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Introduction: Data from the OMEGA imaging
spectrometer on ESA’s Mars Express mission revealed
hydrated minerals created by aqueous alteration of
primary igneous crust [1-3] and opened a new avenue
of research for understanding the availability of liquid
water through time on Mars, namely, study of hydrated
minerals as a proxy for ancient aqueous geochemistry
and potential habitable environments. The OMEGA
data collectively suggested an early wet period followed by progressively drier weathering conditions
[4]. In some of Mars’ oldest Noachian terrains, phyllosilicate minerals, specifically smectite clays, were
found and are inferred to have formed by long-term
water-rock interaction under neutral to alkaline conditions [4,5]. Evaporite sulfate minerals were found in
younger Hesperian terrains [2] and anhydrous ferric
oxides in the most recent Amazonian terrains [4].
Since it began mapping Mars’ surface at higher
spatial resolution (18m/pixel) in 2006, the CRISM
hyperspectral imager on NASA’s Mars Reconnaissance Orbiter has revealed phyllosilicate alteration
minerals are relatively common in the ancient Noachian crust. Iron-magnesium smectite clays are associated with thousands of impact craters in the ancient
Southern Highlands [6]. Characteristic near-infrared
absorptions from 1.0-2.6 μm have allowed identification of additional hydrated silicate, zeolite, and carbonate alteration minerals, particularly in Noachian terrains [6-8]. These include chlorite, prehnite, serpentine, kaolinite, illite/muscovite, opaline silica, analcime, and magnesium carbonate.
Rather than being homogeneously distributed, the
diverse alteration minerals occur in characteristic assemblages of minerals associated with specific geomorphic settings. These indicate distinctive environments of aqueous alteration [9]. We discuss four particular distinctive mineralogic/geomorphic settings
from Noachian terrains, with examples from claybearing terrains west of the Isidis basin, in and around
the Nili Fossae [8, 10]. These settings indicate at least
four distinct aqueous environments on Noachian Mars
(1) a record of hydrothermal and impact processes in
deep phyllosilicates, (2) a record of pedogenic-like
top-down leaching preserved in layered phyllosilicates,
(3) multiple episodes of neutral/alkaline pH alteration
from carbonate-clay deposits, and (4) evidence of

lakes preserved in phyllosilicate-bearing sediments in
fans and deltas.
Noachian Environments: Fig. 1 provides a context map for the four example settings of clay-bearing
terrains shown in Figures 2-5.

Figure 1. MOLA digital elevation model (elevation range:
+3 to -4 km) showing locations of clay bearing terrains in
Figures 2-5.

Deep phyllosilicates: in some Noachian terrains, phyllosilicates are found at significant depth within the
crust, e.g. at – 2 km elevation in the a unit exposed in
the wall of Coprates Chasma [9], in megabreccia comprising the 600m tall walls of the principal Nili Fossae
trough [10] and exhumed by cratering across the
southern highlands from depths of up to 4-5 km [6]. In
some locations (e.g. Fig. 2) the characteristic mineralogic assemblage indicates hydrothermal alteration.
Fe/Mg smectite, chlorite and analcime-bearing phases
are found in the crater central peaks and walls, ringed
by aeolian materials enriched in silica, quartz, and alkali feldspars [8, 11].

Figure 2. A three-dimensional view of the central peak of a
25 km diameter crater. CRISM mineral maps show Fe/Mg
smectite and chlorite (green) along with zeolite (red) in the
~4 km wide crater central peak, which is surrounded by hydrated silica-bearing aeolian sediments (magenta-blue).

Layered phyllosilicates: in Mawrth Vallis [12] and Nili
Fossae, aluminum phyllosilicates have been found to
overlie iron-magnesium phyllosilicates in a layered
stratigraphy over terrains extending hundreds of kilometers (e.g. Fig. 3). A plausible formation mechanism
for a capping kaolinite layer on smectite deposits is top
down leaching of pre-existing phyllosilicates, leading
to loss of Ca, Mg, and Fe ions from smectite and its
transformation to kaolinite as also occurs in terrestrial
soil-forming environments.

Lacustrine phyllosilicates: Magnesium carbonates and
smectite clays are found in sedimentary units within
the Jezero crater delta [7, 13]. The Jezero watershed
drains a 15,000 km2 area south of the Nili Fossae [14],
and clays and carbonates within the crater probably
represent detrital sediments transported and deposited
in neutral to alkaline waters [13].

Figure 5. (A) Fe/Mg smectite and carbonate (green) comprise some of the sediments of the Jezero crater delta.
Figure 3. A kaolinite-bearing layer (green), exposed in a 2
km wide mesa, caps a thick layer of Fe/Mg smectite-bearing
sediments within a 50km crater west of Nili Fossae trough.

Clay carbonate deposits: Magnesium carbonates are
found associated with olivine-rich rocks in Nili Fossae
that overlie Fe/Mg smectite clays [7] (e.g. Fig. 4). Serpentine is also sometimes found associated with the
olivine-rich unit. The presence of the carbonate overlying the smectite in a later emplaced olivine unit [10]
indicates a second episode of neutral to alkaline pH
alteration, following clay formation [7,8].

Figure 4. Banded olivine-bearing rocks and sands (yellow)
have been partially altered to carbonate (green) and overlie
Fe/Mg smectite (blue). Image is 1km across.

Conclusions: Diverse alteration minerals discovered in Noachian terrains point to geochemical conditions for aqueous alteration at pHs ranging from acidic
to neutral, at temperatures ranging from low grade
metamorphic/hydrothermal to ambient, and to both
near surface and subsurface watery environments.
Multiple formation mechanisms are required to explain
the diversity and stratigraphy of the phyllosilicates
discovered in Mars’ Noachian crust, including hydrothermal, top-down leaching/pedogenesis, and lacustrine deposition. Such a diversity of environments
bodes well for the prospect of habitable environments
on early Mars and may provide insights into the environments of early Earth during its first billion years.
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