of the protoplanetary disk.

The Martian mantle was not well mixed after core-mantle (or metal-silicate) differentiation [Brandon et al.,
2000; Foley et al., 2005; Debaille et al., 2007]. Isotopic data from the< 1Ga shergottite Martian meteorites
suggests the end of crystallization of anymagma ocean by ~20–60Myr to preserve observed isotopic anoma-
lies [Kleine et al., 2004; Foley et al., 2005; Borg et al., 2016] and that the mantle reservoirs from which these
meteorites were sourced had likely segregated by ~60Myr or earlier [Marty and Marti, 2002]. On the other
hand, nakhlite meteorite geochemistry suggests a multistep solidification process, culminating in a possible
turnover of magma ocean crystallization products as late as ~100Myr [Debaille et al., 2009]. Either scenario is
consistent with modeled ~50Myr timescales for generating a magma ocean through heating by short-lived
radioactive isotopes, adiabatic melting, and solid-state cumulate overturn of a density-unstable crust
[Elkins-Tanton et al., 2005]. Short timescales of mantle overturn and formation of primary crust are further
supported by zircon ages and bulk rock Sm-Nd model ages in the Martian regolith breccia Northwest
Africa 7034/7533 [Humayun et al., 2013; Nyquist et al., 2016]. The thermochemical evolution of the Martian
mantle, involving convection beneath a stagnant lithosphere [e.g.,Ogawa and Yanagisawa, 2011, 2012], must
have been insufficiently vigorous to rehomogenize early-formed geochemical reservoirs. The same is true
whether the Martian mantle evolved from a fractionated magma ocean or in an alternative (i.e., magma
ocean-absent) scenario in which the post-core formation silicate mantle stratified into depleted and enriched
reservoirs by melt extraction and depletion of a convecting upper mantle [e.g., Plesa and Breuer, 2014].
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Collectively, the data imply that Mars formed early, segregated early, and did not experience any global melt-
ing events that significantly remixed mantle reservoirs or crustal components later than 100Myr.

2.2. The Impact Record and Its Framework for Geologic Time

Moving forward several hundredmillion years, a palimpsest of basins and impact craters onMars records the later
stages of the assembly of the solar system (Figure 2). Fewer than ~10 basins larger than D> 500 km are well-pre-
served, thoughMarsmight host 20 ormore buried ancient basinswithD> 1000 km if “quasi-circular depressions”
and “circular thin areas” observed in topographic and crustal thickness data sets result from impacts [Frey, 2008].
Mapping and stratigraphic analysis ofMars’ global geology based on Viking imager data divides the geologic his-
tory into three periods (Noachian, Hesperian, and Amazonian) with eight epoch subdivisions [Tanaka, 1986],
based on referent geologic unitswith defined cumulative crater counts (as a functionofdiameter and count area).
This allows relative ages of geologic units across the planet to be compared. The rim rocks of the Hellas basin
pin the start of the Noachian. Older, pre-Noachian rocks underlie these surfaces and are exposed by scarps.

Mars has awide range of crater densities, implying that some of its surfaces were emplaced recently, while others
are ancient. The transfer of relative into absolute ages requires knowledge of a crater production function and a
chronologymodel, currently extrapolated by use of scaling factors from lunar crater density and lunar crater ages
from Apollo samples.Werner and Tanaka [2011] summarize two such chronologies (detailed in Hartmann and
Neukum [2001]) using different methods (Figure 3). Absolute age assignment uncertainties result from the
combination of differing crater production functions and chronology models. They vary by ~10% (for surfaces
older than about 3Ga) and up to a factor of 2 (for surfaces younger than 2.5Ga), depending onwhat age range
and over what crater diameter range themeasurement is performed [Hartmann and Neukum, 2001]. However,
up to a billion years of additional uncertainty, arising from recent reassessments of the time-dependent lunar
cratering rate, has been suggested for the period around 3–3.5Ga [Robbins et al., 2013; Robbins, 2014].

Even though the absolute timing and duration of many processes are quite uncertain, that Mars is as heavily
cratered as it is testifies to the fact that more than half of its surface dates from at least>3.5 Ga [Tanaka et al.,
2014], robust even in the face of the uncertainties above. Thus, its rocks record the response of a terrestrial
planet to large-scale impact bombardment and the influence of such bombardment on habitability. That
Mars’ impact basins have been heavily modified by later volcanic, erosive, and sedimentary processes testi-
fies to active geology well after heavy bombardment.

2.3. Early Magnetic Field

The presence or absence of a magnetic field indicates the internal state of a planet and also influences its
interaction with stellar processes, which in turn influences, e.g., atmospheric loss, surface radiation. Mars

Figure 2. Mars Orbiter Laser Altimeter global hillshade map of Mars with key place names referred to in the text. The
dichotomy boundary refers to the crustal thickness boundary, which often correlates with topography and separates
the later-infilled northern lowlands and heavily cratered southern highlands.
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has no global magnetic field today but does have intense, localized magnetic anomalies in portions of the
Noachian southern highland terrains, stronger than typical crustal magnetic anomalies on Earth [Acuña
et al., 1999]. This points to the past existence of a dynamo. The field strengths were probably comparable
to Earth’s field but are difficult to estimate because of Mars’ different mineralogy (magnetic carrier phases).
A lack of crustal anomalies in materials disrupted by Mars’ four youngest impact basins—Argyre, Isidis,
Utopia, and Hellas—has been interpreted to indicate the cessation of a dynamo by the time of these impacts.
That is, the iron-bearing phases in impact melt volumes did not become magnetized upon solidifying, which
suggests no contemporaneous global magnetic field. The oldest of these four basins, Hellas, is estimated by
crater counts to be 3.9 to 4.1 Ga [Werner, 2008]. Furthermore, based on comparison of these four basins to

Figure 3. A timeline of Mars processes and key stratigraphies utilizing (a) the Hartmann [Hartmann, 2005] and (b) the
Neukum [Hartmann and Neukum, 2001; Ivanov, 2001] chronology models, as detailed in Michael [2013]. Solar luminosity
[Bahcall et al., 2001]; the timing of the magnetic field (see text for discussion); ages of select Martian impact basins [Werner,
2008]; schematic volcanic activity [e.g., Greeley and Schneid, 1991; Grott et al., 2011]; and atmospheric pressure evolution
(Hu et al. [2015] model with older pressure profiles interpolated to loss estimates from noble gas and noble gas isotope
ratios); last valley network activity [Fassett and Head, 2008]; outflow channel activity [Tanaka, 1997]; meteorite mantle
source region(s) [Borg et al., 2016]; the age of materials in the Gale crater catchment sampled by Curiosity [Farley et al.,
2013b], ALH84001 crystallization [Lapen et al., 2010], and carbonate formation [Borg et al., 1999]; NWA7034/7533 zircon
crystallization [Humayun et al., 2013] are provided. Age units within stratigraphic sections, exposed at past and candidate
landing sites, are also provided: Gusev (crater formation [Werner, 2008] and cap lavas [Greeley et al., 2005]); Meridiani
[Arvidson et al., 2006, and references therein]; Gale (crater formation) [Thomson et al., 2011]; NE Syrtis/Nili Fossae (Isidis
impact and Syrtis lava cap) [Ehlmann and Mustard, 2012]; Jezero (cap rock) [Goudge et al., 2015, and references therein];
Mawrth Vallis (cap rock) [Loizeau et al., 2012]; Holden (crater age) [Grant and Wilson, 2011;Mangold et al., 2012]; Eberswalde
(Holden ejecta overlain by delta [Mangold et al., 2012] and Melas [Quantin et al., 2005; Williams and Weitz, 2014]). When
cross-cutting relationships with datable units are not clear, this is indicated by “?.” Cross-hatched boxes indicate mega-
breccia (with >10m of stratigraphy) allowing access to earlier time periods.
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other impact basins that are magnetized and of similar age (as defined by crater counts), the dynamo may
have declined quite abruptly on timescales of<100 kyr, though time constraints from impact basins are quite
coarse [Lillis et al., 2008]. A rapid decline may be consistent with theory and modeling, depending on the nat-
ure of core evolution [e.g., Kuang et al., 2008; Breuer et al., 2015]. Carbonate-associated magnetite in ALH
84001 has remnant magnetization inferred to result from a field at least as strong as Earth’s [Weiss et al.,
2008]. Its rock formation age of 4.1 Ga [Lapen et al., 2010] and carbonate formation age of 3.9–4.0 Ga [Borg
et al., 1999] indicate similar magnetic field timing constraints as the impact basins. Isolated magnetic anoma-
lies in younger Hadriaca Mons [Lillis et al., 2006] and Apollinaris Mons [Langlais and Purucker, 2007] might
either suggest a second dynamo epoch at 3.7–3.8 Ga or merely intrusive volcanic rock magnetized in the pre-
sence of the field that predated the surface ages recorded by crater counts.

Thus, multiple lines of geological evidence support the existence of a strong Martian dynamo and its possible
decline by 3.9–4.1Ga. Nevertheless, until paleomagnetic studies are conducted on rock samples with precise
and accurate ages, the timing of the dynamo activity and the reasons for the observed variation in intensities of
magnetization of the ancient crust will remain uncertain. The timing constraint on decline is pre-Hellas but post-
ALH 84001 carbonate (Figure 3). The implications for atmospheric loss remain to be established (see section 2.6).

2.4. Topography, Volcanism, Tectonism, and Crustal Composition

The primary, global topographic feature on Mars is the north-south hemispheric dichotomy (Figure 2), a
>4 km vertical elevation change from southern highlands to northern lowlands over a lateral distance of only
a few hundreds of kilometers [Zuber et al., 2000]. Though an origin through either primary crust formation
during magma ocean overturn [Elkins-Tanton et al., 2005] or later degree-one mantle convection [Zhong
and Zuber, 2001; Roberts and Zhong, 2006] has been considered, an impact origin is currently the prevailing

Figure 3. (continued)
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theory [e.g., Andrews-Hanna et al., 2008;Marinova et al., 2008; Nimmo et al., 2008]. Limited crustal mobility on
early Mars is indicated by rifting and orogenies; little to no evidence for plate tectonics is present [Golombek
and Phillips, 2010].

Themodern topography ofMars is testament to a convective patternwithin theMartianmantle thatmay have
been stable formost of its existence and thatmayhavepreventedmantleflow fromdestroyingmantle isotopic
heterogeneities [Kiefer, 2003]. This system has contributed to Mars’ style of volcanism with several large
constructs, mons, each 15–20 km tall, ~1015m3 (twice as large as the Big Island of Hawaii from ocean floor to
summit), mostly emplaced within the regional topographic highs at Tharsis and Elysium [Plescia, 2004]. For
example, Tharsis rises 10 km above the datum and is surrounded by radial extensional grabens and rifts and
concentric compressional wrinkle ridges that together deform the entire western hemisphere and northern
plains [Phillips et al., 2001]. The large topographic bulge from emplaced Tharsis lavas may have induced true
polar wander in the late Noachian/early Hesperian [e.g., Bouley et al., 2016], though large-scale tectonic struc-
tures expected by the stresses induced by such a reorientation have not been found. The emplacement of
Tharsis lavas almost certainly contributed to graben formation from normal faulting, including the Tharsis-
radial graben swarms [Wilson and Head, 2002; Banerdt and Golombek, 2000; Mège and Masson, 1996] as well
as theVallesMarineris canyon system[e.g.,Andrews-Hanna, 2012]. TheTharsis provincehasbeengrowing since
the early Noachian [Anderson et al., 2001] and its volcanos are still intermittently active in the current epoch
[Werner, 2009]. At Olympus Mons and Elysium, the most recent lava flows formed ~10–30Ma [Hartmann and
Neukum, 2001].Manyof the shergottitemeteoritesmaysource fromoneof the recentflowsonthemonsas they
have radiometric ages as recent as 165Ma [e.g.,Nyquist et al., 2001]. Plains-style volcanism—effusive, covering
large areas but not building substantialmons—has also occurred repeatedlywith voluminousHesperian activ-
ity that filled the northern plains [Head et al., 2002] and formed large provinces (e.g., Syrtis Major; Hesperia
Planum, and Malea Planum) [Werner, 2009] and with rarer occurrence in the Amazonian.

The vast majority of the crust of Mars is basaltic to basaltic andesite in composition, though distinct modal
mineralogies define discrete regions [Rogers and Christensen, 2007; McSween et al., 2009]. At the Gusev and
Gale crater landing sites, basaltic lavas and possible pyroclastic deposits of alkaline composition are detected
[McSween et al., 2006a, 2006b; Stolper et al., 2013; Sautter et al., 2014, 2015]. Counterparts to these alkali-rich
rocks have also been reported within Martian meteorites as igneous clasts in NWA 7034 [Agee et al., 2013;
Santos et al., 2015] and as alkali-rich melt inclusions in the chassignite meteorites [Nekvasil et al., 2007,
2009]. These rocks are thought to result from partial melting and fractional crystallization of an oxidized,
hydrous mantle source. Basaltic counterparts among Martian meteorites are much more common than the
alkali-rich varieties and are represented primarily by the 160–480Ma shergotitte meteorites, which sample
Martian basaltic lavas. The shergottites are reported to be the products of partial melting (and subsequent
fractional crystallization) of the Martian mantle under fairly reducing conditions (iron-wustite (IW) to
fayalite-magnetite-quartz (FMQ)) [e.g.,Wadhwa, 2001; Herd et al., 2002] and water-undersaturated conditions
[e.g.,McCubbin et al., 2016, and references therein]. The nakhlites, chassignites, and ALH84001 meteorites are
cumulate rocks (clinopyroxenites, dunites, and an orthopyroxenite, respectively) that likely formed from
basaltic magmas or lavas [e.g., McSween, 2008], although the chassignites and nakhlites have many geo-
chemical similarities indicating they may be sourced from the same thick lava flow or shallow intrusion
[McCubbin et al., 2013]. Additional cumulates have been excavated by impact craters [Skok et al., 2012].
Multiple studies have shown that low-calcium pyroxene-bearing lavas are common in Noachian terrains,
late-Noachian and later lavas are dominated by high-calcium pyroxene and olivine [e.g., Mustard et al.,
2005; Flahaut et al., 2012], and the geochemistry of Martian igenous rocks changes with time [Baratoux et
al., 2011; Filiberto and Dasgupta, 2015]. This evolution in composition has been hypothesized to indicate cool-
ing of the Martian mantle and consequent changes in the degree of partial melting [Baratoux et al., 2011;
2013]. Also, the ancient materials (Gusev, Gale, and NWA 7034) seem to be more hydrous and oxidizing while
the younger shergottites are reduced and drier. This is either a sign of evolution of the mantle or sampling of
heterogeneous reservoirs [e.g., Balta and McSween, 2013; Schmidt et al., 2013; Tuff et al., 2013].

There are hints of additional igneous diversity in the Martian rocks. For example, ancient, high magnesium
olivine-enriched units are circumferential to the Isidis and Argyre impact basins, possibly ultramafic, and
point to excavation of the mantle or post-impact lavas with very high degrees of partial melting [Koeppen
and Hamilton, 2008; Ody et al., 2013]. More silicic, evolved rocks have also been reported in small exposures
from orbit [Christensen et al., 2005;Wray et al., 2013; Carter and Poulet, 2013] and in rocks with large feldspar
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phenocrysts in conglomerates at Gale crater [Sautter et al., 2014]. The regolith breccia NWA7034 (paired with
NWA 7533 and assembled ~1.7 Ga) includes more evolved trachyandesite and Fe-Ti-P-rich lithologies, not
otherwise represented among the Mars meteorites [Santos et al., 2015]. More recently, tridymite, possibly a
product of high-temperature, low-pressure silicic volcanism, has been identified at Gale crater [Morris et al.,
2016]. Thus, while basaltic volcanism has dominated for much of the last 3.5 Ga, a more complex set of
igneous processes operated earlier on Mars.

2.5. The Record of Water and Environments

Erosion rates were substantially greater during the Noachian than on modern Mars, pointing to enhanced
early aeolian and fluvial activity [e.g., Golombek et al., 2014, and references therein]. Dendritic valley networks
in equatorial and midlatitudes clearly indicate drainage of surface waters, and the most extensive regionally
integrated systems were last active in the late Noachian-to-early Hesperian [Howard et al., 2005; Irwin et al.,
2005; Fassett and Head, 2008]. Some of these valleys terminate in open- or closed-basin lakes, hosted in cra-
ters [Goudge et al., 2016, and references therein]. A northern ocean has been proposed based on irregular
paleoshorelines (see for review Carr and Head [2003]) and fans and deltas located along the dichotomy
boundary [Di Achille and Hynek, 2010; DiBiase et al., 2013].

By the late Hesperian/early Amazonian, the type of liquid water-related landforms had changed: dendritic
valleys became restricted in extent, though paleolakes and related fluvial landforms were still locally and
episodically present at the surface [e.g., Quantin et al., 2005; Mangold et al., 2007, 2008, 2012; Grant and
Wilson, 2011; Mangold, 2012; Ehlmann and Buz, 2015]. Large outflow channels debouched into the northern
lowlands, apparently the result of catastrophic floods from sources not fully understood but probably related
to buried aquifers or rapid melting of surface or ground ice [Tanaka, 1997]. Amazonian landforms still include
local observations of fluvial landforms, including poorly dendritic valleys, supraglacial channels, and recent
gullies [Malin and Edgett, 2000; Costard et al., 2002; Schon et al., 2009; Fassett et al., 2010; Mangold, 2012;
Kite et al., 2013a, 2013b] and intriguingly, slope lineae, possibly water related [McEwen et al., 2011]. A change
in the character and decline of surface water-related features through time is apparent from the more patchy
distribution and smaller size of fluvial landforms.

The rich mineral record of water-rock interactions also shows broad trends with time [e.g., Bibring et al., 2006].
Iron/magnesium phyllosilicates are widespread in Mars’ oldest rocks, exposed beneath present-day surface
units and pointing to globally widespread water-rock alteration in the Noachian and earlier. The setting of
this alteration—weathering, aquifer-hosted, hydrothermal or deuteric—is debated [Poulet et al., 2005;
Mustard et al., 2008;Meunier et al., 2012]. Much of the mineralogic alteration to form widespread Fe/Mg phyl-
losilicates appears to be approximately isochemical [Taylor et al., 2010; Ehlmann et al., 2011a; Arvidson et al.,
2014;McLennan et al., 2014]. Mineral assemblages in some Noachian locations include phases formed by sub-
surface alteration in diagenetic, mildly hydrothermal, or subgreenschist metamorphic conditions [Ehlmann
et al., 2009, 2011a, 2011b; Carter et al., 2013]. Near-surface volcanic hydrothermal or fumarolic activity to form
silica deposits has been found on the surface at Gusev crater and in Hesperian units at Syrtis Major [Squyres
et al., 2008; Skok et al., 2010]. A characteristic chemical stratigraphy of Fe/Mg phyllosilicates, overlain by units
rich in Al-phyllosilicates, which are in turn capped by nonaltered units formed in the early Hesperian, may
have formed from aqueous alteration of less mafic starting compositions, intensive near-surface leaching
of basaltic materials from waters that were cumulatively voluminous or acidic, or both (e.g., Murchie et al.
[2009], Ehlmann et al. [2011a], and Carter et al. [2015]).

Salts are found in several basins, indicating open system weathering and water chemistry that varied in time
and space, inducing precipitation of carbonates, chlorides, and sulfates, including acid indicators jarosite and
alunite (e.g., see Ehlmann and Edwards [2014] for review). Timing of many deposits is late Noachian to early
Hesperian but may be considerably later for some basins with sulfates and chlorides [Gendrin et al., 2005;
Osterloo et al., 2010]. Gale crater has evidence for multiple lake episodes around the late Noachian/early
Hesperian as well as longer-lived diagenetic fluid alteration to form clays and sulfates [e.g., Grotzinger
et al., 2014, 2015]. Widespread plains of hematite- and sulfate-bearing sediments explored in situ at
Meridiani Planum show evidence for an intermittently wet environment in the early Hesperian with alter-
nating playa strata and multiple episodes of groundwater diagenesis [e.g., Grotzinger et al., 2005; McLennan
et al., 2005]. Some of the most recent hydrated minerals visible from orbit, which formed in the late
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Hesperian/early Amazonian, are associated with the Valles Marineris area near Tharsis [Milliken et al., 2008;
Thollot et al., 2012].

Thus, stratigraphic sequences from the first billion years of Mars history comprise a rich and diverse record of
water-related environmental conditions on a changing planet. Yet extensive aqueous activity largely ceased
by circa 3.0–3.5 Ga. Water-limited, thin-film acid alteration of basaltic rocks continued, producing coatings
and rinds on Hesperian basaltic rocks at Gusev crater and possibly Amazonian northern plains sediments
[Hurowitz and McLennan, 2007; Horgan and Bell, 2012]. Sands contain trace salts including sulfates, perchlo-
rates, nitrates, and carbonates [Clark and van Hart, 1981; Hecht et al., 2009; Boynton et al., 2009; Leshin
et al., 2013], either formed from modern atmospheric processes or eroded and redistributed from older
deposits. Evidence for oxidative weathering, which may or may not involve water, is widespread in the dust
of Mars [e.g., Morris et al., 2006]. Neither the drivers of spatial and temporal diversity on early Mars nor the
reasons for the timing of the decline are understood, but they likely relate to the interplay of impact, volcanic,
and atmospheric processes.

2.6. Atmospheric Evolution

Mars has a 6mbar atmosphere today, though all the highly volatile elements (H2O, CO2, N2, and the noble
gases) are substantially less abundant on Mars than they are on Earth. Most atmospheric species are strongly
mass fractionated with respect to potential sources. This points to substantial atmospheric loss over time.

A prevailing model divides loss of Mars’ atmosphere into two stages [e.g., Bogard et al., 2001; Pepin and
Porcelli, 2002, and references therein]. The composition of the primordial atmosphere was set by impact
degassing and outgassing. Extreme ultraviolet (EUV) radiation and the solar wind were stronger from the
early Sun due to the dynamo amplifying effect of its faster rotation. Absorption of EUV in the upper atmo-
sphere of early Mars should have led to hydrodynamic escape, as hydrogen escape fluxes are thought to
have been large enough to exert upward drag forces on heavier atmospheric constituents sufficient to lift
them out of the atmosphere. Observed Xe isotope fractionation suggests its loss and loss of most (>99%)
of lighter atmospheric constituents. Heavy bombardment by impacts may also have stripped the atmo-
sphere [Melosh and Vickery, 1989] or provided key sources of volatiles [Owen and Bar-Nun, 1995] (see
section 3.5.2 for discussion of this point). After the decline of the magnetic field, sputtering loss likely per-
sisted from the Noachian onward [Jakosky et al., 1994; Brain and Jakosky, 1998]. Ongoing degassing of the
Mars crust and mantle and, possibly, some delivery of cometary volatiles replenished the supply. The details
of early loss (timing, initial reservoir, and process rates) are still a subject of considerable debate as initial
inferred Martian Xe ratios, isotopic systematics of the lighter noble gases, and inferred amounts of degassing
are not yet fully self-consistent [e.g., Pepin, 2006], and some have recently posited lower early hydrodynamic
Xe loss on Earth [Pujol et al., 2011].

Nevertheless, by the late Noachian (~3.8 Ga), hydrodynamic escape had certainly ceased along with loss
due to large impacts. Though details of the atmospheric reservoir at that point are uncertain, subsequent
removal of volatiles then was likely dominated by nonthermal processes, including pickup ion sputtering,
the rate of which depends on the solar wind particle flux [Leblanc and Johnson, 2002], and photochemi-
cal processes, in which the rate of loss scales to the solar Lyman continuum flux [Groeller et al., 2014].
This is similar to the loss regime today. Outgassing from the mantle during volcanism added volatiles
with the amount and composition of gases released dependent on the fugacity of the mantle, composi-
tion of lavas, the rates of intrusive and extrusive volcanism [e.g., Grott et al., 2011], and atmospheric
pressure [Gaillard and Scaillet, 2014] (sections 3.1 and 3.3.2). Some sequestration of CO2 in carbonate-
bearing rocks also occurred [Niles et al., 2013; Edwards and Ehlmann, 2015; Wray et al., 2016], though
early large amounts of carbonate predicted [Pollack et al., 1987] have not so far been discovered, at least
in rocks from the late Noachian onward.

By the late Noachian/early Hesperian, multiple lines of evidence point to Martian atmosphere being relatively
thin, i.e.,<2 bar and likely <1 bar [e.g., Kite et al., 2014; Edwards and Ehlmann, 2015; Bristow et al., 2016;
Lapotre et al., 2016]. However, D/H measurements, and possibly 36Ar/38Ar measurements, combined with
ongoing Mars Atmospheric and Volatile EvolutioN (MAVEN) measurements of the altitudes of the homo-
pause, exobase, and thermosphere temperatures allow models that suggest that 50–90% of the atmosphere
is lost over 4Ga [Atreya et al., 2013; Mahaffy et al., 2015; Slipski and Jakosky, 2016]. Hu et al. [2015] recently
modeled all sources and sinks finding self-consistent scenarios of decline from ~0.2 to 1.8 bar (likely
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<1 bar) over the last 3.8 Ga to the present-day value of 6mbar, indicated by enriched carbon isotopes
(Figure 3). Obliquity changes on Mars and the discovery of>5mbar of CO2 ice trapped in the southern polar
cap [Phillips et al., 2011] along withmodeling of atmospheric collapse [Soto et al., 2015] indicate that themod-
ern 6mbar atmosphere is not a fixed quantity but rather may fluctuate between ~1mbar and ~30mbar (see
section 3.6).

The influence of atmospheric evolution on climate and the challenges in maintaining liquid water on the sur-
face were recently reviewed byWordsworth [2016]. In brief, 3-D climate models and several data sets suggest a
cold and relatively dry steady state climate from the late Noachian onward with more water ice in higher alti-
tude regions than today. Lack of evidence for glaciation disfavors the long-term existence of a northern ocean,
which would have been a water source for an integrated hydrologic system, creating bands of intense preci-
pitation or ice deposits in the southern highlands Wordsworth [2016]. Yet the exact nature of the climate is
much debated. Warmer interludes or epochs clearly existed to form valley networks, breach crater lakes,
and heavily incise and degrade craters, particularly in the late Noachian and earlier. Whether water that
formed valley networks was from rain or snow/ice melt remains unresolved; a key question is how much
annual precipitation of either formwas available to generate flows?Warmer climatesmay have been triggered
by impacts, volcanism, orbital forcing, or some combination, possibly involving clouds [Toon et al., 2010;
Segura et al., 2013; Urata and Toon, 2013; Kite et al., 2013a]. Trace gases available in the atmosphere and pro-
posed to contribute to warming include H2, H2O, and, for transient episodes, sulfurous species [Johnson et al.,
2009; Ramirez et al., 2013; Halevy and Head, 2014;Wordsworth, 2016], though for sulfurous species, aerosol for-
mation may instead induce cooling [Tian et al., 2010]. Fortunately, the preserved geologic and geochemical
record allows these questions about the processes governing atmospheric evolution to be resolved.

3. Questions on Terrestrial Planet Evolution and the Sustainability of Habitability

As observations of terrestrial exoplanets accumulate and characterization of their parameters becomes more
complete, these beg the question: what matters and what does not in setting planetary climate and the
availability of water, nutrients, and energy sources? The 2014–2023 National Academies Decadal Survey
acknowledged this issue with a fundamental question of the “Building New Worlds” theme: “What governed
the accretion, supply of water, chemistry, and internal differentiation of the inner planets and the evolution of
their atmospheres, and what roles did bombardment by large projectiles play? Important objects for study:
Mars, the Moon, Trojans, Venus, asteroids, and comets.” Specifically relevant to the sustaining of Martian
habitability through time, the Survey also identified for Mars a key question: “How have the factors and
processes that give rise to habitable conditions at planetary and local scales changed over the long term
in concert with planetary and stellar evolution?”Here we unpack these cross-cutting questions into high-level
measurable and modelable parameters and more specific key questions.

Seven primary parameters, several of which are measurable for exoplanets with telescopic observations,
drive planetary evolution; their combined effects on planetary evolution and the sustaining of habitable
environments need disentangling (Table 1 and Figure 4). Below we identify six key questions (Table 2) related
to these primary parameters, their combined effects, and the evolution of habitability, relevant to under-
standing the evolution of all terrestrial planets. Significant progress is possible via observation, modeling,
and, for many, uniquely accessible by exploration of early Mars’ geologic record (discussed in section 4).

3.1. Is Small Size Fatal?

Size—massandvolume—is certainlyoneof theeasiestparameters to identify for exoplanets.Amongterrestrial
planets, Marsmay be atypically small (Figure 1) or future advances in telescopic technologiesmay yet discover
manyMars-sized exoplanets. Most current models of solar system formation predict the initial generation of a
suite of planetary embryos (diameter ≳1000 km). In traditional rocky planet formation models, collisions of
these embryos over tens of millions of years generated Earth-mass terrestrial planets. Venus- and Earth-sized
bodies are the norm; the small size of Mars, though not impossible to reproduce, is improbable [Raymond
et al., 2009]. Thus, Mars formation scenarios that propose a depletion in disk mass around ~1.5 AU have been
invoked, due to either different rates of material infall into the Sun as a function of radial distance [Izidoro
et al., 2013] or to a so-called “Grand Tack”whereby the orbits of Jupiter and Saturn sweep inward then outward
through the solar system, scatteringplanetesimals andembryos [Walsh et al., 2011].More recently,modelswith
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rapid accretion from submeter scale
objects, so-called pebble accretion,
are able to reproduce the basic struc-
ture of the inner solar system, includ-
ing a small Mars and low mass
asteroid belt [Levison et al., 2015].

Some results from the past decade
of exploration, considered together
with concepts of habitability, suggest
that Mars’ small size caused it to “die
out” geologically “too early” for life to
have evolved. That is, decreased
activity might have facilitated atmo-
spheric loss, making surface habitats
too cold or too arid, while a decline
in geothermal heat flux might have
driven subsurface habitats to freeze
out. Such a line of thought belies
the fact Mars remains volcanically
active today [Hartmann and Neukum,
2001; Werner, 2009], has significant
obliquity-driven climate excursions
of a scale substantially greater than
those of Earth [Jakosky and Carr,
1985; Jakosky et al., 1995; Laskar
et al., 2002, 2004; Mustard et al., 2001;
Head et al., 2003], and hosts some
landforms potentially created by
liquid water over the last millions of
years [Schon et al., 2009; McEwen
et al., 2011]. Additionally, the mode
of convection is critical to setting cool-
ing rate. Nevertheless, size is a driver
for a number of geophysical processes
relevant to habitability for which small
size is detrimental (Table 1). Two key
questions are found below.

3.1.1. Do Habitable Planets Need to be Well-Stirred?
Mars is sufficiently large that it almost certainly relies on mantle convection to remove heat from the interior.
However, there is no unambiguous evidence that Mars had plate tectonics at any epoch. In this regime, called
“stagnant lid,” small convecting planets do not cool faster than large convecting planets but operate at a
lower internal temperature [Stevenson, 2003]. They may therefore have less volcanic activity, because this
depends on upwelling material crossing the mantle solidus at depth; however, the depth of the solidus
depends also on mantle composition. What was the volume flux of volcanism on this small planet? Did
Mars ever have a form of crustal recycling? All isotopic chronometers reveal very early isotopic heterogeneity
in the mantle of Mars that is mostly not preserved on Earth, implying early melting and lack of subsequent
large-scale mixing for Mars (section 2.2) [e.g., Halliday et al., 2001]. The isotopic evidence coupled with
observed large volcanic constructs leads to the seemingly contradictory conclusion of a convecting mantle
that retains primordial heterogeneity. These observations could be reconciled by mantle convection that
does not cross compositional stratification in either the vertical (e.g., upper versus lower mantle) or horizontal
(e.g., northern lowlands versus southern highlands) directions, perhaps maintained by long-term stable pat-
terns of convection (see section 2.4). There is no unambiguous evidence for the establishment of an Earth-like
tectonic cycle (the consequences for habitability are addressed below).

Figure 4. Schematic of interrelationships between key parameters (light
green) governing planetary habitability.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1938



The existence of large volcanos, and indeed lavas formed in the past 100Myr (see section 2.4), certainly
means volcanism has played an ongoing role in releasing volatiles to “refresh” the Martian atmosphere.
But what about their eventual fate and possible cycling? Carbonate-silicate weathering cycles, biologically
mediated on Earth [e.g., Walker, 1986], have played a role in regulating terrestrial climate. However, Mars is
the case where geochemical cycles may have been one way: from source to permanent sink or loss to space.
In the absence of unequivocal evidence for plate tectonics, there is not a clear mechanism to cycle hydrogen,
carbon, sulfur, nitrogen, and other atmospheric components between the interior and atmosphere.
Delamination of the lower crust during early crustal formation [e.g., Morschhauser et al., 2011; Ogawa and
Yanagisawa, 2012; Plesa and Breuer, 2014] in the pre-Noachian could have resulted in limited volatile cycling
between the interior and surface. However, since the onset of the geological record, the volatile abundances
in the interior and atmosphere have likely been controlled by the rates of volcanism, loss to space, and phy-
sical weathering in making new surfaces available for chemical reaction. It is unclear, however, that this is
inherently fatal to habitability. Mars offers an opportunity to study geochemical reservoirs and weathering
without plate tectonics. The establishment of plate tectonics, more specifically the onset of plate subduction,
on Earth is imperfectly understood, and its lack may in fact be the “default,” long-term terrestrial planetary
scenario (e.g., see also Mercury, Venus, and the Moon). On Venus, outgassing appears to have produced a
runaway greenhouse; on Mars, it may be balanced mostly by loss to space.
3.1.2. How Does Size Affect Atmospheric Speciation and Loss?
Mars Express and MAVEN are starting to reveal Mars’ current atmospheric loss rate and its dependence on
solar variability [e.g., Jakosky et al., 2015a, 2015b], but the further back in time one goes, the more challenging
extrapolation of these measurements becomes because changes in the Sun’s properties suggest hydrody-
namic escape and EUV flux were substantially different than today (see sections 2.6 and 3.2).

Manymodels for planetary atmospheres assume thatprimary atmospheres aredeterminedmostly by the com-
position of accreted materials and secondary atmospheres from the composition of gases released during a
magmaoceanor later volcanic outgassing.However, sizemayexert a disproportionate influence throughgrav-
ity,which influences theeaseofescape. This in turndictatesatmosphericpressure,which then feedsback to the
composition of gases released by volcanism and their susceptibility to further escape. From modeling gas
release from terrestrial mid-ocean ridge basalt mantle as an illustrative example, Gaillard and Scaillet [2014]
suggest that atmospheric pressure itselfmay be the strongest control on atmospheric compositionwithmulti-
bar atmospheres thermodynamically favoring release of N2- and CO2-rich dry volcanic gases, pressures near
1 bar promoting H2O rich gases, and lower pressure promoting sulfur-rich gases. This in turn dictates the level
ofgreenhousewarmingand thenatureof surface-atmosphere chemical reactions.Mars is just small enough for
carbon and oxygen to escape from photolysis of CO in photochemical processes, thus providing an additional
potential pathway for its loss relative to Earth andVenus. If the rate of early atmospheric losswas relatively rapid

Table 2. Key Questions Related to Understanding the Sustainability of Habitability as Terrestrial Planets Evolve

1. Is small size fatal?
A. Do habitable planets need to be “well-stirred”, i.e., have a circulating mantle, active volcanism, and/or crustal
recycling?

B. How does size affect atmospheric speciation and loss?

2. Why do planetary magnetic fields exist and do they strongly control atmospheric loss rates?

3. Is accretion composition (initial metal:rock:volatile ratio) destiny?

A. How locally homogenous is accretion, i.e., what are the source regions?
B. What controls the planetary-scale availability of H2O and organics?
C. How do volatile species and geochemical cycles control climate?

4. What are the effects of stellar evolution on planetary climate (e.g., on Earth and Mars, a late climate optimum from
evolution of a faint young stars)

5 What is the role of impacts in setting planetary habitability?
A. What was the timing of the early heavy bombardment flux in our solar system?
B. Do early large impacts sterilize a planetary surface?
C. Do impacts provide a net subtraction or addition of atmospheric volatiles?

6. What are the consequences of obliquity, eccentricity, and rotation cycles, which may result in only cyclical habitable
conditions?
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(as data suggest; section 2.6) and if
Gaillard and Scaillet [2014] are correct,
Mars may never have had excess CO2

to regulate. That is, degassing of mas-
sive amounts of CO2, ala Venus, was
never favored in a low-pressure atmo-
sphere, and so loss kept up with or
outpaced replacement. Mantle car-
bon instead partitioned into organic
phases (section 3.3). On Mars, once
the atmosphere was at relatively low
pressure, sulfur and water degassed
with volcanic eruptions, leading to
the deposition of large quantities of
hydrated sulfate salts and perhaps
enhanced, temporary greenhouse
warming due to water (section 3.4).
The record to test for these processes
and changes in atmospheric chemis-
try through time is preserved in the
Martian record of secondary mineral-
ogy (section 2.5).

The two aspects above—size effects
on heat loss and mantle convection
as well as atmospheric loss—thus

clearly demonstrate that size is a control on habitability. Is size the principal control on habitability and can
small size be fatal? It is far from clear that Mars represents the “fatal” case as pockets of habitability may exist
in the subsurface today and even at the surface under different obliquities (see section 3.6). Nevertheless, it is
clear that the control of size on atmospheric loss is coupled with other processes including the evolution of a
magnetic dipole field (section 3.2), magmatic volatile release (section 3.3), and impactor flux (section 3.5).

3.2. Why Do Planetary Magnetic Fields Exist and Do They Strongly Control Atmospheric Loss Rates?

Global planetary magnetic fields for gas giants are currently detectable by decametric radio emission, and
detection may be possible in the future for rocky exoplanets that have sufficiently large fields. The existence
of planetary magnetic fields on some rocky planets (Earth and Mercury) and not others (Venus and Mars) in
our solar system (Figure 5) is dependent on the rate of cooling of their cores and on the composition of the
core alloy. It is relatively easy to change these in such a way as to either turn on or turn off the dynamo pro-
cess. As a consequence, the prediction of a dynamo is difficult. Neither size (Earth and Venus are larger) nor
rotation rate (Earth and Mars are faster) appear to be sole controls on the existence or duration of a dynamo
(Figure 5). This fundamental question—why do some planets have magnetic fields and not others?—may
benefit from more statistics (which rocky planets around other stars have magnetic fields?) as well as data
providing insight on the evolutionary history of magnetic fields, a record that is fully accessible on Mars.

The record on Mars could help in various ways. Present coarse-resolution magnetic field data suggest the
cessation of a strong Martian dynamo between 3.9 and 4.1 Ga; the timing of its initiation is unknown (see
section 2.3 and Figure 3). Thus, first, the rock record of Mars provides the ability to date the timing of the
cessation of a planetary magnetic field and also to determine whether there were multiple episodes of field
initiation and cessation. It may also even be possible that initiation of the magnetic field is recorded in the
oldest parts of the Martian record.

Secondly, Mars’ record provides the ability to interrogate planetary materials immediately before and after
the cessation of the dynamo, looking for signatures of the effects of the existence of a magnetic field on
atmospheric species and their loss as well as the preservation of organics/radiation damage in rocks from
before and after. The presence of a magnetic field creates complex interactions between the solar wind
and the atmosphere, the study of which is an active area of space physics research, including at Mars by

Figure 5. Timing and duration of magnetic fields on planetary surfaces
plotted according to planetary diameter, which does not appear to be a
strong control on the existence of a field. Solid filled rectangles indicate that
there was a global magnetic field; red bars indicate its approximate time of
cessation or orders of magnitude weakening; and light shading and question
marks indicate lack of data that definitively constrain timing. Constraints
on thetimingofMars’globalmagneticfieldaredescribed in the text.Data from
theMoon [Weiss and Tikoo, 2014] (including recent work suggesting
a substantially weakened field persisted until ~1.5 Ga [Tikoo et al., 2014; Fagan
et al., 2014]), Mercury [Johnson et al., 2015], Venus [Phillips and Russell, 1987],
and theEarth [Tardunoetal., 2015;Weiss et al., 2015]are shownfor comparison.
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the ongoing MAVEN mission. The magnetic field is typically thought to prevent sputtering from solar particle
events in which charged particles interact with the upper levels of the atmosphere to remove species via
sputtering by pickup ions [e.g., Kass and Yung, 1995]. A global dipole magnetic field like the Earth’s causes
the solar wind to stand off at a greater distance than it would in the absence of a field. This can protect
the atmosphere from stripping by the solar wind [e.g., Hutchins et al., 1997a, 1997b]. But at the same time,
it can create pathways for atmospheric loss, where the magnetic field at the cusps can provide direct path-
ways for ion loss where the field lines are open to the tail (e.g., Earth’s poles) [Strangeway, 2005]. When amag-
netic field is present, the magnetosphere can funnel the solar wind into a small auroral zone. The resulting
energy flux over the small fraction of the atmosphere could reach 10–100 times larger than in the case with
no magnetosphere, thereby promoting the escape of atmospheric gases [e.g., for Earth, Engwall et al., 2009].
The effect is to greatly enhance the escape of heavy species (e.g., O+) from a deep gravitational well like the
Earth’s; the impact on light gases is minimal. This enhancement effect is also not believed to be important for
Mars, where the atmosphere is much less tightly bound than at Earth [Brain et al., 2013].

On Mars, it is suspected that the turnoff of a global field at approximately 4Ga allowed stronger interaction
between the solar wind and the upper atmosphere and resulted in a turn-on of solar wind stripping of the
atmosphere [e.g., Jakosky et al., 2015a, 2015b]. Additionally, absent a magnetic field, a higher flux of charged
particles, especially cosmic rays, reaches the surface, an effect which destroys chemical bonds of materials
near the surface, may generate oxidants like perchlorates, and may inhibit the preservation of organics
and minerals in pristine form in the upper meter [e.g., Pavlov et al., 2012; Kim et al., 2013; Gerakines and
Hudson, 2013; Gerakines and Hudson, 2015]. A thinning atmosphere may, however, be a more powerful driver
of these effects than loss of a magnetic field.

Because of the completeness of the Martian record with regard to the evolution of the magnetic field, these
key aspects—fundamental controls on why some planets sustain magnetic fields and how magnetic field
existence and loss affect processes relevant to habitability—may be fully addressed for the Martian case
by examination of the rock record.

3.3. Is Accretion Composition Destiny? The Role of Initial Metal:Rock:Volatile Ratios

Telescopic observations show that different stellar environments have different metallicities (ratio of hydro-
gen to all other elements) and C:O ratios, including variability in the distribution of the elements throughout
protoplanetary disks. These differences, in turn, dictate the potential materials—ratios of metals, rocky mate-
rials, volatiles, and their redox state—available to accrete planets, feeding forward to consequences for
igneous and atmospheric evolution. The volatile content and oxygen fugacity (fO2) of the mantle influence
the nature and composition of the original crust, phase transitions, core formation, element partitioning,
and the rheology of the mantle. This is turn has consequences for the likelihood of tectonics (discussed in
section 3.1.1), the composition of the atmosphere, and available geochemical cycles.
3.3.1. Untangling the Controls on Accretion on Volatile Availability
Mars’ likely status as a planetary embryo (see section 2.1) means that it records the accretion and early state of
a protoplanet. This may or may not be common for rocky planets with atmospheres (it is not the case for
Earth; Venus is unknown). Mars offers an opportunity to characterize the degree of mixing of solar system
materials, undisrupted by a relatively late lunar giant impact that mixed embryos. The oxygen isotopic char-
acter of Mars is distinctively different from Earth (and Moon), but since we do not know Venus, it is not clear
what this tells us about the reservoirs of material used in the accretion of Mars. By systematic sampling of
some of Mars’ oldest crust, the possible asteroid belt (meteorite) and cometary building blocks can be
assessed and compared to Earth [e.g., Alexander et al., 2012] as well as dynamical models [Lunine et al.,
2003]. Competing models for the overall architecture of planet formation [e.g., pebble accretion; Levison
et al., 2015], standard models [Chambers, 2004], and the Grand Tack [Gomes et al., 2005] make different pre-
dictions for the growth rate and spatial distribution of source material for Mars analog planets, including their
volatiles. This insight into early accretion is critical to understand volatile delivery and incorporation into
rocky planets. Are the key elements for habitability established on protoplanets or are later accretion pro-
cesses important/necessary for sustained habilitability?

A late oxidized “veneer” component is typically considered necessary to supply volatiles and produce
observed, near-chondritic relative abundances of highly siderophile elements on Earth [e.g., Halliday et al.,
2001]. Current data suggest any late veneer was accreted to Mars to a lesser extent [Brandon et al., 2012].

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1941



Thus, for Mars, its accretion composi-
tion may have largely dictated des-
tiny. The essential information to
understand the source regions and
timing of accreted materials is
recorded in quantification of Mars’
volatile reservoirs and the isotopic
systematics of Mars mantle compo-
nents, tapped by volcanism.
3.3.2. What Controls the
Planetary-Scale Availability of H2O
and Organics?
A rocky planet’s initial redox state is
linked to both the composition of its
metallic core and the abundances
and oxidation states of its initial
inventory of volatiles. The interac-
tions (reaction, cycling, or loss) of
redox-sensitive elements, H, C, N, O,
S, and Fe in planetary reservoirs have
profound implications for thermal,
magmatic, and atmospheric evolu-
tion by controlling phase speciation.
Most core compositions in the inner
solar system are predominately Fe-
rich with additional components that
include Ni, S, C, Si, and possibly H

and/or N. Dissolved volatiles in the silicate portion of a planet equilibrate with the metal core. For example,
H2O reacts with metallic Fe0 to produce FeO and H2. This reaction proceeds until the fugacity ratio of H2 to
H2O has the same oxygen fugacity as that defined by the activity of FeO and Fe0 in the silicatemantle and core,
respectively [e.g., Hirschmann et al., 2012]. The initial oxygen fugacity (fO2) of the Martian mantle at the time of
core formation is estimated from Martian meteorites to be ~1.25 log units below the iron-wüstite (IW) buffer,
which results in an molar H2/H2O fugacity ratio between 1 and 10, depending on temperature [Sharp et al.,
2013] (Figure 6). This relatively low fO2 and elevated fH2 promote the formation of reduced C-H species in sili-
cate melts [Ardia et al., 2013] and destabilize the formation of more oxidized C-O melt species (e.g., CO3

2�)
[Stanley et al., 2011, 2012]. For Mars, this process seems to have resulted in the production of graphitic carbon
in the mantle [Hirschmann and Withers, 2008; Righter et al., 2008] as well as the production of organic macro-
molecular carbon, including polycyclic aromatic hydrocarbons [Steele et al., 2012]. Nitrogen and sulfur also
primarily exist in the reduced form under low fO2 and elevated fH2, so S in the Martian mantle likely exists
primarily as sulfides and Nmay exist as nitride phases or as ammonium (NH3

+) components in K-rich minerals.

Planetary mantle fO2 (Figure 6), set by initial composition, differentiation, convection, and impact history, is
important because it controls the speciation of volcanic gases and chemical character of the primordial
atmosphere. If a magma ocean on Mars degassed a primordial atmosphere, this early atmosphere was likely
dominated by H2, with lesser contributions from H2O, H2S, HCl, and CH4, based on the inferred oxygen
fugacity of Mars during differentiation. Species like CO, CO2, N2, and SO2 would have made a very minor con-
tribution to the total pressure of the directly degased atmosphere. The present-day Martian atmosphere is
quite different, dominated by CO2. Based on this observation, we know that the Martian surface became
more oxidized with time. In fact, this increase in oxygen fugacity with time can also be inferred from samples
of the Martian crust. The large fO2 range in the shergottite meteorites from~ IW to ~5 log units above IW,
coupled with their geochemistry, indicates that there is an oxidized crust-like component on Mars and a
reduced mantle component [e.g., Wadhwa, 2001; Herd et al., 2002; Shearer et al., 2013; Steele et al., 2012].
The inferred range of fO2 of the ~3.7 Ga Gusev basalts is similarly large but extends to more oxidized condi-
tions [Schmidt et al., 2013; Tuff et al., 2013]. Finally, the most representative sample of Martian crust that we

Figure 6. Estimated ranges of oxygen fugacity among a subset of terrestrial
bodies, based on ranges reported in the literature as derived from analyses
of samples [Sharp et al., 2013; Papike et al., 2005; Zolotov et al., 2013;
McCubbin et al., 2012; Wadhwa, 2001; Herd et al., 2002]. At temperatures of
1000°C, the yellow ovals represent the fO2 (relative to IW) at which the
oxidized and reduced forms of a volatile pair have an activity ratio of unity
(from Hirschmann and Withers [2008], Ulmer and Luth [1991], Sharp et al.
[2013], and Mavrogenes and O’Neill [1999]). The blue shaded area represents
the habitability region in fO2, in this case defined as the region allowing for
the coexistence of substantial H2O as well as reduced carbon species. This
region extends 1 log unit below the unity point for H2 and H2O and 1 log unit
above the high-pressure unity point for graphite and C-O-H fluids.
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have, NWA 7034/7533, assembled ~1.7 Ga, indicates that the Martian crust is highly oxidized [Humayun et al.,
2013;Muttik et al., 2014; Santos et al., 2015]. The cause of this oxidation is likely related to the loss of H2, which
has an oxidative effect on the remaining system [Sharp et al., 2013], and the H2/H2O fugacity ratio of the
atmosphere decreases, up to the point where the fO2 defined by the H2/H2O fugacity ratio is equal to an oxy-
gen fugacity that approximates the FMQ buffer (i.e., the point at which H2 is exhausted from the system,
equal to approximately IW+ 3.5; see Sharp et al. [2013] for additional details). At FMQ, magmatic degassing
favors the production of atmospheric species such as H2O, CO2, and N2 over H2. Although the change in
redox evolution is understood and a probable mechanism identified, the timing of this change is much less
certain and could have occurred as early as the waning stages of magma ocean crystallization or sometime
after the cessation of the dynamo, where atmospheric loss was accelerated. Additionally, the relative controls
of pressure and redox remain to be disentangled.

The rise of oxygen on our own planet is a complex feedback between the rise of cyanobacteria and their con-
sequent changes on the geochemical cycles of redox-sensitive elements (e.g., C and P) [e.g., Kasting, 1993;
Laasko and Schrag, 2014]. On Earth, recycling of carbon into the mantle may act to buffer the fO2 of erupted
lavas by reaction of carbonates and organic carbon. Mars is an opportunity to understand (presumably) abio-
tic oxidation, but where, as is typical for many possible exoplanetary cases [Harman et al., 2015], molecular
oxygen in large quantities does not result. Losses in the Martian atmosphere through time of the lightest
gas, molecular hydrogen, compound the magmatic effect and gradually lead to oxidation over time due to
the buildup of elemental oxygen (i.e., electron-poor equivalents in the form of ferric iron-bearing minerals
and sulfate salts) left behind from photolysis of water molecules [e.g., Hurowitz et al., 2010]. It is not clear
whether oxidative processes acting in Mars’ atmosphere and during weathering of its surface are detrimental
to habitability; indeed, the redox potentials and energetic gradients between surface (oxidized) and subsur-
face (reduced iron phases in rocks and mantle) are increased. However, redox dictates the nature of gases
present in the atmosphere, in turn governing nearly all aspects of water chemistry and climate
3.3.3. How Do Volatile Species and Geochemical Cycles Control Climate?
The Tharsis volcanic load is composed of over 108 km3 of basaltic materials. Assumingmagma water contents
of a few tenths of percent to a few percent, this is equivalent to a global layer of water 10–100m thick, which
might have enabled the early warm and wet Martian climate, depending also on other volatile species pre-
sent [e.g., Phillips et al., 2001]. Other components of atmospheric gases released from magma depend both
on the composition of the mantle (starting materials; section 3.3.2), the composition of crustal materials (if
these are metamorphosed to released gases), and the atmospheric pressure (section 3.1.2). Of course, which
species are present influences the degree of greenhouse warming (section 2.6). Mars presents an opportunity
to understandwhether andwhy sufficientH2might beproduced for early greenhousewarmingbut then cease
[Ramirez et al., 2013], consequences of the speciation of sulfur on climate and geochemical cycles [Halevy et al.,
2007; Johnson et al., 2009; Gaillard and Scaillet, 2014], the sequestration of carbon dioxide as carbonate [Niles
et al., 2013; Edwards and Ehlmann, 2015; Wray et al., 2016], and the possible evolution of multiple water
reservoirs [e.g., Usui et al., 2015]. As noted in section 3.1.1, Mars provides a key test case for inhibited volatile
recycling. The rock record ofmineral assemblageswill recordwhether H2, CH4, or sulfurous species ever played
a substantial role in greenhouse forcing and changes in redox and water availability through time.

3.4. A Late Climate Optimum? Effects of Faint Young Stars

Observations of exoplanets today are one snapshot of an evolving system. A primary parameter crucial to
habitability of the planetary surface is the star itself, including the age of the star, which influences the history
of processes causing atmospheric loss (sections 3.1.2, 3.2) as well as the overall history of incident radiant
heating. For the latter, the “faint young Sun problem” has long been recognized as a challenge for explaining
the existence of liquid water on Earth during its first billion years (for a recent review, see Feulner [2012]).
According to standard solar models, the luminosity of the Sun upon ignition at ~4.57 Ga was ~30% fainter
than at present (Figure 2). Because planetary equilibrium temperature is proportional to the 4th root of
absorbed solar radiation, this implies equilibrium temperatures 5%–10% lower than today during the first bil-
lion years of planetary evolution, assuming only limited variation in the value of the planetary Bond albedo.
The faint young Sun problem is especially acute for Mars, where ~70 K of greenhouse warming (more than
twice that for Earth) [e.g.,Wordsworth, 2016] is required to sustain liquid water, known from multiple sources
of evidence to at least be episodically present at the surface (see section 2.5).
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A late climate optimumwasproposedas one explanation for the simultaneousoccurrence ofAl-phyllosilicates,
weathered in open systems, and valley networks in the late Noachian, and their relative paucity in early
Noachian units, while simultaneously noting a preservation bias might be equally probable [Ehlmann et al.,
2011a]. For late Noachian Mars and even more so for earlier time periods, it is not yet clear from current
climate modeling [e.g., Forget et al., 2013; Wordsworth et al., 2013, 2015] that atmospheric mass increases
in pCO2 alone can compensate for the presumed effects of a faint young Sun.

Solution(s) to the faint young Sun problem remains open. For Earth, at least four sets of solutions have been
proposed: (1) increased concentrations of atmospheric greenhouse gases, supplied by hydrothermal activity
or volcanism, including CO2, H2, CH4, NH3, N2SO2, and other species; (2) changes in the abundance, composi-
tion, and distribution of low- and high-level clouds, simultaneously changing planetary albedo and green-
house warming; (3) changes in ocean heat transport due to less and differently distributed land masses
and/or differences in ocean salinity; or (4) changes in axial obliquity and consequent impacts on heating
and heat transport [Feulner, 2012].

Mars, with its long geologic record covering the early time period of increase in stellar flux provides a test
case with an atmosphere of fundamentally different (arguably less complex) compositional evolution in
which to untangle the changes in radiative forcing from different species. A northern ocean may have been
present or absent, but significant changes in its configuration are unlikely, eliminating one variable (3). By
sampling the geologic record, (1) and (4) can be directly assessed, looking for indicators of atmospheric
species—largely not overprinted by diagenesis or life—and for periodicity of forcing.

3.5. Stochasticity and Impacts: Bringers of Destruction, Creation, or Both?

The assembly of any planetary system is chaotic and models of planet assembly and bombardment are prob-
abilistic. Thus, the fate of any world with a given stellar flux, size, and composition is dependent on some
aspects that are predictable and others that are stochastic. Key parameters are the timing of bombardment
and magnitude. Yet these and their effects on planetary systems—did large impacts sterilize the planet? or
generate a large gain or loss in volatiles?—can be modeled but are ill-constrained by data. Uniquely in the
solar system, Mars preserves the ability to answer questions about the effects of impact bombardment on
the habitability of a rocky body with an atmosphere.
3.5.1. What Were the Timing and Intensity of the Impact Bombardment Flux?
Multiple models for the time variation in the impactor flux to the inner solar system exist, resulting in two fun-
damental uncertainties: (1) the timing, duration, and magnitude of a putative late heavy bombardment and
(2) timing of events younger than 3.5 Ga. For the first uncertainty, traditional crater counting models posit a
smoothly declining bombardment rate with a half-life defined by the end of the accretionary period [e.g.,
Hartmann and Neukum, 2001]. Based on lunar impact melt dating, many other models contain a “spike” in
bombardment in the inner solar system around 3.9–4.1 Ga, though the detailed impact flux and peak time
vary. An increase in bombardment flux might result from the dynamical interplay between the giant planets,
the primordial disk, and the myriad of smaller bodies in the asteroid and Kuiper belts. Some models favor a
narrow spike late heavy bombardment at 3.9 Ga, justified by age dating of lunar materials [Ryder, 2002], while
other models favor a more distributed sawtooth-like heavy bombardment period with a peak near 4.1 Ga
[Morbidelli et al., 2012a].

For the second uncertainty, recent work argues for a range of lunar chronologies [e.g., Hartmann et al., 2007;
Marchi et al., 2009], with differences between the models of up to 1 billion years [Robbins, 2014]. These differ-
ences are primarily due to different assessments of crater densities, especially in recent Lunar Reconnaissance
Orbiter data, and a lack of dated samples of known provenance for terrains with N(1) crater densities
of ~0.0015 km�2 to 0.0025 km�2. This seemingly small range is associated with the time period from
~1–3.5 Ga, with the largest differences between the models occurring at about 3.3 Ga. Mars, the Moon, and
possibly Mercury provide themain records of this impactor flux as Venus and the Earth have had their records
overprinted by later volcanism, tectonism, and erosion. The record in the asteroid belt is complicated by intra-
belt dynamics. The lunar record is certainly the most pristine, since early surfaces on both Mercury [Marchi
et al., 2014] and Mars [Tanaka, 1986] experienced resurfacing by volcanism and erosion concomitant with
heavy bombardment. Indeed, the number of the largest Martian basins is debated (see section 2.2), a fact
which complicates chronologies. Nonetheless, Mars provides a key test of our understanding of solar system
chronology. Do the extrapolations of the impactor flux and timing based on the age and distribution of lunar
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record, terrestrial isotopes, and known physics also explain the Mars chronology? Determining ages for
ancient Martian impact basins and early volcanic provinces would definitively constrain the timing of inner
solar system heavy bombardment and its effects on the evolution of potentially habitable worlds.
3.5.2. Do Early Large Impacts Sterilize a Planetary Surface?
The impact flux of the Earth-Moon system remains only partially constrained and a nearly 2 orders of magni-
tude difference in the impactor flux as well as differences in the impactor size-frequency distribution dictate
whether the Hadean Earth experienced overall moderate but very locally severe impact heating [Abramov
and Mojzsis, 2009] or several planet-wide near-sterilization episodes [Marchi et al., 2014]. The Martian
record from this period exists, though it is not presently clear whether layered strata represent impact
breccias, volcanic lavas and pyroclastics [McEwen et al., 1999; Bandfield et al., 2013], or sedimentary depos-
its. Dominance of melts and breccia might imply episodic sterilization; dominance of sedimentary and vol-
canic environments might instead imply “normal” geologic processes persisted. In situ petrology can
distinguish the origin of Mars’ earliest units and isotopic and chemical data from mineral phases can
establish surface temperatures.
3.5.3. A Net Subtraction or Addition of Atmospheric Volatiles?
A key area of debate is the role of impacts on atmospheric loss. Net addition or removal depends on the mass
of the planet, the mass of the atmosphere, and the size, velocity, and composition of the impactors.
Atmospheric loss by large impacts was modeled to be significant [Melosh and Vickery, 1989] with projectiles
as small as 3 km in diameter proposed to cause Martian atmospheric loss and complete atmospheric removal
for a 160 km diameter projectile at 20 km/s [Ahrens, 1993]. Recent work has focused attention on observed
enrichment of radiogenic 40Ar relative to 36Ar, which would have been removed from impacts, and the effi-
ciency of small impactors in atmospheric removal with most recent models supporting considerable impact
erosion [Manning et al., 2007; Svetsov, 2007; Pham et al., 2011; Schlichting et al., 2015]. Calculations of atmo-
spheric escape per impact have in other cases been revised downward, including net mass addition for pro-
jectiles up to 30 km diameter [Newman et al., 1999; Shuvalov and Artemieva, 2002] and for the cumulative
bombardment flux at Mars [de Niem et al., 2012]. Isotopic measurements of trapped Martian paleoatmo-
sphere are the means to resolve this question by constraining the relative importance of different volatile
sources. Direct atmospheric pressure paleoproxies are challenging in the geologic record; nevertheless, small
compositional changes due to loss of atmosphere or addition of impactor volatiles may be discernible in
Martian materials before and after formation of its large basins.

3.6. Cyclical Habitability: The Role of Obliquity, Eccentricity, and Rotation Rate?

On Earth, with its continuous supply of liquid water, nutrients are a typical limit on life, rather than water itself.
On Mars, it seems clear that habitability varied as a function of location and time much more acutely due to
actual limitations on water. Indeed, at the Mars surface at present liquid water is only stable against sublima-
tion for ≲10% of a Martian year over <30% of the surface [Haberle et al., 2001]. However, changes in orbital
parameters mean this limitation was not always so acute.

Mars undergoes changes in the latitudinal distribution of solar insolation, driven by chaotic obliquity, i.e.,
changes in axial tilt, over timescales of ~125 kyr [Ward, 1974]. Though Mars’ present-day obliquity of 25° is
similar to that of Earth’s (23.3°), such has not commonly been the case. In just the last 20Myr, Mars’ obliquity
has fluctuated from 15 to 45°, and it has likely exceeded 60° within 100Myr to 1 Gyr [Laskar et al., 2004],
making it the most variable in the modern, inner solar system (Figure 7). These profound changes in
Martian obliquity, along with changes in eccentricity, greatly influence the stability of volatiles on the
Martian surface. At low obliquities (<20°), the Mars atmosphere can collapse to surface pressures of just a
fewmillibars [Leighton and Murray, 1966; Soto et al., 2015]. During higher obliquities (>45°) glaciers and water
ice sheets can form at midlatitudes [Forget et al., 2006], and under only moderately higher pressures,
temperatures are sufficient to melt ice during part of the year [Wordsworth et al., 2013]. Changes in planetary
orbital eccentricity also play a role in climate forcing.

In contrast, paleomagnetic studies indicate stability in Earth’s obliquity (±1.3°) at least since Archean time
[Evans, 2006] and most likely earlier [Laskar and Robutel, 1993]. This orbital parameter was locked in with a
(stochastic) giant impact and formation of a large satellite, which Mars lacks. Venus and Mercury once
had chaotic obliquities similar to that of Mars today but are now stabilized by the Sun at very small,
almost constant obliquities [Goldreich and Peale, 1970; Laskar and Robutel, 1993; Van Hoolst, 2015]
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(Figure 7). Thus, a key question is
whether Mars’ extreme obliquity-
driven “duty cycling,” superimposed
on any secular trends in surface con-
ditions, has been harmful or helpful
to habitability. Similarly, one might
consider the day-night “duty cycle,”
of similar length for Earth and Mars
(at least today) but potentially of long
duration on tidally locked planets
and certainly of long duration on
Venus. Do cycles of short duration
helpfully refresh while longer cycles
harmfully disrupt? Or is the effect
the reverse or neutral? On Mars, obli-
quity may have been crucial in episo-
dically generating liquid water by
providing a means to place water ice
near the equator, where it would be
more susceptible than polar ice to
melting in the presence of other tem-
porary climate perturbations (e.g.,
from volcanism, impact). It may also
be the case that these perturbations
made the surface an unstable habitat,
while the subsurface habitats per-
sisted relatively unaffected. The full
environmental effects of Mars’ pro-
found climate cycles and their impact
onmaking habitability intermittent or
continuous must still be explored.

4. Mars as a Linchpin for Terrestrial Evolution: Requirements for Exploration

Mars formed early and thus possesses a truly ancient record of the early planetary processes described above.
Over 60% of the surface of Mars dates from the first billion years, and select stratigraphic sections (Figure 3;
e.g., Mawrth Vallis, Nili Fossae, NE Syrtis) extend even earlier, prior to 3.9 Ga, presenting an opportunity to
access an intact record from the pre-Noachian. The rocks of ancient Mars record the earliest planetary crusts,
loss of themagnetic field, early intense impact bombardment, widespread volcanism, and the effects of these
on the atmosphere, hydrosphere, and evolution of habitability. Yet though this environmental record is
preserved, it has not yet been interrogated at a level that the nature of environmental change can be
understood. From experience with the terrestrial record, many of the outstanding questions above can in fact
be addressed with a richer suite of data sets. We outline those measurements required—all of which use
technologies available—below. Note that many valuable investigations focused on modern dynamics or
the surface and atmosphere will not appear; this is not a commentary on their importance but rather a
reflection of the focus of this review (see also section 4.5). To interpret the evolution of Mars as a linchpin
for understanding solar system history and controls on terrestrial planet evolution, the required measure-
ments are summarized into four thematic categories (Table 3)—petrology, history of volatiles, absolute
dating, and geophysical variability—each of which has specific measurements identified (Table 4).

4.1. Petrology at Multiple Sites: What Environments When and Where?

Understanding the origin and history of the Martian rock units under consideration is essential for con-
textualizing and interpreting geophysical, chemical, mineralogical, or isotopic data from them. It also
holds a key record of planetary change between accretion and the apparent decline in liquid water
availability ~3.5 Ga.

Figure 7. A planet’s rotation period and the magnitude of changes in obli-
quity control the timescales of “duty cycling” of insolation, a potential
control on habitability. Symbols indicate the current planetary rotation rate
andmagnitude of obliquity change; shaded regions indicate historical values
since ~4.4 Ga. Orbital periods and present-day obliquities are given in
parentheses. Planets with significant obliquities also have seasons, i.e.,
annual variations in insolation as a function of latitude (filled symbols). Mars
is thought to have retained its rotation rate as well as substantial obliquity
variation (obliquity range of 10° to 45°–60°) [Laskar et al., 2004]. Earth’s
rotation rate has been slowing, while its obliquity has been stabilized by the
Moon [e.g., Laskar and Robutel, 1993]. Venus and Mercury once had higher
rotation rates and chaotic obliquities, which stabilized after hundreds of
millions to billions of years due to tidal interactions with the Sun and core-
mantle friction [e.g., Van Hoolst, 2015; Barnes et al., 2016]. Their modern
obliquities are near perpendicular to the orbital plane.
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The nature of many younger rock units exposed at the surface is self-evident as they are frozen in time, pre-
serving much of the morphology of their emplacement. However, the most ancient Martian record is consid-
erably more difficult to decipher and has confounded orbital analyses to date. Units are coherent but typically
exposed only in vertical section in select locations where faulting or erosion have revealedmid-Noachian and
older materials buried beneath younger surfaces (e.g., Figures 2 and 3). The present best orbital resolution for
interrogating the nature of these units is 0.3m/pixel (provided by High Resolution Imaging Science
Experiment) and available for ~2% of the Martian surface as of this writing, and no lander/rover ever explored
such ancient crust sections. In many ancient, buried units, there are clay or carbonate minerals and the stra-
tigraphy is layered, but the length scale over which the layers are continuous is only hundreds of meters
[Mustard et al., 2009; Michalski and Noe Dobrea, 2007; Bandfield et al., 2013; Stack et al., 2013]. Are these
volcanic flows, pyroclastics, sedimentary units (fluvial, lacustrine, glacial), or impactites? Or some combina-
tion? These units are also typically clay mineral-bearing and thus represent a reservoir of rock-sequestered
water. Various hypotheses to explain the origin of the clays have been put forward, ranging from formed
in the subsurface in deep aquifers early in Mars history [e.g., Ehlmann et al., 2011a] to syndepositional or

Table 4. Key Needed Measurements

Measurement Needed Measurement Details

Orbital/Airborne
Magnetic field strength Global spatial coverage at tens of kilometers sampling

Water reservoirs: extent and volume of water ice in
nonpolar regions; subsurface capacity to store water

Radar and thermal inertia to quantify near-surface ice deposits and buried fluvial morphologies at
spatial scale of 20m and vertical sensing depths to 20m; high-resolution gravity to determine
porosity and capacity for pore waters, aquifers, ice, and temporal changes in the subsurface
water reservoir

Mineral assemblages SWIR and MIR spectroscopy to recognize primary and secondary mineral phases at 5% abundance
and semiquantitative modal mineralogy of assemblages at ~10m/pixel

Compositional stratigraphies Imaging at tens of centimeters for morphologic context over ~5–10% of Mars; spectral imaging or
multispectral color in SWIR and MIR at <5m/pixel resolution of ~20% of Mars

In situ (or Sample Return)a

Petrology (mineralogy + texture) Image microscopic (tens of micrometers) textures of rocks, including coupled compositional data to
identify minerals (±1%) and their phase relationships

Sample in situ age from radiometric isotopes Precision of ±100Myr on key lithologies representing Martian surface epochs; geochemical and
geological context. Most plausibly done with measurement of lavas or volcanic ashes, with
parent and daughter isotopes each measured with few percent precision

Electronic structure, coordination, and redox Identify and quantify Fe(III)/Fe(T) for bulk sample, separating by phase if possible; Ni, Cr abundances
in bulk or phases; X-ray absorption spectroscopy for Fe, Mn, S

H, C, S, CI, and N-bearing mineral phases Identify and quantify presence at ±1%; this includes ID of mineral species and major cations

H, C, S, N, and Cl bulk isotopes Isotope ratios D/H, 13C/12C, 15N/14N, 34S/32S, and 37Cl/35Cl to <10‰ in H2O, CO2, SO2, and HCl
in solid samples

Heat flux Determine surface heat flux ±2W/m2 at multiple locations (~3) to understand present-day
heterogeneity (if any)

Interior Structure Seismometry at sufficient station numbers to determine core-mantle boundary depth, crustal
thickness, and presence/absence of failed slabs

Sample Return
H, C, N, O, Cl, and S phases and isotopes in mineral
phases and in fluid inclusions

D/H, 13C/12C, 15N/14N, 18O/16O, 34S/32S, and 37Cl/35Cl in different mineral phases

Multiple isotopes 34S/33S/32S and 18O/17O/16O to <0.1‰ in a variety of volatiles in returned samples

Noble gas isotopes in rocks He, Ne, Ar, Kr, and Xe isotopic composition to <2%

Clumped isotopes for water temperatures Clumped isotope measurements of carbonates and organics

Metal isotopes Key systems for redox history include Mo, Cr, and Fe

Trace elements in bulk rock and discrete phases Measure elements at the sub-10 ppm level in rock and constituent rock-forming minerals

Sample age from radiometric isotopes, by mineral phase Measure isotopes of main radiogenic systems (e.g., U-Pb, Rb-Sr, Sm-Nd, and Lu-Hf) at the sub parts
per million level in mineral separates and/or in suitable phases (e.g., U-Pb in zircon or baddeleyite)

Magnetic field strength and orientation Acquire information on the intensity and the direction of ancient fields

aNote some of the in situ measurements can be done on returned samples—and done better—if their context is clear and if sufficient numbers of samples from
multiple sites are returned so as to understand their representativeness for global change (see text).
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postdepositional alteration by rain or snowmelt [e.g., Carter et al., 2015] (see section 2.4); however, the timing
of the alteration relative to emplacement is currently unknown so constraining these models is challenging
given current orbital instrumentation. Do the clay minerals record early weathering, diagenetic or hydrother-
mal alteration in Martain aquifers, or direct crystallization products from magma [Meunier et al., 2012]?
The question is important for understanding planetary habitats because these units preserve the record of
environmental conditions during what may have been themost habitable period onMars while themagnetic
field was active, the atmosphere thicker, and volcanic and impact processes vigorous. But the nature of the
habitats is unknown.

The essential measurements required to understand the nature of the early hydrated units are centimeter- to
subcentimeter-scale petrologic analyses, i.e., coanalysis of rock textures coupled with mineralogy of multiple
units in stratigraphy (Table 3). These observations will determine whether predominant environments on
earliest Mars were volcanic, sedimentary, or impact-driven and the nature of the surface- and near-surface
environment. Specifically relevant to habitability, the measurements of rock chemistry and mineralogy can
determine the salinity, oxidation state, and availability of key nutrients in surface and subsurface habitats
with liquid water. Petrologic observations will also determine how later geologic processes such as erosion,
impact heating, aqueous alteration, and oxidation overprint (or not) the original lithology and contribute to
the signatures from orbital data, influencing interpretations. The subcentimeter spatial scale required neces-
sarily demands that measurements be made or samples collected in situ, with the ability of nanometer- to
few micrometer-scale data in returned samples to provide still more refined petrologic information. Of
course, equivalent data will not be available for exoplanets. But it is this data from Earth and from Mars that
permit assessing changes in habitability with time, what processes drove their change, and finally, how
signatures of the driving processes might be recognized remotely.

4.2. Follow the Volatiles to Track Geochemical and Climate Change: Inventories, Isotopes, and
Submeter Scale Stratigraphies

A planet’s atmospheric pressure and compositional evolution depend on every parameter in Table 1. The
only way to disentangle the tightly coupled processes in such a system is to develop geochemical models,
constrained by reservoir sizes, geologic fluxes, surface physical and radiation environments, and loss to space.
Though uncertainties remain, much progress has been made in characterizing the Martian volatile reservoirs
for water ice [Lasue et al., 2013, and references therein], CO2 ice [Phillips et al., 2011], carbonates [Niles et al.,
2013; Edwards and Ehlmann, 2015;Wray et al., 2016], nitrates [Stern et al., 2015], oxychlorine compouds [e.g.,
Archer et al., 2014;Ming et al., 2013], sulfates [Gaillard et al., 2013, and references therein;McAdam et al., 2014],
and trace organic compounds detected in the atmosphere [Webster et al., 2015] or thermally released from
ancient rocks [Freissinet et al., 2015]. The MAVEN mission is presently characterizing the processes and rates
of modern atmospheric loss [Jakosky et al., 2015b, 2015c; Brain et al., 2015], and the Mars Science Laboratory
(MSL) mission is characterizing both atmospheric and surface volatiles and searching for organic compounds
to understand the sources and preservation of reduced molecular compounds in this environment.

The largest remaining questions are evolutionary: what was the timing of changes in atmospheric composi-
tion, redox, and pressure? On what timescales do surface and subsurface reservoirs exchange? Which atmo-
spheric loss processes have dominated and why? How do radiation processes impact the lifetime of complex
organic molecules in the near-surface environment [Pavlov et al., 2012]?

The required observations are at spatial scales that subsample rocks or sample the mineral grains within
rocks. New data from MSL of light isotopes in the atmosphere [Webster et al., 2013; Mahaffy et al., 2013]
and in bulk materials [Leshin et al., 2013; Mahaffy et al., 2015] have opened up a new means of inquiry for
understanding the fate of volatiles, complementing the record from meteorites [Bogard et al., 2001;
Filiberto et al., 2016]. Bulk or spatially resolved chemistry and mineralogy refine the C, H, N S inventories as
well as suggest loss processes with time. For example, D/H changes over time are complicated by the uncer-
tainty in the location and isolation of near-surface H2O reservoirs with different isotopic compositions, but in
the simplest scenarios the D/H ratio has changed monotonically over time due to water loss to the atmo-
sphere [e.g., Mahaffy et al., 2015; Villanueva et al., 2015]. An alternative is that multiple reservoirs have been
created, including an intermediate crustal reservoir of ice or minerals [Usui et al., 2015]. Key measurements for
hydrogen and all other volatiles relevant to atmospheric composition are to track the type and isotopic sig-
nature of secondary minerals formed at different times. Isotopic measurements of H, C, S, and N isotopes,
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especially when in petrologic context so that fractionation during sequestration can be understood, provide
a record of atmospheric isotopic fraction due to various loss processes. Distinct phases and multiple isotope
systems indicate redox chemistry. Direct atmospheric samples are also likely available in many quenched
rocks from impacts or volcanism, and trapped noble gases play a key role in tracking loss and addition.
Thus, fundamental questions about controls on volatile reservoirs, cycling, and atmospheric composition
can be directly addressed with in situ or sample return mineralogical and isotopic measurements.

These measurements also feed forward to understanding fundamental controls on atmospheric loss, disen-
tangling size, distance from Sun, magnetic shielding, and starting composition—measurable or predictable
by models for distant planetary systems—from more stochastic and/or derived parameters such as impact
history and the timing of volatile release. By interrogating the isotopic record of volatile-bearing rocks before
and after the loss of Mars’ magnetic field, the effects of sputtering may be distinguished from other pro-
cesses. By interrogating the record before and after giant (>500 km) impacts, the role of impacts as net
removers or deliverers of volatiles can be assessed.

4.3. Timing Is Everything: Understanding of Processes on Mars and Across the Inner Solar System by
Measuring Ages

Mars can serve as a critical archive of inner solar system chronology because it preserves a record of the
impactor flux history and also, possibly, changes in stellar activity that drove atmospheric change. The
vast majority of Martian samples (meteorites) unfortunately contain little evidence for impact resetting
during their residence on Mars, but we also know from their peculiarly young age distribution that
these meteorites do not represent most exposed terrains on the surface of Mars. Radiometric dating of
returned samples is the most straightforward way to identify formation ages as well as overprinting
episodes associated with major impacts, but recent advances have now also demonstrated in situ age
dating [Farley et al., 2013b]. Multiple instruments designed and optimized specifically for age dating have
been developed for flight [Farley et al., 2013a; Cohen et al., 2014; Solé, 2014; Anderson et al., 2015a, 2015b;
Cho et al., 2016] opening up the possibility for missions to carry payload elements designed to both
elucidate the Martian planetary chronology and give solar system-wide context to Mars’ geochemical
change with stratigraphy as it is explored.

Determining the existence and temporal evolution of any late heavy bombardment episode is a particularly
critical measurement. Reliable radiometric ages from ancient sites where the cratering record is clear would
also help anchor the cratering chronology and help constrain the timing of transitions in Mars’magnetic field,
mineralogy, and environment. Mars is the only terrestrial planet where this is possible, so this type of mea-
surement would establish context for early evolution of the Earth and Venus as well. Critical questions
include: Did Mars experience an increased flux in large impacts at ~4.1–3.9 Ga, as many people think occurred
on the Moon, Earth, and asteroid belt, or did Mars instead experience a simple exponential decline in bom-
bardment? Was the timing of flux at the Moon and Mars the same?

Orders of magnitude of uncertainty presently exist in the rates of Martian depositional and erosional pro-
cesses, perhaps most acutely for the valley networks and sedimentary deposits. Use of cross-cutting units
(impactites, volcanic ashes or lavas) to date distinct stages of fluvial activity and sedimentary deposition
could resolve longstanding questions of episodicity or continuity of surface waters. Accumulation rates
and erosion rates can be constrained using craters [e.g., Kite et al., 2013b] and cosmogenic nuclides
[e.g., Farley et al., 2013b]. Disentangling global versus local environmental change requires time-pinned
correlative stratigraphy to understand whether similar shifts are observed elsewhere on the planet as a
function of time. Coupled with orbital data, this may lead to the identification of specific features, e.g.,
marker beds, which can be observed globally and used to correlate sections. Equally important is the iden-
tification of unconformities and quantifications of gaps in the record to understand the continuity or
abruptness of environmental change.

Crucially, correlation of isotopic and chemical records of the atmosphere with, e.g., volcanic eruptions or large
impacts allows answering questions little understood across solar system bodies. What volatiles were emitted
during volcanism and did they warm or cool the climate? Do impacts add or remove volatiles? With stratigra-
phy coupled to absolute dating, these processes can be determined using key Martian sections with igneous
and sedimentary units. Absolute dating to cross-correlate and establish timing of planetary response tomajor
events is critical.
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4.4. The Coupling of Interior and Surface Evolution

The Martian interior controls the hydrosphere and atmosphere profoundly but in a way such that the cou-
plings between these systems as yet remain difficult to define, especially extending further into the past.
The InSight mission [Banerdt et al., 2013] is expected to measure heat flux in one location and by single sta-
tion seismometry, characterizing in part the interior structure. Indeed, these are crucial measurements which
can be extended by measurements of heat flow in other locations to assess whether this is heterogeneous or
homogenous for a planet with Mars’ style of mantle circulation. Additional seismometry data may also be
needed to understand the nature of the core, location of the core-mantle boundary, crustal thickness, and
the existence of any failed slabs that might signify prototectonics. Igneous minerals and bulk rock chemistry
can trace themantle potential temperature through time, and rare earth elements (REEs) andminor elements
provide the clues for magma ocean existence as well as mantle redox state and change.

Other key questions include the exact timing and duration of the magnetic field shutoff, and whether a sec-
ond, restarted dynamo ever existed. When the field initiated and declined, whether underwent multiple
starts and stops, and the effect of the magnetic field on atmospheric loss are all recorded in pre-Noachian
to early Noachian rocks.

5. Future Outlook
5.1. Future Mars Exploration Approaches

Mars has now been visited by a plethora of orbiters: what remains for exploration from above? “Above”
includes orbiters as well as newly developed airborne platforms including Mars helicopters or balloons.
There remain many key measurements for Mars orbiter/airborne instruments for understanding the modern,
dynamic Mars environment and for landing site geologic and safety characterization (see Mars Exploration
Program Analysis Group-Next Orbiter Science Analysis Group Report [2015] andMEPAG [2015] supporting infor-
mation tables for a summary of key measurements for modern Mars). For example, the Mars Exploration
Program Goals Document [MEPAG, 2015] states, “…an understanding of the present climate must be firmly
established before an understanding of the climate of the recent past can be developed. Numerical models
play a critical role in interpreting the recent past and ancient climate, and it is imperative that they be vali-
dated against the present climate in order to provide confidence in results for more ancient climates that
are no longer directly observable.” Thus, for understanding long-term evolution, the key orbiter or airborne
measurements remaining relate to understanding the current climate, and mapping at higher spatial resolu-
tion the magnetic anomalies along with additional data to resolve the bedding and composition of strati-
graphic sequences (section 4.2; Table 3).

What is remarkable in Table 3 is how much progress on key questions in Mars early history can be
accomplished from landed payloads. The traditional tasks of landed missions are mesoscale and micro-
scale imaging, bulk mineralogy, and bulk chemistry. However, many categories of investigation previously
in the sample return category have migrated to in situ instrumentation as instrument capabilities
improve, and this trend will continue. Within the last decade a host of instrument and sample handling
techniques for doing in situ submillimeter petrology and in situ isotopic analyses of rocks and sediments
for stable isotopes and age dating have become available. Coupled to mobility, these effectively enable
stratigraphic columns to be fully characterized in situ. Of course, sample return remains important as sub-
micrometer imaging with composition to resolve phase differences (comparable to SEM-EDS, microprobe,
and synchrotron studies) and many clumped isotope or other isotopic and REE systems remain out of
reach on a multidecadal time period for anything but terrestrial laboratories whose analytical capabilities
too continue to increase.

Because of the complexity of the Mars system and the different time periods and environments available at
different geographical locations, single site sample return is insufficient to address the questions posed here.
Rather, as on Earth, interrogations of multiple stratigraphies are required to capture the most pressing
science questions. The need to disentangle local unique environments from truly global change is fundamen-
tally a question of sampling. The cost and programmatic effectiveness of several in situ missions with highly
capable rovers or several sample return missions, possibly with less capable rovers, is a key programmatic
choice. This must balance capabilities and resources available. However, importantly, Table 3 demonstrates
there is significant progress that can be made in understanding early Martian history and, indeed early solar
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system history and the key controls on terrestrial planet evolution and habitability, by in situ as well as sample
return missions.

5.2. Future Rocky Exoplanet Exploration Approaches

Many of the parameters governing terrestrial evolution and habitability (Table 1) can be determined telesco-
pically for exoplanets. Using new data from exoplanets to answer questions about the parameters controlling
the sustainability of habitability (Table 2) is more challenging. Much of the data to ground truth models
applied to planetary systems around other stars will come from the record in our own solar system.
Nonetheless, data from exoplanets (e.g., temperature, presence/absence of an atmosphere, and its composi-
tion) could certainly aid our understanding of the effects of orbital parameters on habitability (#6, Table 2),
the effects of stellar evolution/age on planetary climate (#4), and information on how planetary size and
long-term atmospheric loss/composition are coupled.

The near-term future entails first detecting more and smaller rocky exoplanets. For transiting exoplanets
around a Sun-like star, Earth- and Mars-sized planets result in brightness decreases of 84 ppm and 24 ppm,
respectively. The depth of the transit is used to determine the radius of the orbiting planet. The masses
of both transiting and non-transiting planets can be determined via the radial velocity technique (the
“Doppler wobble”) and used with the inclination i of the system to convert the measured signal into the true
planet mass. In our solar system, Jupiter induces a Doppler wobble of 12.5m/s, the Earth causes a 9 cm/s wob-
ble, and Mars generates a tiny motion of 5 cm/s. Mars-like planets will be challenging to detect around active,
Sun-sized and larger stars. But a Mars-sized planet orbiting within the habitable zone of a small red dwarf
would generate a Doppler wobble of roughly 40 cm/s. Current exoplanet surveys are sensitive to transit
depths of tens of parts per million and radial velocity semi-amplitudes of roughly 50 cm/s. The next genera-
tion of radial velocity spectrographs aspire to measure signals smaller than 10 cm/s. For example, the Giant
Magellan Telescope-Consortium Large Earth Finder has a precision goal of ~10 cm/s [Szentgyorgyi et al.,
2016]. Additionally, the Eschelle SPectrograph for Rocky Exoplanet and Stable Spectroscopic Observations
on the European Southern Observatory’s Very Large Telescope array should have a precision of radial velocity
variations of a few centimeters per second [Pepe et al., 2014]. Thus, a continuing expansion of the number of
rocky exoplanets and their basic order characteristics—size, density, and orbital position—seems likely to
continue to the foreseeable future.

As this paper was being written, astronomers announced the discovery of a probable rocky planet around the
nearest star, Proxima Centauri [Anglada-Escudé et al., 2016]. This planet orbits at ~0.05 AU and has aminimum
mass of 1.3 Earth masses. The star, of spectral type M5.5 V, has a mass of only 0.12 that of the Sun, so the radial
velocity signal is relatively large, ~1.4m/s. The luminosity of the star is ~0.15 that of the Sun; hence, the stellar
flux received by the planet is ~0.6 that at Earth and 1.3 that at Mars, putting it well within a conventional
liquid-water habitable zone [Kopparapu et al., 2013]. The planet does not transit, so it is difficult to
observe using present space telescopes, but it could eventually be observed from the ground with planned
30–40m telescopes equipped with adaptive optics and high-contrast coronagraphs.

The knowledge that will vastly broaden understanding of the habitability and evolution of these rocky worlds
is information on composition of an atmosphere or surface, probably obtainable within a timescale of dec-
ades. Broadband photometry of secondary eclipses in MIR emission would be able to determine whether a
given planetary surface is of silicates or iron oxides at precisions of 2 ppm for planets around G stars and
20 ppm for planets around M stars, if any atmosphere is relatively transparent [Hu et al., 2012]. This is at
the threshold of presently planned measurement capabilities for transit observations of spectrophotometric
properties of Earth-sized planets [e.g., Beichman et al., 2014]. Few to tens of parts per million precisions are
sufficient for detection of certain gases species, e.g., CO2, but quantification would require a 2–5 times
improvement in signal-to-noise ratio [von Paris et al., 2013]. Instruments for doing so are under study, includ-
ing the High Resolution Spectrograph for the European Extremely Large Telescope [Marconi et al., 2016].
Reflected stellar light can also be used to uniquely determine the mineral composition of an exoplanet’s sur-
face. However, at <0.1 ppm for an Earth-sized exoplanet around a Sun-like star and 1 ppm for an Earth-sized
exoplanet around an M dwarf, it is out of reach for transit observations due to stellar variability [Hu et al.,
2012]. Eventually, the unique identification of minerals on exoplanets’ surfaces may rely upon direct imaging,
and degeneracies between surface- and atmospheric-related features may be broken by achieving high
spectral resolution [Hu et al., 2012]. Armed with the majority of the parameters in Table 1 and a vastly
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improved understanding of the questions in Table 2, including predictive models, the habitability of these
to-be-discovered terrestrial planets can be assessed.

6. Conclusions

Ideally, the best way to determine controls on planetary habitability would be a series of isolated experiments:
what would happen if Earth were moved to 1.5 AU and Mars to 1 AU? What if Earth had no Moon and experi-
enced chaotic obliquity excursions? What if Mars had a magnetic field throughout its history and Earth did
not? Of course, these types of questions are limited to modeling exercises only. The only way to disentangle
these parameters is historical study, e.g., geologic fieldwork and compositional measurements (at scales from
regional to microscopic), coupled with modeling with assumptions constrained by observation. This can only
be accomplished if data recording relevant processes are available, and these data can be obscured, modi-
fied, or erased by subsequent processes. Such is the challenge and the opportunity for examining the geolo-
gic record of early Mars. Mars has a rich, complex, but organized geologic record of fundamental processes,
certainly extending back past 4 Ga and possibly to as long ago as a mere 5Myr after solar system formation in
the isotopic fingerprints of its initiation as a planetary embryo. A rich suite of questions about the long-term
sustainability of habitability is addressable through future Mars measurements, most notably in situ petrol-
ogy, stratigraphy, andmeasurement of isotopes and absolute ages coupled with sample return to interrogate
the time-ordered record of early processes at even finer scale. The diversity of Mars geologic history demands
interrogation of multiple stratigraphies and time periods to build the required knowledge. Planet formation
models need to robustly incorporate geochemistry/volatiles/isotopic signatures to consider the hypothetical
habitability of exoplanets formed under very different system architectures than our own. Armed with our
understanding of the divergent habitability paths of Earth, Venus, and Mars, we can look outward to the array
of terrestrial exoplanets to be discovered to understand their potential to host and sustain life.

References
Abramov, O., and S. J. Mojzsis (2009), Microbial habitability of the Hadean Earth during the late heavy bombardment, Nature, 459,

doi:10.1038/nature08015.
Acuña, M. H., et al. (1999), Global distribution of crustal magnetization discovered by the Mars Global Surveyor MAG/ER experiment, Science,

284, 790–793.
Agee, C. B., et al. (2013), Unique meteorite from early Amazonian Mars: Water-rich basaltic breccia Northwest Africa 7034, Science, 339,

780–785.
Ahrens, T. J. (1993), Impact erosion of terrestrial planetary atmospheres, Ann. Rev. Earth Plan. Sci., 21, 525–555.
Alexander, C. M., R. Bowden, M. L. Fogel, K. T. Howard, C. D. Herd, and L. R. Nittler (2012), The provenances of asteroids, and their

contributions to the volatile inventories of the terrestrial planets, Science, 337, 721–723.
Anderson, F. S., J. Levine, and T. J. Whitaker (2015a), Dating the Martian meteorite Zagami by the

87
Rb-

87
Sr isochron method with a prototype

in situ resonance ionization mass spectrometer, Rapid Commun. Mass Spectrom., 29, 191–204.
Anderson, F. S., J. Levine, and T. J. Whitaker (2015b), Rb-Sr resonance ionization geochronology of the Duluth Gabbro: A proof of concept for

in situ dating on the Moon, Rapid Commun. Mass Spectrom., 29, 1-8.
Anderson, R. C., J. M. Dohm, M. P. Golombek, A. F. C. Haldemann, and B. J. Franklin (2001), Primary centers and secondary concentrations of

tectonic activity through time in the western hemisphere of Mars, J. Geophys. Res., 106, 20,563–20,585, doi:10.1029/2000JE001278.
Andrews-Hanna, J. C. (2012), The formation of Valles Marineris: 3. Trough formation through super-isostasy, stress, sedimentation, and

subsidence, J. Geophys. Res., 117, E06002, doi:10.1029/2012JE004059.
Andrews-Hanna, J. C., M. T. Zuber, and W. B. Banerdt (2008), The Borealis Basin and the origin of the Martian crustal dichotomy, Nature, 453,

1212–1215, doi:10.1038/nature07011.
Anglada-Escudé, G., et al. (2016), A terrestrial planet candidate in a temperate orbit around Proxima Centauri, Nature, 536, 437–40.
Archer, D., et al. (2014), Abundances and implications of volatile-bearing species from Evolved Gas Analysis of the Rocknest aeolian bedform,

Gale Crater, Mars, J. Geophys. Res. Planets, 119, 237–254, doi:10.1002/2013JE004493.
Ardia, P., M. M. Hirschmann, A. C. Withers, and B. D. Stanley (2013), Solubility of CH4 in a synthetic basaltic melt, with applications to

atmosphere-magma ocean-core partitioning of volatiles and to the evolution of the Martian atmosphere, Geochim. Cosmochim. Acta, 114,
52–71.

Arvidson, R. E., et al. (2014), Ancient aqueous environments at Endeavour Crater, Mars, Science, 343, doi:10.1126/science.1248097.
Arvidson, R. E., et al. (2006), Nature and origin of the hematite-bearing plains of Terra Meridiani based on analyses of orbital and Mars

Exploration rover data sets, J. Geophys. Res., 111, E12S08, doi:10.1029/2006JE002728.
Atreya, S. K., et al. (2013), Primordial argon isotope fractionation in the atmosphere of Mars measured by the SAM instrument on Curiosity

and implications for atmospheric loss, Geophys. Res. Lett., 40, 5605–5609, doi:10.1002/2013GL057763.
Bahcall, J. N., M. H. Pinsonneault, and S. Basu (2001), Solar models: current epoch and time dependences, neutrinos, and helioseismological

properties, Astrophys. J., 555, 990–1012, doi:10.1086/321493.
Balta, J. B., and H. Y. McSween (2013), Water and the composition of Martian magmas, Geology, 41, 1115–1118.
Bandfield, J. L., C. S. Edwards, D. R. Montgomery, and B. D. Brand (2013), The dual nature of the Martian crust: Young lavas and old clastic

materials, Icarus, 222, 188–99.
Banerdt, W. B., and M. P. Golombek (2000), Tectonics of the Tharsis region of Mars: Insights from MGS topography and gravity, Lunar Planet.

Sci., XXXI, Abstract 2038.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1953

Acknowledgments
One of us (Y.L.Y.) thanks Vlada
Stamenkovic for illuminating
discussions of the Martian atmosphere
at the KISS Workshop on Methane on
Mars. As per AGU’s data availability
policy, this paper is a review paper and
contains no new data. Thanks to two
reviewers and the editor for comments
that improved this manuscript.

http://dx.doi.org/10.1038/nature08015
http://dx.doi.org/10.1029/2000JE001278
http://dx.doi.org/10.1029/2012JE004059
http://dx.doi.org/10.1038/nature07011
http://dx.doi.org/10.1002/2013JE004493
http://dx.doi.org/10.1126/science.1248097
http://dx.doi.org/10.1029/2006JE002728
http://dx.doi.org/10.1002/2013GL057763
http://dx.doi.org/10.1086/321493


Banerdt, W. B., et al. (2013), InSight: A Discovery Mission to Explore the Interior of Mars, in 44th Lunar and Planetary Science Conference,
The Woodlands, Tex., 18–22 March, Abstract 1915.

Baratoux, D., M. J. Toplis, M. Monnereau, and O. Gasnault (2011), Thermal history of Mars inferred from orbital geochemistry of volcanic
provinces, Nature, 472, doi:10.1038/nature09903.

Baratoux, D., M. J. Toplis, M. Monnereau, and V. Sautter (2013), The petrological expression of early Mars volcanism, J. Geophys. Res. Planets,
118, 59–64, doi:10.1029/2012JE004234.

Beichman, C., et al. (2014), Observations of transiting exoplanets with the James Webb Space Telescope (JWST), Publications of the
Astronomical Society of the Pacific (PASP), December 2014, arXiv:1411.1754.

Bibring, J.-P., et al. (2006), Global mineralogical and aqueous Mars history derived from OMEGA/Mars Express data, Science, 312, 400–404,
doi:10.1126/science.1122659.

Bogard, D. D., R. N. Clayton, K. Marti, T. Owen, and G. Turner (2001), Martian volatiles: Isotopic composition, origin, and evolution, Space Sci.
Rev., 96(1), 425–458.

Borg, L. E., J. N. Connelly, L. E. Nyquist, C. Y. Shih, H. Wiesmann, and Y. Reese (1999), The age of the carbonates in Martian meteorite
ALH84001, Science, 286, 90–94.

Borg, L. E., G. A. Brennecka, and S. J. K. Symes (2016), Accretion timescale and impact history of Mars deduced from the isotopic systematics
of martian meteorites, Geochim. Cosmochim. Acta, 175, 150–167, doi:10.1016/j.gca.2015.12.002.

Bouley, S., D. I. Matsuyama, F. Forget, A. Séjourné, M. Turbet, and F. Costard (2016), Late Tharsis formation and implications for early Mars,
Nature, 531, 344–347.

Boynton, W. V., et al. (2009), Evidence for calcium carbonate at the Mars Phoenix landing site, Science, 325, 61–64.
Brain, D. A., and B. M. Jakosky (1998), Atmospheric loss since the onset of the Martian geologic record: Combined role of impact erosion and

sputtering, J. Geophys. Res., 103, 22,689–22,694, doi:10.1029/98JE02074.
Brain, D. A., F. Leblanc, J. G. Luhmann, T. E. Moore, and F. Tian (2013), Planetary magnetic fields and climate evolution, in

Comparative Climatology of Terrestrial Planets, edited by S. J. Mackwell et al., Univ. of Arizona Press, Tucson, doi:10.2458/
azu_uapress_9780816530595.

Brain, D. A., et al. (2015), The spatial distribution of planetary ion fluxes near Mars observed by MAVEN, Geophys. Res. Lett., 42, 9142–9148,
doi:10.1002/2015GL065293.

Brandon, A. D., R. J. Walker, J. W. Morgan, and G. G. Goles (2000), Re-Os isotopic evidence for early differentiation of the Martian mantle,
Geochim. Cosmochim. Acta, 64, 4083–4095.

Brandon, A. D., I. S. Puchtel, R. J. Walker, J. M. D. Day, A. J. Irving, and L. A. Taylor (2012), Evolution of the Martian mantle inferred from the
Re-187-Os-187 isotope and highly siderophile element abundance systematics of shergottite meteorites, Geochim. Cosmochim. Acta, 76,
206–235.

Breur, D., T. Rueckriemen, and T. Spohn (2015), Iron snow, crystal floats, and inner-core growth: modes of core solidification and implications
for dynamos in terrestrial planets and moons, Prog. in Earth and Planet. Sci., 2, doi:10.1186/s40645-015-0069-y.

Bristow, T. F., et al. (2016), Constraining Hesperian Martian PCO2 frommineral analysis at Gale crater, Goldschmidt Conference, 26 June–1 July,
2016, Yokohama, Japan. Abstract #4805.

Carr, M. H., and J. W. Head III (2003), Oceans on Mars: An assessment of the observational evidence and possible fate, J. Geophys. Res., 108(E5),
5042, doi:10.1029/2002JE001963.

Carter, J., and F. Poulet (2013), Ancient plutonic processes on Mars inferred from the detection of possible anorthositic terrains, Nat. Geosci.,
6, 1008–12.

Carter, J., F. Poulet, J.-P. Bibring, N. Mangold, and S. Murchie (2013), Hydrous minerals on Mars as seen by the CRISM and OMEGA imaging
spectrometers: Updated global view, J. Geophys. Res. Planets, 118, 831–858, doi:10.1029/2012JE004145.

Carter, J., D. Loizeau, N. Mangold, F. Poulet, and J. P. Bibring (2015), Widespread surface weathering on early Mars: A case for a warmer and
wetter climate, Icarus, 248, 373–382.

Catling, D. C., and J. F. Kasting (2017), Atmospheric Evolution on Inhabited and Lifeless Worlds, p. 500, Cambridge Univ. Press, Cambridge, U. K.
Chambers, J. E. (2004), Planetary accretion in the inner Solar System, Earth Planet. Sci. Lett., 223, 241–252.
Cho, Y., S. Sugita, Y. N. Miura, R. Okazaki, N. Iwata, T. Morota, and S. Kameda (2016), An in-situ K-Ar isochron dating method for planetary

landers using a spot-by-spot laser-ablation technique, Planet. Space Sci., 128(1), 14–29.
Christensen, P. R., et al. (2005), Evidence for magmatic evolution and diversity on Mars from infrared observations, Nature, 436, 504–509,

doi:10.1038/nature03639.
Clark, B. C., and D. C. van Hart (1981), The salts of Mars, Icarus, 45, 370–378.
Cockell, C. S. (2014), The subsurface habitability of terrestrial rocky planets, in Microbial Life of the Deep Biosphere, Life in Extreme

Environments, vol. 1, edited by J. Kallmeyer and D. Wagner, pp. 225–259, Walter de Gruyter GmbH, Berlin.
Cohen, B. A., J. S. Miller, Z.-H. Li, T. D. Swindle, and R. A. French (2014), The Potassium-Argon Laser Experiment (KArLE): In Situ Geochronology

for Planetary Robotic Missions, Geostand. Geoanal. Res., 38, 421–439, doi:10.1111/j.1751-908X.2014.00319.x.
Costard, F., F. Forget, N. Mangold, S. M. Clifford, and T. J.-P. Peulvast (2002), The evolution of recent the Martian debris flows by melting

hydrosphere: Implications for the fate of near-surface ground ice at high obliquity, Science, 295, 110–112.
Dauphas, N., and A. Pourmand (2011), Hf-W-Th evidence for rapid growth of Mars and its status as a planetary embryo, Nature, 473, 489–492.
de Niem, D., E. Kuhrt, A. Morbidelli, and U. Motschmann (2012), Atmospheric erosion and replenishment induced by impacts upon the Earth

and Mars during a heavy bombardment, Icarus, 221, 495–507.
Debaille, V., A. D. Brandon, Q. Z. Yin, and B. Jacobsen (2007), Coupled 142Nd-143Nd evidence for a protracted magma ocean in Mars, Nature,

450, 525–528.
Debaille, V., A. D. Brandon, C. O. O’Neill, Q.-Z. Yin, and B. Jacobsen (2009), Early Martian mantle overturn inferred from isotopic composition of

nakhlite meteorites, Nat. Geosci., 2, 548–552.
Di Achille, G., and B. M. Hynek (2010), Ancient ocean on Mars supported by global distribution of deltas and valleys, Nat. Geosci., 3, 459–463,

doi:10.1038/NGEO891.
DiBiase, R. A., A. B. Limaye, J. S. Scheingross, W. W. Fischer, andM. P. Lamb (2013), Deltaic deposits at Aeolis Dorsa: Sedimentary evidence for a

standing body of water on the northern plains of Mars, J. Geophys. Res. Planets, 118, 1285–1302, doi:10.1002/jgre.20100.
Edwards, C. S., and B. L. Ehlmann (2015), Carbon sequestration on Mars, Geology, 43(10), 863–866, doi:10.1130/G36983.1.
Ehlmann, B. L., and J. Buz (2015), Mineralogy and fluvial history of the watersheds of Gale, Knobel, and Sharp craters: A regional context for

the Mars Science Laboratory Curiosity’s exploration, Geophys. Res. Lett., 42, 264–273, doi:10.1002/2014GL062553.
Ehlmann, B. L., and C. S. Edwards (2014), Mineralogy of the Martian surface, Annu. Rev. Earth Planet. Sci., 42, doi:10.1146/annurev-earth-

060313-055024.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1954

http://dx.doi.org/10.1038/nature09903
http://dx.doi.org/10.1029/2012JE004234
http://dx.doi.org/10.1126/science.1122659
http://dx.doi.org/10.1016/j.gca.2015.12.002
http://dx.doi.org/10.1029/98JE02074
http://dx.doi.org/10.2458/azu_uapress_9780816530595
http://dx.doi.org/10.2458/azu_uapress_9780816530595
http://dx.doi.org/10.1002/2015GL065293
http://dx.doi.org/10.1186/s40645-015-0069-y
http://dx.doi.org/10.1029/2002JE001963
http://dx.doi.org/10.1029/2012JE004145
http://dx.doi.org/10.1038/nature03639
http://dx.doi.org/10.1111/j.1751-908X.2014.00319.x
http://dx.doi.org/10.1038/NGEO891
http://dx.doi.org/10.1002/jgre.20100
http://dx.doi.org/10.1130/G36983.1
http://dx.doi.org/10.1002/2014GL062553
http://dx.doi.org/10.1146/annurev-earth-060313-055024
http://dx.doi.org/10.1146/annurev-earth-060313-055024


Ehlmann, B. L., and J. F. Mustard (2012), An in-situ record of major environmental transitions on early Mars at Northeast Syrtis Major, Geophys.
Res. Lett., 39, L11202, doi:10.1029/2012GL051594.

Ehlmann, B. L., et al. (2009), Identification of hydrated silicate minerals on Mars using MRO-CRISM: Geologic context near Nili Fossae and
implications for aqueous alteration, J. Geophys. Res., 114, E00D08, doi:10.1029/2009JE003339.

Ehlmann, B. L., J. F. Mustard, S. L. Murchie, J.-P. Bibring, A. Meunier, A. A. Fraeman, and Y. Langevin (2011a), Subsurface water and clay mineral
formation during the early history of Mars, Nature, 479, 53–60, doi:10.1038/nature10582.

Ehlmann, B. L., J. F. Mustard, R. N. Clark, G. A. Swayze, and S. L. Murchie (2011b), Evidence of low-grad metamorphism, hydrothermal
alteration, and diagenesis on Mars from phyllosilicate mineral assemblages, Clays Clay Miner., 59(4), 359–377.

Elkins-Tanton, L. T., P. C. Hess, and E. M. Parmentier (2005), Possible formation of ancient crust on Mars through magma ocean processes,
J. Geophys. Res., 110, E12S01, doi:10.1029/2005JE002480.

Engwall, E., A. I. Eriksson, C. M. Cully, M. André, R. Torbert, and H. Vaith (2009), Earth’s ionospheric outflow dominated by hidden cold plasma,
Nat. Geosci., 2, doi:10.1038/NGEO387.

Evans, D. A. D. (2006), Proterozoic low orbital obliquity and axial-dipolar geomagnetic field from evaporite palaeolatitude, Nature, 444,
51–55.

ExoMars Project (2014), ExoMars Science Management Plan, Version 6.0, 31 January 2014. [Posted at http://exploration.esa.int/science-e/
www/object/doc.cfm?fobjectid=46850.]

Fagan, A. L., K. H. Joy, D. D. Bogard, and D. A. Kring (2014), Ages of globally distributed lunar paleoregoliths and soils from 3.9 Ga to the
present, Earth Moon Planets, 112(59), doi:10.1007/s11038-014-9437-7.

Farley, K. A., J. A. Hurowitz, P. D. Asimow, N. S. Jacobson, and J. A. Cartwright (2013a), A double-spike method for K–Ar measurement: A
technique for high precision in situ dating on Mars and other planetary surfaces, Geochim. Cosmochim. Acta, 110, 1–12.

Farley, K. A., et al. (2013b), In situ radiometric and exposure age dating of the martian surface, Science, 343(6169), doi:10.1126/
science.1247166.

Farmer, J. D., and D. J. Des Marais (1999), Exploring for a record of ancient Martian life, J. Geophys. Res., 104, 26,977–26,995, doi:10.1029/
1998JE000540.

Fassett, C. I., and J. W. Head (2008), The timing of Martian valley network activity: Constraints from buffered crater counting, Icarus, 195,
61–89.

Fassett, C. I., and J. W. Head (2011), Sequence and timing of conditions on early Mars, Icarus, 211, 1204–1214.
Fassett, C. I., J. L. Dickson, J. W. Head, J. Levy, and D. R. Marchant (2010), Supraglacial and proglacial valleys on Amazonian Mars, Icarus, 208,

86–100, doi:10.1016/j.icarus.2010.02.021.
Feulner, G. (2012), The faint young Sun problem, Rev. Geophys., 50, RG2006, doi:10.1029/2011RG000375.
Filiberto, J., and R. Dasgupta (2015), Constraints on the depth and thermal vigor of melting in the Martian mantle, J. Geophys. Res. Planets,

120, 109–122, doi:10.1002/2014JE004745.
Filiberto, J., D. Baratoux, D. Beaty, D. Breuer, B. Farcy, M. Grott, J. Jones, W. Keifer, F. McCubbin, and S. Schwenzer (2016), A review of volatiles

in the Martian interior, Meteoritics Planet. Sci., doi:10.1111/maps.12680.
Flahaut, J., C. Quantin, H. Clenet, P. Allemand, J. F. Mustard, and P. Thomas (2012), Pristine Noachian crust and key geologic transitions in the

lower walls of Valles Marineris: Insights into early igneous processes on Mars, Icarus, 221(1), 420–435.
Foley, C. N., M. Wadhwa, L. E. Borg, P. E. Janney, R. Hines, and T. L. Grove (2005), The early differentiation history of Mars from

182
W-

142
Nd

isotope systematics in the SNC meteorites, Geochim. Cosmochim. Acta, 69, 4557–4571.
Forget, F., R. M. Haberle, F. Montmessin, B. Levrard, and J. W. Head (2006), Formation of glaciers on Mars by atmospheric precipitation at high

obliquity, Science, 311, 368–371.
Forget, F., R. Wordsworth, E. Millour, J.-B. Madeleine, L. Kerber, J. Leconte, E. Marcq, and R. M. Haberle (2013), 3D modelling of the early

Martian climate under a denser CO2 atmosphere: Temperatures and CO2 ice clouds, Icarus, 222(1), 81–99.
Freissinet, C., et al. (2015), Organic molecules in the Sheepbed Mudstone, Gale Crater, Mars, J. Geophys. Res. Planets, 120, 495–514,

doi:10.1002/2014JE004737.
Frey, H. (2008), Ages of very large impact basins on Mars: Implications for the late heavy bombardment in the inner solar system,

Geophys. Res. Lett., 35, L13203, doi:10.1029/2008GL033515.
Gaillard, F., and B. Scaillet (2014), A theoretical framework for volcanic degassing chemistry in a comparative planetology perspective and

implications for planetary atmospheres, Earth Planet. Sci. Lett., 403, 307–316.
Gaillard, F., J. Michalski, G. Berger, S. M. McLennan, and B. Scaillet (2013), Geochemical reservoirs and timing of sulfur cycling on Mars,

Space Sci. Rev., 174, 251–300.
Gendrin, A., et al. (2005), Sulfates in Martian layered terrains: The OMEGA/Mars Express view, Science, 307, 1587–1591.
Gerakines, P. A., and R. L. Hudson (2013), Glycine’s radiolytic destruction in ices: First in situ laboratory measurements for Mars, Astrobiology,

13, 647–655.
Gerakines, P. A., and R. L. Hudson (2015), The radiation stability of glycine in solid CO2—In situ laboratory measurements with applications to

Mars, Icarus, 252, 466–472.
Goldreich, P., and S. J. Peale (1970), The obliquity of Venus, Astron. J., 75(3), 273–285.
Golombek, M. P., and R. J. Phillips (2010), Mars tectonics: Chapter 5, in Planetary Tectonics, edited by T. R. Watters and R. A. Schultz,

pp. 183–232, Cambridge Univ. Press, Cambridge, U. K.
Golombek, M. P., N. H. Warner, V. Ganti, M. P. Lamb, T. J. Parker, R. L. Fergason, and R. Sullivan (2014), Small crater modification on Meridiani

Planum and implications for erosion rates and climate change on Mars, J. Geophys. Res. Planets, 119, 2522–2547, doi:10.1002/
2014JE004658.

Gomes, R., et al. (2005), Origin of the cataclysmic Late Heavy Bombardment period of the terrestrial planets, Nature, 436, 466–469.
Goudge, T. A., J. F. Mustard, J. W. Head, C. I. Fassett, and S. M. Wiseman (2015), Assessing the mineralogy of the watershed and fan deposits of

the Jezero crater paleolake system, Mars, J. Geophys. Res. Planets, 120, 775–808, doi:10.1002/2014JE004782.
Goudge, T. A., H. F. Levison, K. Tsiganis, and A. Morbidelli (2016), Insights into surface runoff on early Mars from paleolake basin morphology

and stratigraphy, Geology, 44(6), 419–422.
Grant, J. A., and S. A. Wilson (2011), Late alluvial fan formation in southern Margaritifer Terra, Mars, Geophys. Res. Lett., 38, L08201,

doi:10.1029/2011GL046844.
Greeley, R., and B. D. Schneid (1991), Magma generation on Mars: Amounts, rates, and comparisons with Earth, Moon, and Venus, Science,

254, 996–998.
Greeley, R., B. H. Foing, H. Y. McSween Jr., G. Neukum, P. Pinet, M. van Kan, S. C. Werner, D. A. Williams, and T. E. Zegers (2005), Flui d lava flows

in Gusev crater, Mars, J. Geophys. Res., 110, E05008, doi:10.1029/2005JE002401.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1955

http://dx.doi.org/10.1029/2012GL051594
http://dx.doi.org/10.1029/2009JE003339
http://dx.doi.org/10.1038/nature10582
http://dx.doi.org/10.1029/2005JE002480
http://dx.doi.org/10.1038/NGEO387
http://exploration.esa.int/science-e/www/object/doc.cfm?fobjectid=46850
http://exploration.esa.int/science-e/www/object/doc.cfm?fobjectid=46850
http://dx.doi.org/10.1007/s11038-014-9437-7
http://dx.doi.org/10.1126/science.1247166
http://dx.doi.org/10.1126/science.1247166
http://dx.doi.org/10.1029/1998JE000540
http://dx.doi.org/10.1029/1998JE000540
http://dx.doi.org/10.1016/j.icarus.2010.02.021
http://dx.doi.org/10.1029/2011RG000375
http://dx.doi.org/10.1002/2014JE004745
http://dx.doi.org/10.1111/maps.12680
http://dx.doi.org/10.1002/2014JE004737
http://dx.doi.org/10.1029/2008GL033515
http://dx.doi.org/10.1002/2014JE004658
http://dx.doi.org/10.1002/2014JE004658
http://dx.doi.org/10.1002/2014JE004782
http://dx.doi.org/10.1029/2011GL046844
http://dx.doi.org/10.1029/2005JE002401


Groeller, H., H. Lichtenegger, H. Lammer, and V. I. Shematovich (2014), Hot oxygen and carbon escape from the Martian atmosphere,
Planet. Space Sci., 98, 93–105.

Grott, M., A. Morschhauser, D. Breuer, and E. Hauber (2011), Volcanic outgassing of CO2 and H2O on Mars, Earth Planet. Sci. Lett., 308,
391–400.

Grott, M., et al. (2013), Long-term evolution of the Martian crust-mantle system, Space Sci. Rev., 174, 49–111.
Grotzinger, J. P., and R. E. Milliken (2012), The sedimentary rock record of Mars: Distribution, origins, and global stratigraphy, SEPM Spec. Publ.,

102, 1–48.
Grotzinger, J. P., et al. (2005), Stratigraphy and sedimentology of a dry to wet eolian depositional system, Burns formation, Meridiani Planum,

Mars, Earth Planet. Sci. Lett., 240, 11–72.
Grotzinger, J. P., et al. (2012), Mars Science Laboratory mission and science investigation, Space Sci. Rev., 170(1), 5–56.
Grotzinger, J. P., et al. (2014), A habitable fluvio-lacustrine environment at Yellowknife Bay, Gale Crater, Mars, Science, 343, doi:10.1126/

science.1242777.
Grotzinger, J. P., et al. (2015), Deposition, exhumation, and paleoclimate of an ancient lake deposit, Gale crater, Mars, Science, 350,

doi:10.1126/science.aac7575.
Haberle, R. M., C. P. McKay, J. Schaeffer, N. A. Cabrol, E. A. Grin, A. P. Zent, and R. Quinn (2001), On the possibility of liquid water on

present-day Mars, J. Geophys. Res., 106, 23,317–23,326, doi:10.1029/2000JE001360.
Halevy, I., and J. W. Head (2014), Episodic warming of early mars by punctuated volcanism, Nat. Geosci., 7, 865–868.
Halevy, I., M. T. Zuber, and D. P. Schrag (2007), A sulfur dioxide climate feedback on early Mars, Science, 318, 19,031,907.
Halliday, A. N. (2008), A young Moon-forming giant impact at 70–110 million years accompanied by late-stage mixing, core formation and

degassing of the Earth, Phil Trans R. Soc A., 366, 4163–4181.
Halliday, A. N., H. Wanke, J.-L. Birck, and R. Clayton (2001), The accretion, composition and early differentiation of Mars, Space Sci. Rev., 96(1),

197–230.
Harman, C. E., E. W. Schwieterman, J. C. Schottelkotte, and J. F. Kasting (2015), Abiotic O2 Levels on planets around F, G, K, and M starts:

Possible false positives for life?, Astrophys. J., 812, 137.
Hartmann, W. K. (2005), Martian cratering 8: Isochron refinement and the chronology of Mars, Icarus, 174, 294–320.
Hartmann, W. K., and G. Neukum (2001), Cratering chronology and the evolution of Mars, Space Sci. Rev., 96, 165–194.
Hartmann, W. K., C. Quantin, and N. Mangold (2007), Possible long-term decline in impact rates: 2. Lunar impact-melt data regarding impact

history, Icarus, 186, 11–23, doi: 10.1016/j.icarus.2006.09.009.
Head, J. W., M. A. Kreslavsky, and S. Pratt (2002), Northern lowlands of Mars: Evidence for widespread volcanic flooding and tectonic

deformation in the Hesperian Period, J. Geophys. Res., 107(E1), 5003, doi:10.1029/2000JE001445.
Head, J. W., J. F. Mustard, M. A. Kreslavsky, R. E. Milliken, and D. R. Marchant (2003), Recent ice ages on Mars, Nature, 426, 797–802.
Hecht, M. H., et al. (2009), Detection of perchlorate and the soluble chemistry of Martian soil at the Phoenix lander site, Science, 325, 64–67.
Herd, C. D. K., L. E. Borg, J. H. Jones, and J. J. Papike (2002), Oxygen fugacity and geochemical variations in the Martian basalts: Implications for

Martian basalt petrogenesis and the oxidation state of the upper mantle of Mars, Geochim. Cosmochim. Acta, 66, 2025–2036.
Hirschmann, M. M., and A. C. Withers (2008), Ventilation of CO2 from a reduced mantle and consequences for the early Martian greenhouse,

Earth Planet. Sci. Lett., 270, 147–155.
Hirschmann, M. M., A. C. Withers, P. Ardia, and N. T. Foley (2012), Solubility of molecular hydrogen in silicate melts and consequences for

volatile evolution of terrestrial planets, Earth Planet. Sci. Lett., 345, 38–48.
Horgan, B. H., and J. F. Bell III (2012), Widespread weathered glass on the surface of Mars, Geology, 40, 391–94.
Howard, A. D., J. M. Moore, and R. P. Irwin (2005), An intense terminal epoch of widespread fluvial activity on early Mars: 1. Valley network

incision and associated deposits, J. Geophys. Res., 110, E12S14, doi:10.1029/2005JE002459.
Hu, R., B. L. Ehlmann, and S. Seager (2012), Theoretical spectra of terrestrial exoplanet surfaces, Astrophys. J., 752(7), doi:10.1088/0004-637X/

752/1/7.
Hu, R., D. M. Kass, B. L. Ehlmann, and Y. Yung (2015), Tracing the fate of carbonate and the atmospheric evolution of Mars, Nat. Commun.,

doi:10.1038/ncomms10003.
Humayun, M., A. Nemchin, B. Zanda, R. H. Hewins, M. Grange, A. Kennedy, J.-P. Lorand, C. Göpel Fieni, S. Pont, and D. Deldicque (2013), Origin

and age of the earliest Martian crust from meteorite NWA7533, Nature, 503, 513–517.
Hurowitz, J. A., and S. L. McLennan (2007), A ~ 3.5 Ga record of water-limited, acidic weathering conditions on Mars, Earth Planet. Sci. Lett.,

260, 432–443.
Hurowitz, J., W. W. Fischer, N. J. Tosca, and R. E. Milliken (2010), Origin of acidic surface waters and the evolution of atmospheric chemistry on

early Mars, Nat. Geosci., 3, 323–326.
Hutchins, K. S., B. M. Jakosky, and J. G. Luhmann (1997a), Impact of a paleo-magnetic field on sputtering loss, Nature, 412, 237–244.
Hutchins, K. S., B. M. Jakosky, and J. G. Luhmann (1997b), Impact of a paleo-magnetic field on sputtering loss of Martian atmospheric argon

and neon, J. Geophys. Res., 102, 9183–9189, doi:10.1029/96JE03838.
Irwin, R., A. Howard, R. Craddock, and J. Moore (2005), An intense terminal epoch of widespread fluvial activity on early Mars: 2. Increased

runoff and paleolake development, J. Geophys. Res., 110, E05S04, doi:10.1029/2005JE002460.
Ivanov, B. A. (2001), Mars/Moon cratering rate ratio estimates, Space Sci. Rev., 96, 87–104.
Izidoro, A., A. Morbidelli, and S. N. Raymond (2013), Terrestrial planet formation in the presence of migrating super-Earths, The Astrophysical

Journal, 794(1), doi:10.1088/0004-637X/794/1/11.
Jakosky, B. M., and M. H. Carr (1985), Possible precipitation of ice at low latitudes of Mars during periods of high obliquity, Nature, 315,

559–561.
Jakosky, B. M., R. O. Pepin, R. E. Johnson, and J. L. (1994), Mars atmospheric loss and isotopic fractionation by solar-wind-induced sputtering

and photochemical escape, Icarus, 111, 271–288.
Jakosky, B. M., B. G. Henderson, and M. T. Mellon (1995), Chaotic obliquity and the nature of the Martian climate, J. Geophys. Res., 100,

1579–1584, doi:10.1029/94JE02801.
Jakosky, B. M., et al. (2015a), The Mars Atmosphere and Volatile Evolution (MAVEN) mission, Space Sci. Rev., doi:10.1007/s11214-015-0139-x.
Jakosky, B. M., et al. (2015b), MAVEN observations of the response of Mars to an interplanetary coronal mass ejection, Science, 350,

doi:10.1126/science.aad0210.
Jakosky, B. M., J. M. Grebowsky, J. G. Luhmann, and D. A. Brain (2015c), Initial results from the MAVEN mission to Mars, Geophys. Res. Lett., 42,

8791–8802, doi:10.1002/2015GL065271.
Johnson, C. L., et al. (2015), Low-altitude magnetic field measurements by MESSENGER reveal Mercury’s ancient crustal field, Science,

348(6237), 892–895, doi:10.1126/science.aaa8720.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1956

http://dx.doi.org/10.1126/science.1242777
http://dx.doi.org/10.1126/science.1242777
http://dx.doi.org/10.1126/science.aac7575
http://dx.doi.org/10.1029/2000JE001360
http://dx.doi.org/10.1016/j.icarus.2006.09.009
http://dx.doi.org/10.1029/2000JE001445
http://dx.doi.org/10.1029/2005JE002459
http://dx.doi.org/10.1088/0004-637X/752/1/7
http://dx.doi.org/10.1088/0004-637X/752/1/7
http://dx.doi.org/10.1038/ncomms10003
http://dx.doi.org/10.1029/96JE03838
http://dx.doi.org/10.1029/2005JE002460
http://dx.doi.org/10.1088/0004-637X/794/1/11
http://dx.doi.org/10.1029/94JE02801
http://dx.doi.org/10.1007/s11214-015-0139-x
http://dx.doi.org/10.1126/science.aad0210
http://dx.doi.org/10.1002/2015GL065271
http://dx.doi.org/10.1126/science.aaa8720


Johnson, S. S., A. A. Pavlov, and M. A. Mischna (2009), Fate of SO2 in the ancient Martian atmosphere: Implications for transient greenhouse
warming, J. Geophys. Res., 114, E11011, doi:10.1029/2008JE003313.

Kass, D. M., and Y. L. Yung (1995), Loss of atmosphere from Mars due to solar wind-induced sputtering, Science, 268(5211), 697–699.
Kasting, J. (1993), Earth’s early atmosphere, Science, 259, 920–926.
Kiefer, W. S. (2003), Melting in the Martian mantle: Shergottite formation and implications for present-day mantle convection on Mars,

Meteorit. Planet. Sci., 38(12), 1815–1832.
Kim, Y. S., K. P. Wo, S. Maity, S. K. Atreya, and R. I. Kaiser (2013), Radiation-induced formation of chlorine oxides and their potential role in the

origin of Martian perchlorates, J. Am. Chem. Soc., 135(13), 4910–4913, doi:10.1021/ja3122922.
Kite, E. S., I. Halevy, M. Kahre, M. Wolff, and M. Manga (2013a), Seasonal melting and the formation of sedimentary rocks on Mars, with

predictions for the Gale Crater mound, Icarus, 223, 181–210.
Kite, E. S., A. Lucas, and C. I. Fassett (2013b), Pacing Early Mars river activity: embedded craters in the Aeolis Dorsa region imply river activity

spanned ≥ (1–20) Myr, Icarus, 225(1), 850–855.
Kite, E. S., J.-P. Williams, A. Lucas, and O. Aharonson (2014), Low palaeopressure of the Martian atmosphere estimated from the size

distribution of ancient craters, Nat. Geosci., 7, 335–339.
Kleine, T., K. Mezger, C. Munker, H. Palmer, and A. Bischoff (2004),

182
Hf-

182
W isotope systematics of chondrites, eucrites and Martian

meteorites: Chronology of core formation and early mantle differentiation in Vesta and Mars, Geochim. Cosmochim. Acta, 68, 2935–2946.
Koeppen, W. C., and V. E. Hamilton (2008), Global distribution, composition, and abundance of olivine on the surface of Mars from thermal

infrared data, J. Geophys. Res., 113, E05001, doi:10.1029/2007JE002984.
Kopparapu, R. K., R. Ramirez, J. F. Kasting, V. Eymet, T. D. Robinson, S. Mahadevan, R. C. Terrien, S. Domagal-Goldman, V. Meadows, and

R. Deshpande (2013), Habitable zones around main-sequence stars: New estimates, Astrophys. J., 765, 2.
Kuang, W., W. Jiang, and T. Wang (2008), Sudden termination of Martian dynamo? Implications from subcritical dynamo simulations,

Geophys. Res. Lett., L14204, doi:10.1029/2008GL034183.
Laasko, T. A., and D. P. Schrag (2014), Regulation of atmospheric oxygen during the Proterozoic, Earth Planet. Sci. Lett., 388, 81–91.
Lammer, H., et al. (2013), Outgassing history and escape of the Martian atmosphere and water inventory, Space Sci. Rev., 174, 113–154.
Langlais, B., and M. Purucker (2007), A polar magnetic paleopole associated with Apollinaris Patera, Mars, Planet. Space Sci., 55, 270–279.
Lapen, T. J., M. Righter, A. D. Brandon, V. Debaille, B. L. Beard, J. T. Shafer, and A. H. Peslier (2010), A younger age for ALH84001 and its

geochemical link to shergottite sources in Mars, Science, 328(5976), 347–351.
Lapotre, M. G. A., et al. (2016), Large wind ripples on Mars: A record of atmospheric evolution, Science, 353, 55–58.
Laskar, J., and P. Robutel (1993), The chaotic obliquity of the planets, Nature, 361, 608–612.
Laskar, J., B. Levrard, and J. F. Mustard (2002), Orbital forcing of the Martian polar layered deposits, Nature, 419, 375–377.
Laskar, J., A. C. M. Correia, M. Gastineau, F. Joutel, B. Levrard, and P. Robutel (2004), Long term evolution and chaotic diffusion of the inso-

lation quantities of Mars, Icarus, 170, 343–364.
Lasue, J., N. Mangold, E. Hauber, S. Clifford, W. Feldman, O. Gasnault, C. Grima, S. Maurice, and O. Mousis (2013), Quantitative assessments of

the Martian hydrosphere, Space Sci. Rev., 174, 155–212, doi:10.1007/s11214-012-9946-5.
Leblanc, F., and R. E. Johnson (2002), Role of molecular species in pickup ion sputtering of the Martian atmosphere, J. Geophys. Res., 107(E2),

5010, doi:10.1029/2000JE001473.
Leighton, R. R., and B. C. Murray (1966), Behavior of carbon dioxide and other volatiles on Mars, Science, 153, 136–144.
Leshin, L., et al. (2013), Volatile, isotope, and organic analysis of Martian fines with the Mars Curiosity rover, Science, 341, doi:10.1126/

science.1238937.
Levison, H. F., K. A. Kretke, K. Walsh, and W. Bottke (2015), Growing the terrestrial planets from the gradual accumulation of submeter-sized

objects, Proc. Natl. Acad. Sci. U.S.A., 112(46), 14,180–14,185.
Lillis, R. J., M. Manga, D. L. Mitchell, R. P. Lin, and M. H. Acuña (2006), Unusual magnetic signature of the Hadriaca Patera volcano: Implications

for early Mars, Geophys. Res. Lett., 33, L03202, doi:10.1029/2005GL024905.
Lillis, R. J., H. V. Frey, and M. Manga (2008), Rapid decrease in Martian crustal magnetization in the Noachian era: Implications for the dynamo

and climate of early Mars, Geophys. Res. Lett., 35, L14203, doi:10.1029/2008GL034338.
Loizeau, D., S. C. Werner, N. Mangold, J. -P. Bibring, and J. L. Vago (2012), Chronology of deposition and alteration in the Mawrth Vallis region,

Mars, Planet. Space Sci., 72(1), 31–43, doi:10.1016/j.pss.2012.06.023.
Lunine, J. I., J. Chambers, A. Morbidelli, and L. A. Leshin (2003), The origin of water on Mars, Icarus, 165, 1–8.
Mahaffy, P. R., et al. (2013), Abundance and isotopic composition of gases in the Martian atmosphere from the Curiosity rover, Science, 343,

263–266.
Mahaffy, P. R., et al. (2015), Mars atmosphere. The imprint of atmospheric evolution in the D/H of Hesperian clay minerals on Mars, Science,

347(6220), 412–414.
Malhotra, R. (2015), The mass distribution function of planets, Astrophys. J., 808, 71–78.
Malin, M. C., and K. S. Edgett (2000), Evidence for recent groundwater seepage and surface runoff on Mars, Science, 288, 2330–2335.
Mangold, N. (2012), Fluvial landforms on fresh ejecta craters, Planet. Space Sci., 62, 69–85.
Mangold, N., et al. (2007), Mineralogy of the Nili Fossae region with OMEGA/MEx data: 2. Aqueous alteration of the crust, J. Geophys. Res., 112,

E08S04, doi:10.1029/2006JE002835.
Mangold, N., V. Ansan, D. Baratoux, F. Costard, L. Dupeyrat, H. Hiesinger, P. Masson, G. Neukum, and P. Pinet (2008), Identification of a new

outflow channel on Mars in Syrtis Major Planum using HRSC/MEx data, Planet. Space Sci., 56, 1030–1042.
Mangold, N., E. S. Kite, M. Kleinhans, H. Newsom, V. Ansan, E. Hauber, E. Kraal, C. Quantin-Nataf, and K. Tanaka (2012), The origin and timing of

fluvial activity at the Eberswalde crater, Mars, Icarus, 220(2), 530–551.
Manning, C. V., C. P. McKay, and K. J. Zahnle (2007), Thick and thin models of the evolution of carbon dioxide on Mars, Icarus, 180, 38–59.
Marchi, S., S. Mottola, G. Cremonese, M. Massironi, and E. Martellato (2009), A new chronology for the Moon and Mercury, Astron. J., 137(6),

4936–4948, doi:10.1088/0004-6256/137/6/4936.
Marchi, S., W. F. Bottke, L. T. Elkins-Tanton, M. Bierhaus, K. Wuennemann, A. Morbidelli, and D. A. Kring (2014), Widespread mixing and burial

of Earth’s Hadean crust by asteroid impacts, Nature, 551, 578–582.
Marconi, A., et al. (2016), EELT-HIRES the high-resolution spectrograph for the E-ELT, Proc. SPIE. 9908, Ground-based and Airborne

Instrumentation for Astronomy VI, 990823. (August 09, 2016), doi:10.1117/12.2231653.
Marinova, M. M., O. Aharonson, and E. Asphaug (2008), Mega-impact formation of the Mars hemispheric dichotomy, Nature, 453, 1216–1219.
Marty, B., and K. Marti (2002), Signatures of early differentiation of Mars, Earth Planet. Sci. Lett., 196, 251–263.
Mavrogenes, J. A., and H. S. C. O’Neill (1999), The relative effects of pressure, temperature and oxygen fugacity on the solubility of sulfide in

mafic magmas, Geochim. Cosmochim. Acta, 63, 1173–1180.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1957

http://dx.doi.org/10.1029/2008JE003313
http://dx.doi.org/10.1021/ja3122922
http://dx.doi.org/10.1029/2007JE002984
http://dx.doi.org/10.1029/2008GL034183
http://dx.doi.org/10.1007/s11214-012-9946-5
http://dx.doi.org/10.1029/2000JE001473
http://dx.doi.org/10.1126/science.1238937
http://dx.doi.org/10.1126/science.1238937
http://dx.doi.org/10.1029/2005GL024905
http://dx.doi.org/10.1029/2008GL034338
http://dx.doi.org/10.1016/j.pss.2012.06.023
http://dx.doi.org/10.1029/2006JE002835
http://dx.doi.org/10.1088/0004-6256/137/6/4936
http://dx.doi.org/10.1117/12.2231653


McAdam, A. C., et al. (2014), Sulfur-bearing phases detected by evolved gas analysis of the Rocknest aeolian deposit, Gale Crater, Mars,
J. Geophys. Res. Planets, 119, 373–393, doi:10.1002/2013JE004518.

McCubbin, F. M., M. A. Riner, K. E. Vander Kaaden, and L. K. Burkemper (2012), Is Mercury a volatile-rich planet?, Geophys. Res. Lett., 39, L09202,
doi:10.1029/2012GL051711.

McCubbin, F. M., S. M. Elardo, C. K. Shearer Jr., A. Smirnov, E. H. Hauri, and D. S. Draper (2013), A petrogenetic model for the co-magmatic
origin of chassignites and nakhlites: Inferences from chlorine-rich minerals, petrology, and geochemistry, Meteoritics Planet. Sci., 48,
819–853.

McCubbin, F. M., J. W. Boyce, P. Srinivasan, A. R. Santos, S. M. Elardo, J. Filiberto, A. Steele, and C. K. Shearer (2016), Heterogeneous distribution
of H2O in the Martian interior: Implications for the abundance of H2O in depleted and enriched mantle sources, Meteorit. Planet. Sci.,
doi:10.1111/maps.12639.

McEwen, A. S., M. C. Malin, M. H. Carr, and W. K. Hartmann (1999), Voluminous volcanism on early Mars revealed in Valles Marineris, Nature,
397, 584–86.

McEwen, A. S., L. Ojha, C. M. Dundas, S. S. Mattson, S. Byrne, J. J. Wray, S. C. Cull, S. L. Murchie, N. Thomas, and V. C. Gulick (2011), Seasonal
flows on warm Martian slopes, Science, 333(740), doi:10.1126/science.1204816.

McLennan, S. M., et al. (2005), Provenance and diagenesis of the evaporite-bearing Burns formation, Meridiani Planum, Mars, Earth Planet. Sci.
Lett., 240, 95–121.

McLennan, S. M., et al. (2014), Elemental geochemistry of sedimentary rocks at Yellowknife Bay, Gale crater, Mars, Science, 343, 1,244,734,
doi:10.1126/science.1244734.

McSween, H. Y. (2008), Martian meteorites as crustal samples, in The Martian Surface: Composition, Mineralogy, and Physical Properties,
edited by J. F. Bell III, pp. 383–395, Cambridge Univ. Press, U. K.

McSween, H. Y. (2015), Petrology on Mars, Am. Mineral., 100, 2380–2395.
McSween, H. Y., et al. (2006a), Characterization and petrologic interpretation of olivine-rich basalts at Gusev Crater, Mars, J. Geophys. Res., 111,

E02S10, doi:10.1029/2005JE002477.
McSween, H. Y., et al. (2006b), Alkaline volcanic rocks from the Columbia Hills, Gusev crater, Mars, J. Geophys. Res., 111, E09S91, doi:10.1029/

2006JE002698.
McSween, H. Y., Jr., G. J. Taylor, and M. B. Wyatt (2009), Elemental composition of the Martian crust, Science, 324, 736–39.
Mège, D., and P. Masson (1996), Amounts of crustal stretching in Valles Marineris, Mars, Planet. Space Sci., 44, 749–782.
Melosh, H. J., and A. M. Vickery (1989), Impact erosion of the primordial atmosphere of Mars, Nature, 38, 487–489.
Mars Exploration Program Analysis Group (MEPAG) (2015), Mars scientific goals, objectives, investigations, and priorities: 2015, V. Hamilton,

ed., 74 p. white paper posted June, 2015 by the Mars Exploration Program Analysis Group (MEPAG). [Available at http://mepag.nasa.gov/
reports.cfm.]

Mars Exploration Program Analysis Group-Next Orbiter Science Analysis Group Report (2015), Report from the Next Orbiter Science Analysis
Group (NEX-SAG), Chaired by B. Campbell and R. Zurek, 77 pages posted December, 2015 by the Mars Exploration Program Analysis
Group (MEPAG). [Available at http://mepag.nasa.gov/reports.cfm.]

Meunier, A., S. Petit, B. L. Ehlmann, P. Dudoignon, F. Westall, A. Mas, A. El Albani, and E. Ferrage (2012), Magmatic precipitation as a possible
origin of Noachian clays on Mars, Nat. Geosci., doi:10.1038/NGEO1572.

Michael, G. G. (2013), Planetary surface dating from crater size–frequency distribution measurements: Multiple resurfacing episodes and
differential isochron fitting, Icarus, 226, 885–890.

Michalski, J. R., and E. Z. Noe Dobrea (2007), Evidence for a sedimentary origin of clay minerals in the Mawrth Vallis region, Mars, Geology, 35,
951–954.

Milliken, R. E., et al. (2008), Opaline silica in young deposits on Mars, Geology, 36(11), 847–850, doi:10.1130/G24967A.1.
Ming, D. W., et al. (2013), Volatile and organic compositions of sedimentary rocks in Yellowknife Bay, Gale crater, Mars, Science, 342,

doi:10.1126/science.1245267.
Morbidelli, A., S. Marchi, W. F. Bottke, and D. A. Kring (2012a), A sawtooth-like timeline for the first billion years of lunar bombardment,

Earth Planet. Sci. Lett., 355–356, 144–151.
Morbidelli, A., J. I. Lunine, D. P. O’Brien, S. N. Raymond, and K. J. Walsh (2012b), Building terrestrial planets, Ann. Rev. Earth Plan. Sci., 40,

251–275.
Morris, R. V., et al. (2006), Moessbauer mineralogy of rock, soil, and dust at Gusev crater, Mars: Spirit’s journey through weakly altered olivine

basalt on the plains and pervasively altered basalt in the Columbia Hills, J. Geophys. Res., 111, E02S13, doi:10.1029/2005JE002584.
Morris, R. V., et al. (2016), Silicic volcanism on Mars evidenced by tridymite in high-SiO2 sedimentary rock at Gale crater, Proc. Natl. Acad. Sci.,

doi:10.1073/pnas.1607098113.
Morschhauser, A., M. Grott, and D. Breuer (2011), Crustal recycling, mantle dehydration, and the thermal evolution of Mars, Icarus, 212,

541–558.
Murchie, S. L., et al. (2009), A synthesis of Martian aqueous mineralogy after 1 Mars year of observations from the Mars Reconnaissance

Orbiter, J. Geophys. Res., 114, E00D06, doi:10.1029/2009JE003342.
Mustard, J. F., C. D. Cooper, and M. K. Rifkin (2001), Evidence for recent climate change on Mars from the identifcation of youthful

near-surface ground ice, Nature, 412, 411–414.
Mustard, J. F., F. Poulet, A. Gendrin, J.-P. Bibring, Y. Langevin, B. Gondet, N. Mangold, G. Bellucci, and F. Altieri (2005), Olivine and pyroxene

diversity in the crust of Mars, Science, 307, 1594–1597, doi:10.1126/science.1109098.
Mustard, J. F., et al. (2008), Hydrated silicate minerals on Mars observed by the CRISM instrument on MRO, Nature, 454, 305–309, doi:10.1038/

nature07097.
Mustard, J. F., B. L. Ehlmann, S. L. Murchie, F. Poulet, N. Mangold, J. W. Head, J.-P. Bibring, and L. H. Roach (2009), Composition, morphology,

and stratigraphy of Noachian crust around the Isidis basin, J. Geophys. Res., 114, E00D12, doi:10.1029/2009JE003349.
Mustard, J. F., et al. (2013), Report of the Mars 2020 Science Definition Team, 154 pp., posted July, 2013, by the Mars Exploration Program

Analysis Group (MEPAG). [Availble at http://mepag.jpl.nasa.gov/reports/MEP/Mars_2020_SDT_Report_Final.pdf.]
Muttik, N., F. M. McCubbin, L. P. Keller, A. R. Santos, W. A. McCutcheon, P. P. Provencio, Z. Rahman, C. K. Shearer, J. W. Boyce, and C. B. Agee

(2014), Inventory of H2O in the ancient Martian regolith from Northwest Africa 7034: The important role of Fe oxides, Geophys. Res. Lett.,
41, 8235–8244, doi:10.1002/2014GL062533.

Nekvasil, H., J. Filiberto, F. M. McCubbin, and D. H. Lindsley (2007), Alkalic parental magmas for the chassignites? Meteorit. Planet. Sci., 42,
979–992.

Nekvasil, H., F. M. McCubbin, A. Harrington, S. Elardo, and D. H. Lindsley (2009), Linking the Chassigny meteorite and the Martian surface rock
Backstay: Insights into igneous crustal differentiation processes on Mars, Meteorit. Planet. Sci., 44, 853–869.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1958

http://dx.doi.org/10.1002/2013JE004518
http://dx.doi.org/10.1029/2012GL051711
http://dx.doi.org/10.1111/maps.12639
http://dx.doi.org/10.1126/science.1204816
http://dx.doi.org/10.1126/science.1244734
http://dx.doi.org/10.1029/2005JE002477
http://dx.doi.org/10.1029/2006JE002698
http://dx.doi.org/10.1029/2006JE002698
http://mepag.nasa.gov/reports.cfm
http://mepag.nasa.gov/reports.cfm
http://mepag.nasa.gov/reports.cfm
http://dx.doi.org/10.1038/NGEO1572
http://dx.doi.org/10.1130/G24967A.1
http://dx.doi.org/10.1126/science.1245267
http://dx.doi.org/10.1029/2005JE002584
http://dx.doi.org/10.1073/pnas.1607098113
http://dx.doi.org/10.1029/2009JE003342
http://dx.doi.org/10.1126/science.1109098
http://dx.doi.org/10.1038/nature07097
http://dx.doi.org/10.1038/nature07097
http://dx.doi.org/10.1029/2009JE003349
http://mepag.jpl.nasa.gov/reports/MEP/Mars_2020_SDT_Report_Final.pdf
http://dx.doi.org/10.1002/2014GL062533


Newman, W. I., E. M. D. Symbalisty, T. J. Ahrens, and E. M. Jones (1999), Impact erosion of planetary atmospheres: Some surprising results,
Icarus, 138, 224–240.

Niles, P. B., D. C. Catling, G. Berger, E. Chassefière, B. L. Ehlmann, J. R. Michalski, R. Morris, S. W. Ruff, and B. Sutter (2013), Geochemistry of
carbonates on Mars: Implications for climate history and nature of aqueous environments, Space Sci. Rev., 174, 301–328.

Nimmo, F., S. D. Hart, D. G. Korycansky, and C. B. Agnor (2008), Implications of an impact origin for the Martian hemispheric dichotomy,
Nature, 453, 120–1223.

Nyquist, L. E., D. D. Bögard, C. Y. Shih, A. Greshake, D. Stoffler, and O. Eugster (2001), Ages and geologic histories of Martian meteorites, Space
Sci. Rev., 96(1–4), 105–164.

Nyquist, L. E., C. Shih, F. M. McCubbin, A. R. Santos, C. K. Shearer Jr., Z. Peng, P. V. Burger, and C. B. Agee (2016), Rb-Sr and Sm-Nd isotopic and
REE studies of igneous components in the bulk matrix domain of Martian breccia Northwest Africa 7034,Meteorit. Planet. Sci., 51, 483–498.

Ody, A., F. Poulet, J.-P. Bibring, D. Loizeau, J. Carter, B. Gondet, and Y. Langevin (2013), Global investigation of olivine on Mars: Insights into
crust and mantle compositions, J. Geophys. Res. Planets, 118, 234–262, doi:10.1029/2012JE004149.

Ogawa, M., and T. Yanagisawa (2011), Numerical models of Martian mantle evolution induced by magmatism and solid-state convection
beneath stagnant lithosphere, J. Geophys. Res., 116, E08008, doi:10.1029/2010JE003777.

Ogawa, M., and T. Yanagisawa (2012), Two-dimensional numerical studies on the effects of water on Martian mantle evolution induced by
magmatism and solid-state mantle convection, J. Geophys. Res., 117, E06004, doi:10.1029/2012JE004054.

Osterloo, M. M., F. S. Anderson, V. E. Hamilton, and B. M. Hynek (2010), Geologic context of proposed chloride-bearing materials on Mars,
J. Geophys. Res., 115, E10012, doi:10.1029/2010JE003613.

Owen, T., and A. Bar-Nun (1995), Comets, impacts, and atmospheres, Icarus, 116, 215–226.
Papike, J. J., J. M. Karner, and C. K. Shearer (2005), Comparative planetary mineralogy: valence state partitioning of Cr, Fe, Ti, and V among

crystallographic sites in olivine, pyroxene, and spinel from planetary basalts, Am. Mineral., 90, 277–290.
Pavlov, A. A., G. Vasilyev, V. M. Ostryakov, A. K. Pavlov, and P. Mahaffy (2012), Degradation of the organic molecules in the shallow subsurface

of Mars due to irradiation by cosmic rays, Geophys. Res. Lett., 39, L13202, doi:10.1029/2012GL052166.
Pepe, F., et al. (2014), ESPRESSO: The next European exoplanet hunter, Astron. Nachr., 335, 8–20.
Pepin, R. O. (2006), Atmospheres on the terrestrial planets: Clues to origin and evolution, Earth Planet. Sci. Lett., 252, 1–14.
Pepin, R. O., and D. Porcelli (2002), Origin of noble gases in the terrestrial planets, Rev. Mineral. Geochem., 47(1), 191–246, doi:10.2138/

rmg.2002.47.7.
Pham, L. B. S., Ö. Karatekin, and V. Dehant (2011), Effects of impacts on the atmospheric evolution: Comparison between Mars, Earth, and

Venus, Planet. Space Sci., 59, 1087–1092.
Phillips, J. L., and C. T. Russell (1987), Upper limit on the intrinsic magnetic field of Venus, J. Geophys. Res., 92, 2253–2263, doi:10.1029/

JA092iA03p02253.
Phillips, R. J., et al. (2001), Ancient geodynamics and global-scale hydrology on Mars, Science, 291, 2587–2591.
Phillips, R. J., et al. (2011), Massive CO2 Ice deposits sequestered in the south polar layered deposits of Mars, Science, 6031, 838–841,

doi:10.1126/science.1203091.
Plesa, A. C., and D. Breuer (2014), Partial melting in one-plate planets: Implications for thermo-chemical and atmospheric evolution,

Planet. Space Sci., 98, 50–65, doi:10.1016/j.pss.2013.10.007.
Plescia, J. B. (2004), Morphometric properties of Martian volcanoes, J. Geophys. Res., 109, E03003, doi:10.1029/2002JE002031.
Pollack, J. B., J. F. Kasting, S. M. Richardson, and K. Poliakoff (1987), The case for a warm, wet climate on early Mars, Icarus, 71, 203–224.
Poulet, F., et al. (2005), Phyllosilicates on Mars and implications for early Martian climate, Nature, 438, 623–627, doi:10.1038/nature04274.
Pujol, M., B. Marty, and R. Burgess (2011), Chondritic-like xenon trapped in Archean rocks: A possible signature of the ancient atmosphere,

Earth Planet. Sci. Lett., 308, 298–306.
Quantin, C., P. Allemand, N. Mangold, G. Dromart, and C. Delacourt (2005), Fluvial and lacustrine activity on layered deposits in Melas

Chasma, Valles Marineris, Mars, J. Geophys. Res., 110, E12S19, doi:10.1029/2005JE002440.
Ramirez, R. M., R. Kopparapu, M. Zugger, T. D. Robinson, R. Freedman, and J. F. Kasting (2013), Warming early Mars with CO2 and H2,

Nat. Geosci., 7, 59–63.
Raymond, S. N., D. P. O’Brien, A. Morbidelli, and N. A. Kaib (2009), Building the terrestrial planets: Constrained accretion in the inner Solar

System, Icarus, 203(2), 644–662.
Righter, K., H. Yang, G. Costin, and R. T. Downs (2008), Oxygen fugacity in the Martian mantle controlled by carbon: New constraints from the

nakhlite MIL03346, Met. Planet. Sci., 43, 1709–1723.
Robbins, S. J. (2014), New crater calibrations for the lunar crater-age chronology, Earth Planet. Sci. Lett., 403, 188–198, doi:10.1016/

j.epsl.2014.06.038.
Robbins, S. J., B. M. Hynek, R. J. Lillis, and W. F. Bottke (2013), Large impact crater histories of Mars: The effect of different model crater age

techniques, Icarus, 225, 173–184.
Roberts, J. H., and S. Zhong (2006), Degree-1 convection in the Martian mantle and the origin of the hemispheric dichotomy, J. Geophys. Res.,

111, E06013, doi:10.1029/2005JE002668.
Rogers, A. D., and P. R. Christensen (2007), Surface mineralogy of Martian low-albedo regions from MGS-TES data: Implications for upper

crustal evolution and surface alteration, J. Geophys. Res., 112, E01003, doi:10.1029/2006JE002727.
Ryder, G. (2002), Mass flux in the ancient Earth–Moon system and benign implications for the origin of life on Earth, J. Geophys. Res., 107(E4),

5022, doi:10.1029/2001JE001583.
Santos, A. R., C. B. Agee, F. M. McCubbin, C. K. Shearer, P. V. Burger, R. Tartese, and M. Anand (2015), Petrology of igneous clasts in Northwest

Africa 7034: Implications for the petrologic diversity of the Martian crust, Geochim. Cosmochim. Acta, 157, 56–85.
Sautter, V., et al. (2014), Igneous mineralogy at Bradbury Rise: The first ChemCam campaign at Gale crater, J. Geophys. Res. Planets, 119, 30–46,

doi:10.1002/2013JE004472.
Sautter, V., et al. (2015), In situ evidence for continental crust on early Mars, Nature Geosci., doi:10.1038/ngeo2474.
Schlichting, H. E., R. Sari, and A. Yalinewich (2015), Atmospheric mass loss during planet formation: the importance of planetesimal impacts,

Icarus, 247, 81–94.
Schmidt, M. E., C. M. Schrader, and T. J. McCoy (2013), The primary fO2 of basalts examined by the Spirit rover in Gusev Crater, Mars: Evidence

for multiple redox states in the Martian interior, Earth Planet. Sci. Lett., 384, 198–208.
Schon, S. C., J. W. Head, and C. I. Fassett (2009), Unique chronostratigraphic marker in depositional fan stratigraphy on Mars: Evidence for ca.

1.25 Ma gully activity and surficial meltwater origin, Geology, 37(3), 207–210.
Segura, T. L., K. Zahnle, O. B. Toon, and C. P. McKay (2013), The effects of impacts on the climates of terrestrial planets, in Comparative

Climatology of Terrestrial Planets, edited by S. J. Mackwell et al., Univ. Arizona Press, Tucson.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1959

http://dx.doi.org/10.1029/2012JE004149
http://dx.doi.org/10.1029/2010JE003777
http://dx.doi.org/10.1029/2012JE004054
http://dx.doi.org/10.1029/2010JE003613
http://dx.doi.org/10.1029/2012GL052166
http://dx.doi.org/10.2138/rmg.2002.47.7
http://dx.doi.org/10.2138/rmg.2002.47.7
http://dx.doi.org/10.1029/JA092iA03p02253
http://dx.doi.org/10.1029/JA092iA03p02253
http://dx.doi.org/10.1126/science.1203091
http://dx.doi.org/10.1016/j.pss.2013.10.007
http://dx.doi.org/10.1029/2002JE002031
http://dx.doi.org/10.1038/nature04274
http://dx.doi.org/10.1029/2005JE002440
http://dx.doi.org/10.1016/j.epsl.2014.06.038
http://dx.doi.org/10.1016/j.epsl.2014.06.038
http://dx.doi.org/10.1029/2005JE002668
http://dx.doi.org/10.1029/2006JE002727
http://dx.doi.org/10.1029/2001JE001583
http://dx.doi.org/10.1002/2013JE004472
http://dx.doi.org/10.1038/ngeo2474


Sharp, Z. D., F. M. McCubbin, and C. K. Shearer (2013), A hydrogen-based oxidation mechanism relevant to planetary formation, Earth Planet.
Sci. Lett., 380, 88–97.

Shearer, C. K., P. M. Aaron, P. V. Burger, Y. Guan, A. S. Bell, and J. J. Papike (2013), Petrogenetic linkages among fO2, isotopic enrichments-
depletions and crystallization history in Martian basalts. Evidence from the distribution of phosphorus in olivine megacrysts, Geochim.
Cosmochim. Acta, 120, 17–38, doi:10.1016/j.gca.2013.06.034.

Shuvalov, V. V., and N. A. Artemieva (2002), Atmospheric erosion and radiation impulse induced by impacts, in Catastrophic Events and Mass
Extinctions: Impacts and Beyond, edited by C. Koeberl and K. G. MacLeod, Geol. Soc. Am. Spec. Pap., 356 695–703.

Skok, J. R., J. F. Mustard, B. L. Ehlmann, R. E. Milliken, and S. L. Murchie (2010), Silica deposits in the Nili Patera caldera on the Syrtis Major
volcanic complex on Mars, Nat. Geosci., 3, 838–841, doi:10.1038/ngeo990.

Skok, J. R., J. F. Mustard, L. L. Tornabene, C. Pan, D. Rogers, and S. L. Murchie (2012), A spectroscopic analysis of Martian crater central peaks:
Formation of the ancient crust, J. Geophys. Res., 117, E00J18, doi:10.1029/2012JE004148.

Slipski, M., and B. M. Jakosky (2016), Argon isotopes as tracers for Martian atmospheric loss, Icarus, 272, 212–227.
Solé, J. (2014), In situ determination of K–Ar ages fromminerals and rocks using simultaneous laser-induced plasma spectroscopy and noble

gas mass spectrometry, Chem. Geol., 388, 9–22.
Soto, A., M. Mischna, T. Schneider, C. Lee, and M. Richardson (2015), Martian atmospheric collapse: Idealized GCM studies, Icarus, 250,

553–569.
Squyres, S. W., et al. (2008), Detection of silica-rich deposits on Mars, Science, 320, 1063, doi:10.1126/science.1155429.
Stack, K. M., J. P. Grotzinger, and R. E. Milliken (2013), Bed thickness distributions on Mars: An orbital perspective, J. Geophys. Res. Atmos., 118,

1323–1349, doi:10.1002/jgre.20092.
Stanley, B. D., M. M. Hirschmann, and A. C. Withers (2011), CO2 solubility in Martian basalts and Martian atmospheric evolution,

Geochim. Cosmochim. Acta, 75, 5987–6003.
Stanley, B. D., D. R. Schaub, and M. M. Hirschmann (2012), CO2 solubility in primitive Martian basalts similar to Yamato 980459, the effect of

composition on CO2 solubility of basalts, and the evolution of the Martian atmosphere, Am. Mineral., 97, 1841–1848.
Steele, A., et al. (2012), A reduced organic carbon component in Martian basalts, Science, 337(212), doi:10.1126/science.1220715.
Stern, J. C., et al. (2015), Evidence for indigenous nitrogen in sedimentary and aeolian deposits from the Curiosity rover investigations at Gale

crater, Mars, Proc. Natl. Acad. Sci. U.S.A., 112(14), 4245–4250.
Stevenson, D. J. (2003), Styles of mantle convection and their influence on planetary evolution, Comptes Rendues de L’Academie des Sciences,

335, 99–111.
Stolper, E., et al. (2013), The petrochemistry of Jake_M: A Martian mugearite, Science, 341, doi:10.1126/science.1239463.
Strangeway, R. J. (2005), Factors controlling outflows as observed at intermediate altitudes, J. Geophys. Res., 110, A03221, doi:10.1029/

2004JA010829.
Svetsov, V. V. (2007), Atmospheric erosion and replenishment induced by impacts of cosmic bodies upon the Earth and Mars, Solar Syst. Res.,

41, 28–41.
Szentgyorgyi, A., et al. (2016), The GMT-Consortium Large Earth Finder (G-CLEF): An optical Echelle spectrograph for the Giant Magellan

Telescope (GMT), Proc. SPIE 9908, Ground-based and Airborne Instrumentation for Astronomy VI, 990822 (August 9, 2016); doi:10.1117/
12.2233506.

Tanaka, K., J. A. Skinner Jr., J. M. Dohm, R. P. Irwin III, E. J. Kolb, C. M. Fortezzo, T. Platz, G. G. Michael, and T. M. Hare (2014), Geologic map of
Mars, U.S. Geol. Surv. Sci. Invest. Map 3292.

Tanaka, K. L. (1986), The stratigraphy of Mars, Proc. Lunar and Planet. Sci. Conf. 17, J. Geophys. Res., 91, E139–E158, doi:10.1029/
JB091iB13p0E139.

Tanaka, K. L. (1997), Sedimentary history and mass flow structures of Chryse and Acidalia Planitiae, Mars, J. Geophys. Res., 102, 4131–4149,
doi:10.1029/96JE02862.

Tarduno, J. A., R. D. Cottrell, W. J. Davis, F. Nimmo, and R. K. Bono (2015), A Hadean to Paleoarchean geodynamo recorded by single zircon
crystals, Science, 349(6247), 521–524, doi:10.1126/science.aaa9114.

Taylor, G. J., L. M. V. Martel, S. Karunatillake, O. Gasnault, and W. V. Boynton (2010), Mapping Mars geochemically, Geology, 38(2), 183–186,
doi:10.1130/G30470.1.

Thollot, P., N. Mangold, V. Ansan, S. Le Mouélic, R. E. Milliken, J. L. Bishop, C. M. Weitz, L. H. Roach, J. F. Mustard, and S. L. Murchie (2012), Most
Mars minerals in a nutshell: Various alteration phases formed in a single environment in Noctis Labyrinthus, J. Geophys. Res., 117, E00J06,
doi:10.1029/2011JE004028.

Thomson, B. J., N. T. Bridges, R. Milliken, A. Baldridge, S. J. Hook, J. K. Crowley, G. M. Marion, C. R. de Souza Filho, A. J. Brown, and C. M. Weitz
(2011), Constraints on the origin and evolution of the layered mound in Gale Crater, Mars using Mars Reconnaissance Orbiter data, Icarus,
214, 413–432.

Tian, F., M. W. Claire, J. D. Haqq-Misra, M. Smith, D. C. Crisp, D. Catling, K. Zahnle, and J. F. Kasting (2010), Photochemical and climate
consequences of sulfur outgassing on early Mars, Earth Planet. Sci. Lett., 295, 412–418.

Tikoo, S. M., B. P. Weiss, D. L. Shuster, and M. D. Fuller (2014), How long did the lunar core dynamo persist?, Lunar and Planetary Sciences
Conference, March 17–21, 2014, The Woodlands, Tex., Abstract 1972.

Toon, O. B., T. Segura, and K. Zahnle (2010), The formation of Martian river valleys by impacts, Annu. Rev. Earth. Planet. Sci., 38, 303–322.
Touboul, M., T. Kleine, B. Bourdon, H. Palme, and R. Wieler (2007), Late formation and prolonged differentiation of the Moon inferred from

W isotopes in lunar metals, Nature, 450, 1206–1209.
Treiman, A. H., J. H. Jones, and M. J. Drake (1987), Core formation in the shergottite parent body and comparison with the Earth, J. Geophys.

Res., 92, 627–632, doi:10.1029/JB092iB04p0E627.
Tuff, J., J. Wade, and B. J. Wood (2013), Volcanism on Mars controlled by early oxidation of the upper mantle, Nature, 498, 342–345.
Ulmer, P., and R. W. Luth (1991), The graphite-C-O-H fluid equilibrium in P, T, fO2 space: An experimental determination to 30 kbar and

1600°C, Contrib. Mineral. Petrol., 106, 265–272.
Urata, R. A., and O. B. Toon (2013), Simulations of the Martian hydrologic cycle with a general circulation model: implications for the ancient

Martian climate, Icarus, 226(1), 229–250.
Usui, T., C. M. O. Alexander, J. Wang, J. I. Simon, and J. H. Jones (2015), Meteoritic evidence for a previously unrecognized hydrogen reservoir

on Mars, Earth Planet. Sci. Lett., 410, 140–151.
Van Hoolst, T. (2015), Rotation of the terrestrial planets, in Treatise on Geophysics, 2nd ed., vol. 10, edited by T. Spohn, Elsevier B.V., Leuven,

Belgium, doi:10.1016/B978-0-444-53802-4.00168-8.
Villanueva, G. L., M. J. Mumma, R. E. Novak, H. U. Käufl, P. Hartogh, T. Encrenaz, A. Tokunaga, A. Khayat, M. D. Smith (2015), Strong water

isotopic anomalies in the martian atmosphere: Probing current and ancient reservoirs, Science, 348(6231), 218–221.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1960

http://dx.doi.org/10.1016/j.gca.2013.06.034
http://dx.doi.org/10.1038/ngeo990
http://dx.doi.org/10.1029/2012JE004148
http://dx.doi.org/10.1126/science.1155429
http://dx.doi.org/10.1002/jgre.20092
http://dx.doi.org/10.1126/science.1220715
http://dx.doi.org/10.1126/science.1239463
http://dx.doi.org/10.1029/2004JA010829
http://dx.doi.org/10.1029/2004JA010829
http://dx.doi.org/10.1117/12.2233506
http://dx.doi.org/10.1117/12.2233506
http://dx.doi.org/10.1029/JB091iB13p0E139
http://dx.doi.org/10.1029/JB091iB13p0E139
http://dx.doi.org/10.1029/96JE02862
http://dx.doi.org/10.1126/science.aaa9114
http://dx.doi.org/10.1130/G30470.1
http://dx.doi.org/10.1029/2011JE004028
http://dx.doi.org/10.1029/JB092iB04p0E627
http://dx.doi.org/10.1016/B978-0-444-53802-4.00168-8


VEXAG (2014), Goals, objectives, and investigations for Venus exploration, R. Herrick, ed, 17. White paper posted May 2014 by the Venus
Exploration Analysis Group (VEXAG). [Available at http://www.lpi.usra.edu/vexag/reports/GOI-140625.pdf.]

Von Paris, P., P. Hedelt, F. Selsis, F. Schreier, and T. Trautmann (2013), Characterization of potentially habitable planets: Retrieval of
atmospheric and planetary properties from emission spectra, Astron. Astrophys., 551, 120.

Wadhwa, M. (2001), Redox state of Mars’ upper mantle and crust from Eu anomalies in shergottite pyroxenes, Science, 291, 1527–1530.
Walker, J. C. G. (1986), Global geochemical cycles of carbon, sulfur, and oxygen, Mar. Geol., 70, 159–174.
Walsh, K. J., A. Morbidelli, S. N. Raymond, D. P. O’Brien, and A. M. Mandell (2011), A low mass for Mars from Jupiter’s early gas-driven

migration, Nature, doi:10.1038/nature10201.
Ward, W. R. (1974), Climatic variations on Mars: 1. Astronomical theory of insolation, J. Geophys. Res., 79, 3375–3386, doi:10.1029/

JC079i024p03375.
Webster, C. R., et al. (2013), Isotope ratios of H, C, and O in CO2 and H2O of the Martian atmosphere, Science, 341(6143), 260–263.
Webster, C. R., et al. (2015), Mars methane detection and variability at Gale crater, Science, 23, 415–417.
Weiss, B. P., and S. M. Tikoo (2014), The lunar dynamo, Science, 346, doi:10.1126/science.1246753.
Weiss, B. P., L. E. Fong, H. Vali, E. A. Lima, and F. J. Baudenbacher (2008), Paleointensity of the ancient Martian magnetic field, Geophys. Res.

Lett., 35, L23207, doi:10.1029/2008GL035585.
Weiss, B. P., et al. (2015), Pervasive remagnetization of detrital zircon host rocks in the Jack Hills, Western Australia and implications for

records of the early geodynamo, Earth Planet. Sci. Lett., 430, 115–128.
Werner, S. C. (2008), The early Martian evolution—Constraints from basin formation ages, Icarus, 195(1), 45–60, doi:10.1016/

j.icarus.2007.12.2008.
Werner, S. C. (2009), The global Martian volcanic evolutionary history, Icarus, 201, 44–68.
Werner, S. C., and K. L. Tanaka (2011), Redefinition of the crater-density and absolute-age boundaries for the chronostratigraphic system of

Mars, Icarus, 215, 603–607.
Williams, R.E., and C. M. Weitz (2014), Reconstructing the aqueous history within the southwestern Melas Basin: Clues from stratigraphic and

morphometric analyses of fans, Icarus, 242, 19–37.
Wilson, L., and J. W. Head III (2002), Tharsis-radial graben systems as the surface manifestation of plume-related dike intrusion complexes:

Models and implications, J. Geophys. Res., 107(E8), doi:10.1029/2001JE001593.
Wordsworth, R. (2016), The climate of early Mars, Ann. Rev. Earth Planet. Sci., 44, 1–31.
Wordsworth, R., F. Forget, E. Millour, J. Head, J.-B. Madeleine, and B. Charnay (2013), Global modelling of the early Martian climate under a

denser CO2 atmosphere: water cycle and ice evolution, Icarus, 222(1), 1–19.
Wordsworth, R. D., L. Kerber, R. T. Pierrehumbert, F. Forget, and J. W. Head (2015), Comparison of “warm andwet” and “cold and icy” scenarios

for early Mars in a 3-D climate model, J. Geophys. Res. Planets, 120, 1201–1219, doi:10.1002/2015JE004787.
Wray, J. J., S. T. Hansen, J. Dufek, G. A. Swayze, S. L. Murchie, F. P. Seelos, J. R. Skok, R. P. Irwin III, and M. S. Ghiorso (2013), Prolonged magmatic

activity on Mars inferred from the detection of felsic rocks, Nat. Geosci., 6, 1013–17.
Wray, J. J., S. L. Murchie, J. L. Bishop, B. L. Ehlmann, R. E. Milliken, M. B. Wilhelm, K. D. Seelos, and M. Chojnacki (2016), Orbital evidence for

more widespread carbonate-bearing rocks on Mars, J. Geophys. Res. Planets, 121, 652–677, doi:10.1002/2015JE004972.
Zhong, S.-J., and M. T. Zuber (2001), Degree-1 mantle convection and the crustal dichotomy on Mars, Earth Planet. Sci. Lett., 189, 75–84.
Zolotov, M. Y., A. L. Sprague, S. A. Hauck, L. R. Nittler, S. C. Solomon, and S. Z. Weider (2013), The redox state, FeO content, and origin of sulfur-

rich magmas on Mercury, J. Geophys. Res. Planets, 118, 138–146, doi:10.1029/2012JE004274.
Zuber, M. T., et al. (2000), Internal structure and early thermal 2005 evolution of Mars from Mars Global Surveyor topography and gravity,

Science, 287, 1788–1793.

Journal of Geophysical Research: Planets 10.1002/2016JE005134

EHLMANN ET AL. MARS AND TERRESTRIAL PLANET HABITABILITY 1961

http://www.lpi.usra.edu/vexag/reports/GOI-140625.pdf
http://dx.doi.org/10.1038/nature10201
http://dx.doi.org/10.1029/JC079i024p03375
http://dx.doi.org/10.1029/JC079i024p03375
http://dx.doi.org/10.1126/science.1246753
http://dx.doi.org/10.1029/2008GL035585
http://dx.doi.org/10.1016/j.icarus.2007.12.2008
http://dx.doi.org/10.1016/j.icarus.2007.12.2008
http://dx.doi.org/10.1029/2001JE001593
http://dx.doi.org/10.1002/2015JE004787
http://dx.doi.org/10.1002/2015JE004972
http://dx.doi.org/10.1029/2012JE004274


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


