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Until recently, Mars was considered a basalt-covered world, but this vision is evolving thanks to new orbital, in
situ and meteorite observations, in particular of rocks of the ancient Noachian period. In this contribution we
summarise newly recognised compositional and mineralogical differences between older and more recent
rocks, and explore the geodynamic implications of these new findings. For example theMSL rover has discovered
abundant felsic rocks close to the landing site coming from the wall of Gale crater ranging from alkali basalt to
trachyte. In addition, the recently discovered Martian regolith breccia NWA 7034 (and paired samples) contain
many coarse-grained noritic-monzonitic clasts demonstrably Noachian in age, and even some clasts that plot
in the mugearite field. Olivine is also conspicuously lacking in these ancient samples, in contrast to later Hespe-
rian rocks. The alkali-suite requires low-degree melting of the Martian mantle at low pressure, whereas the later
Hesperian magmatism would appear to be produced by higher mantle temperatures. Various scenarios are pro-
posed to explain these observations, including different styles of magmatic activity (i.e. passive upwelling vs.
hotspots). A second petrological suite of increasing interest involves quartzo-feldspathic materials that were
first inferred from orbit, in local patches in the southern highlands and in the lower units of Valles Marineris.
However, identification of felsic rocks fromorbit is limited by the lowdetectability of feldspar in the near infrared.
On the other hand, the MSL rover has described the texture, mineralogy and composition of felsic rocks in Gale
crater that are granodiorite-like samples akin to terrestrial TTG (Tonalite–Trondhjemite–Granodiorite suites).
These observations, and the low average density of the highlands crust, suggest the early formation of ‘continen-
tal’ crust on Mars, although the details of the geodynamic scenario and the importance of volatiles in their gen-
eration are aspects that require further work.
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1. Introduction

The chemistry andmineralogy of theMartian surface are increasing-
ly well constrained thanks to a combination of orbital spectroscopy (e.g.
Mars Odyssey, Mars Reconnaissance Orbiter, Mars Express), in-situ
analyses (landers and rovers such as Pathfinder, Spirit, Opportunity,
Phoenix and Curiosity) and study of the Shergottite–Nahklite–
Chassignite (SNC) family of meteorites. All of these lines of evidence
point to a primary magmatic crust that is globally basaltic, consistent
with liquids produced by partial melting of the mantle and transport
of those magmatic liquids towards the surface (McSween et al., 2003).
Indeed, variations in the composition of Hesperian and Amazonian vol-
canic terrains as constrained by the GammaRay Spectrometer (GRS) in-
strument onboard Mars Odyssey (Taylor et al., 2006), have been shown
to be consistent with liquids produced by partial melting of a mantle
that was cooling over time under a lithosphere that was increasingly
thick, a set of observations that have been successfully interpreted as
the result of global cooling beneath a stagnant lithospheric lid
(Baratoux et al., 2011). However, application of this approach to older
Noachian terrains is restricted by the fact that there are no unambigu-
ous volcanic provinces of this age that are large enough for study
using GRS data (N100 km in size, Grott et al., 2013). Furthermore,
early-formed rocks may have been buried under subsequent surface
material such as later lavas and alteration products (e.g. Murchie et al.,
2009; Mustard et al., 2009). Quantifying the chemical nature of the ear-
liest magmatic crust is thus a significant challenge, in turn complicating
the reconstruction of the earliest geological history of the planet, in par-
ticular the thermal history of itsmantle during the critical period follow-
ing accretion.

The aim of this contribution is to consider and discuss data obtained
over the past ten years, bringing together geochemical and geophysical
constraints. In particular, we will concentrate on what is known about
the mineralogy and chemistry of the Noachian crust at a variety of spa-
tial scales, from that sampled by the footprint of the GRS spectrometer,
down to the hand specimen scale. These data will be discussed with the
aim of providing a self-consistent and unified view of the formation of
Mars' oldest crust, highlighting novel parallels with what is known
about crust-building processes on Earth.

2. Composition and mineralogy of the southern hemisphere as
constrained from orbit

Over the last 40 years, orbiting spacecraft have studied the Martian
surface at a number of different spatial scales using a variety of remote
sensing techniques, each of which provides different but complementa-
ry information. Morphologically Mars is characterised by a prominent
dichotomy where the heavily cratered southern highlands contrast
with a younger low-lying northern hemisphere. In terms of age, the
southern highlands are Noachian to early Hesperianwhereas the north-
ern lowlands are Hesperian to Amazonian, covering a Noachian base-
ment (Wyatt et al., 2004). In detail, the geologic map of Mars (Fig. 1)
shows that the majority of the southern highlands is dominated by

terrains that are mid-Noachian in age with a few scattered patchy
areas of early Noachian age, while Hesperian terrains are characterised
by many large volcanic provinces (e.g. Hesperia Planum, Syrtis Major
Planum).

In this context the Mars Odyssey Gamma Ray Spectrometer has
quantified the concentrations of Si, Fe, Th, K, Cl, and H over a broad
equatorial band (±60°) (Boynton et al., 2007), and more recently Ca
(Newsom et al., 2007a), Al (Karunatillake et al., 2009), and S
(Karunatillake et al., 2014). The depth probed by this technique is typi-
cally a few tens of centimetres, having the advantage of avoiding the in-
fluence of surface coatings but not eolian deposits. As such, GRS is able
tomeasure regional variations in composition that include a strong con-
tribution from the bedrock (Newsom et al., 2007b). However thismeth-
od has low spatial resolution (~400–500 km) and thus gives its best
results only for large regions that are more or less constant in composi-
tion, precluding application to outcrops that are of limited spatial ex-
tent. For example, individual craters such as Gale or Gusev that have
been the sites of landed missions are sub-pixel features for the GRS in-
strument. Having said that, it is of note that all provinces identified by
GRS are in the range of basaltic rocks and no large unit with evolved li-
thologies (SiO2 N 52 wt.%) has been detected (Gasnault et al., 2010;
Taylor et al., 2010). A few Th and K ‘hotspots’ have been observed in re-
gions such as Terra Cimera and Terra Sirenum (Fig. 2), but in the light of
the poor spatial resolution, it is difficult to ascertain if this is the result of
spatial averaging of complex sedimentary processes or if it is related to
regional exposure of igneous bedrock.

There is thus a clear need for study at small spatial scales. In this re-
spect, optical and infrared spectroscopy (i.e. Visible and Near Infrared
(VNIR): OMEGA and CRISM, Bibring et al., 2005; Murchie et al., 2007;
Thermal IR (TIR): TES and THEMIS; Christensen et al., 2001, 2004) are
better suited as these techniques can constrainmineralogy at high spatial
resolution (up to 300 m/pixel for OMEGA, 18 m/pixel for CRISM, and
100 m/pixel for THEMIS, 3 km/pixel for TES). However, the principal
drawback of these methods is the fact that penetration depth is small
(typically tens ofmicrons for VNIR, several cm for TIR)making them sen-
sitive to secondary coatings or dust cover that potentially obscure the sig-
nature of the primary bedrock. Furthermore, the major igneous mineral
plagioclase is spectrally neutral in the VNIR and cannot be generally de-
tected using this technique unless the rock contains b5% of the mafic
minerals olivine and pyroxene (Carter and Poulet, 2013). The situation
is slightly better in the thermal infrared as plagioclase shows absorption
features in this spectral range (e.g. Donaldson Hanna et al., 2012, 2014),
although even in this case there are many potential ambiguities in the
deconvolution and interpretation of surface emissivity spectra (e.g. Ruff
et al., 2014 and references therein) in addition to the fact that the spatial
resolution of TIR instruments is smaller than more recent VNIR studies.
Despite these limitations, the mineralogy of the southern hemisphere is
typically considered to be dominated by mafic rocks (Hamilton et al.,
2001; Christensen et al., 2005, with a pronounced contribution of low-
calcium pyroxene (LCP) at a level similar to or higher than that of high-
calcium pyroxene (HCP) (Mustard et al., 2005; Poulet et al., 2009). This
situation contrasts with younger terrains, where LCP is almost absent
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