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Abstract

The ancient rock record for Mars has long been at odds with climate modelling. The presence of
valley networks, dendritic channels and deltas on ancient terrains points towards running water
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and fluvial erosion on early Mars?, but climate modelling indicates that long-term warm
conditions were not sustainable2. Widespread phyllosilicates and other aqueous minerals on the
Martian surface® provide additional evidence that an early wet Martian climate resulted in
surface weathering. Some of these phyllosilicates formed in subsurface crustal environments®,
with no association with the Martian climate, while other phyllosilicate-rich outcrops exhibit
layered morphologies and broad stratigraphies’ consistent with surface formation. Here, we
develop a new geochemical model for early Mars to explain the formation of these clay-bearing
rocks in warm and wet surface locations. We propose that sporadic, short-term warm and wet
environments during a generally cold early Mars enabled phyllosilicate formation without
requiring long-term warm and wet conditions. We conclude that Mg-rich clay-bearing rocks with
lateral variations in mixed Fe/Mg smectite, chlorite, talc, serpentine and zeolite occurrences
formed in subsurface hydrothermal environments, whereas dioctahedral (Al/Fe3*-rich) smectite
and widespread vertical horizonation of Fe/Mg smectites, clay assemblages and sulphates formed
in variable aqueous environments on the surface of Mars. Our model for aluminosilicate formation
on Mars is consistent with the observed geological features, diversity of aqueous mineralogies in
ancient surface rocks and state-of-the-art palaeoclimate scenarios.

The past 50 years of exploration have revealed dry river channels and related alluvial fans
and deltas, all of which convincingly indicate that substantial surface water existed in the
Noachian and parts of the Hesperian, over 3,500 million years ago®. However, increasing
evidence has shown that these geomorphic features may have formed during short-lived
aqueous events on what was otherwise a potentially cold, arid planet?. Together with the
geomorphic features, the presence of multiple types of secondary minerals (that is,
phyllosilicates, sulphates, iron oxides, silica and carbonates) found throughout the ancient
crust points to the interaction of liquid water with surface basalts and the ancient crust in the
past3-6.

In this study, we evaluate the nature and stratigraphy of clay-bearing surface units observed
on Mars, in the context of clay-forming environments on Earth, in laboratory simulations
and geochemical modelling experiments, in order to provide constraints on the early Martian
climate and the nature of aqueous surface environments. As different phyllosilicates form in
different alteration environments®, we compare surface units dominated by smectite clays
with those dominated by mixed-layer smectite/chlorite and other clay assemblages.
Occurrences of trioctahedral (three cations per formula unit in octahedral sites; typically
Mg?* or Fe2*) and dioctahedral smectites (two cations per formula unit in octahedral sites;
typically AI3* or Fe3*) also imply different formation environments®.

Dioctahedral smectite occurrences are observed in layered outcrops in many Noachian and
some early Hesperian terrains® (Fig. 1a). Mg-rich trioctahedral phyllosilicate mixtures are
more consistent with formation under reducing conditions in subsurface hydrothermal or
metamorphic environments, or through burial diagenesis®. Terrestrial smectite-bearing
hydrothermally altered sea-floor sediments were used to classify interstratified smectite,
chlorite and talc assemblages on Mars'0. Zeolite is also an indicator of deep, subsurface
alteration of Columbia River basalt (CRB), where nontronite forms in all cases, but zeolite
only forms at depth under elevated temperatures!!. Subsurface environments have been
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proposed for clay formation in many locations on Mars®. The Northeast Syrtis region
including Nili Fossae hosts several Mg-rich phyllosilicate assemblages (for example, Fe/Mg
smectite, chlorite, prehnite, serpentine and talc), which occur in the basement rocks and vary
across the terrain in neighbouring units1213, and this is also consistent with multiple, distinct
subsurface regions controlled by different chemical environments. Some of these mixed clay
assemblages may have formed in subsurface environments up to several hundred °C and are
not associated with any surface environment or climate on Mars, while others are consistent
with authigenic precipitation in cooler near-surface or subaerial environments®. Early
diagenesis at relatively low temperatures in lacustrine sediments of the Yellowknife Bay
formation in the Gale Crater may have also partially chloritized the pre-existing Fe
saponite®.

In contrast, clay profiles dominated by dioctahedral smectites on Earth are typically formed
in subaqueous or subaerial surface environments®. These temperate-to-warm climates with
alternating wet (>50 cm yr~1) and dry seasons support soil formation with abundant
smectites (up to 90% of phyllosilicates). Nontronite on Mars, occurring in wide expanses of
layered material such as those observed at Mawrth Vallis (Fig. 1b), is consistent with
formation in surface environmentsl4. A common stratigraphy containing phyllosilicates,
hydrated silica and sulphates is found across hundreds to thousands of km? in this region®.
A 150-200-m-thick Fe/Mg smectite (nontronite) unit is the dominant aluminosilicate
material observed here, capped by sulphates in some areas, then a 50-m-thick Al
phyllosilicate or opal unit® that is covered by poorly crystalline aluminosilicates!’ (Fig. 1c).
Additional outcrops containing dioctahedral smectites (Fig. 1a), Al phyllosilicates and
sulphates are also present in the Northeast Syrtis region!?, on plateaus in Southeast Valles
Marineris* and within volcanic units at the Eridania basin in Terra Sirenum4, and
fluviolacustrine mudstone of the 200-m-thick Murray formation at Gale Crater contains up
to ~25 wt% phyllosilicate, including both dioctahedral Al-rich smectite and trioctahedral
Mg-rich smectitel®. We propose that dioctahedral smectite-rich outcrops and laterally
extensive vertical profiles of Fe/Mg smectites, sulphates and Al-rich clay assemblages are
more consistent with formation in surface environments®.

The common compositional stratigraphy of Al clays over Fe clays? is an important
constraint. During the Noachian when this alteration occurred, the Martian surface was
geologically active with resurfacing by volcanism, meteor impact, and aeolian, fluvial and
deltaic sedimentation. Yet, this widespread weathering profile? is not disrupted in most
places. While the global exposure of these sequences is surely incomplete, the general
observation of a similar mineralogical stratigraphy suggests a single event or several closely
spaced events of intense chemical weathering that produced surface phyllosilicates in several
outcrops across Mars (Fig. 1d, model 1), rather than multiple small events spaced out over
long time periods (Fig. 1d, model 2).

Amorphous and poorly crystalline materials, such as opal, nanophase aluminosilicates and
ferrihydrite on the surface of Mars have been recognized recently through analysis of data
from orbitall® and surface missions®. In the Mawrth Vallis region, this poorly crystalline
material is present at 20-30 vol.% for the light-toned regions where clay minerals are
detectedl’. An X-ray amorphous component is also present at ~20-50 wt% nearly
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everywhere the Chemistry and Mineralogy (CheMin) X-ray diffractomer has analysed
samples at Gale Crater8. These poorly crystalline or amorphous components on the Martian
surface are probable markers of a relatively dry and/or cold climate, when formation of clay
minerals no longer occurred. Nanophase aluminosilicates form preferentially over
phyllosilicates in well-drained environments with low water-to-rock ratio systems29:21 and
cold climates such as the Antarctic Dry Valleys?2,

We show here that the types of phyllosilicate and poorly crystalline phases formed in surface
environments on Mars can provide strong constraints on the climate. All else being equal,
there is a tradeoff between time and temperature for the formation of clay minerals because
these reactions proceed faster under warmer conditions23. Our results offer insight into the
nature of the different scenarios of cold, warm, dry, wet and icy early Mars, as follows.

First, cold scenarios have been proposed for Mars that would enable either a cold and
wet2425 or a cold and dry2-26 early Mars. Some clay minerals can form at temperatures just
above freezing in an environment hosting liquid water, but the reactions would proceed
extremely slowly?3.25, Our models of nontronite formation (Fig. 2) found almost no
nontronite production near freezing, but a significant increase in the rate of reaction occurred
at ~20 °C25, Thus, for liquid water temperatures <20 °C (or mean annual temperatures just
above freezing), even sustained periods of high water-to-rock ratio were probably not
sufficient to produce the observed smectite outcrops on Mars, including the ~200-m-thick
nontronite-rich beds at Mawrth Vallis. This scenario would require standing bodies of cold
water persisting for hundreds of millions of years, which is not currently supported by
climate modelling? or weathering profiles (Fig. 1d) on Mars.

Second, temperatures of 25-50 °C may have been sufficient to form the ubiquitous Fe/Mg
smectite observed on Mars in geologically short periods of time. Reactions modelled at
temperatures up to 40 °C here (Fig. 2) showed a continual increase in smectite
crystallization, consistent with field® and laboratory?’ observations that nontronite forms
readily in the 30-75 °C range. The saponite reactions modelled here indicate that the rate of
saponite formation also increases with temperature, but that crystallization may occur more
rapidly for some forms of saponite compared with nontronite over the 10-30 °C range.
Smectite-bearing CRB palaeosols and nontronite-rich saprolites up to several metres thick
formed at mean annual temperatures of 5-11 °C on the Earth’s surface in time periods of
several hundred thousand years or less28. Temperature also affects which types of clay
minerals form. Some forms of saponite may crystallize at slightly lower temperatures than
nontronite (Fig. 2), while moderately warmer conditions support the increased formation of
Al phyllosilicates (Supplementary Fig. 2) and goethite®.

Third, indicators for environments with limited liquid water on the surface can be found in
surface regions on Mars containing poorly crystalline, nanophase and amorphous materials
such as allophane, imogolite, opal, ferrihydrite and schwertmannitel”. The formation of
allophane and imogolite from volcanic glass is favoured over smectite clay formation9.20.21
in either (1) a rainy, well-drained environment without standing liquid water or (2) a cold
climate with temperatures near freezing that experienced standing liquid water from melting
snow or ice. Thus, the presence of abundant nanophase aluminosilicates without
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phyllosilicates could mark the end of the warm and wet surface conditions supporting
smectite formation.

Considering analyses of these multiple lines of evidence, we propose that layered surface
deposits of clay-rich materials could have formed on the surface of early Mars during
geologically brief climate excursions (~1 Myr). Such short-term warm and wet deviations
from a generally cold climate can aptly explain the sum of observed geological features,
thick smectite beds and palaeoclimate constraints. This would entail a global mean
temperature above freezing and local summer maxima of ~30-40 °C to produce abundant
nontronite in surface outcrops in several locations over tens of thousands of years. Even
short-lived climate excursions could have produced significant amounts of clay-rich
alteration products from glass-rich volcanic or impact-generated basaltic material on Mars.
Clay formation rates on Earth are commonly ~0.01 mm yr~! in many settings?® and can
reach as high as 0.05 mm yr~1 in some regions, such as weathered tephra deposits in New
Zealand?®. The formation of smectite beds up to 120 m thick is estimated using rates up to
0.01 mm yr~1 for Mars (Fig. 3; see Methods).

Geological features marking flowing water and fluvial erosion are observed in many more
locations on the surfacel-8 than those that exhibit spectral signatures of clays and aqueous
minerals3->. For instance, alluvial fans, valley networks and dendritic channels are present in
the Libya Montes region at several sites ranging in age from Noachian to Hesperian and
even to Amazonian, where phyllosilicates are not observed3C. These features have been
interpreted to be caused by periods of liquid water that did not persist long enough for clay
formation30. Another interpretation is that these features were shaped by cold waterZ4. This
could indicate that cold and seasonally wet conditions may have been responsible for the
regions bearing fluvial erosion features without the formation of phyllosilicates, while short-
term warm and wet climate excursions were responsible for phyllosilicate-bearing regions.

Our analyses of the phyllosilicate record on Mars point to a scenario that accounts for
substantial amounts of smectite clays in many locations, geological features resulting from
liquid water across the planet and a generally cold and dry climate. We conclude that
hundreds of metres of mostly dioctahedral clay-bearing materials could have formed in
many places at the surface during short weathering intervals on a planet that was otherwise
cold for 99% of the Noachian. The punctuated, warm environments proposed here for early
Mars could have arisen from impacts3! or other forces.

Our resulting hypothesis for phyllosilicate formation on Mars encompasses differing
geochemical conditions and clay types for subsurface and surface alteration. The
occurrences of trioctahedral Mg-rich mixed clays including variations in smectite, chlorite,
talc, serpentine or prehnite in nearby outcrops across the terrain probably formed in
subsurface hydrothermal environments, while dioctahedral (Al/Fe3*-rich) smectite and
widespread vertical stratigraphies of Fe/Mg smectites (nontronite and saponite), clay
assemblages and sulphates formed in aqueous surface environments. Furthermore, we
suggest that nanophase aluminosilicates formed from volcanic tephra in cold or low water-
to-rock environments and that these materials are persistent over long periods of time in the
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absence of liquid water. Clay-rich layered strata probably formed during bursts of short-lived
weathering events affecting nanophase aluminosilicates and glass-rich materials.

Methods

Mars imagery.

The High Resolution Stereo Camera (HRSC) on board Mars Express is a push-broom
scanning instrument using nine parallel charge-coupled device line detectors with 5,184
pixels each, mounted in the focal plane of a 175 mm Apo-Tessar lens. The unique capability
of the HRSC camera is to obtain simultaneously high-resolution imagery in three-line stereo,
in four colours and at five angles during a single orbit pass. The setup allows the calculation
of stereoscopic digital elevation models from the imagery with a grid size of up to 50 m and
the estimation of surface roughness by measuring the phase function of the surface at
different angles32. Imagery with a resolution of up to 10 m and digital elevation models are
later mosaiced together by bundle-block adjustment to produce quadrangle maps of Mars33.
For this investigation, only bundle-block-adjusted HRSC digital elevation models were used.

High Resolution Imaging Science Experiment (HiRISE) data were merged with HiIRISE
digital elevation models for Fig. 1c. Spectral data from the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) were superimposed onto HiRISE imagery to
produce oblique views of mineralogy over the surface geology using the ESRI ArcGIS
software package (http://www.esri.com).

Phyllosilicate reactions.

Kinetic calculations to determine the rate of low-temperature phyllosilicate formation were
carried out using the PHREEQC 3.3.8 software from the United States Geological Survey as
in previous analyses25. Our model describes the precipitation of hydrated silicates in a
solution resulting from the kinetic dissolution of basalt. The rock substrate is active. It
continues dissolving kinetically and contributing ions to the solution throughout the process.
Crystallization and dissolution are characterized by the saturation ratio of the minerals
involved, which is defined for crystallization from solutions as IAP/Ks, where IAP is the ion
activity product and Ks is the equilibrium constant3*. When an equilibrium model is used,
the mass amount of a given phase that can precipitate is exclusively weighted by the
supersaturation, which depends on several thermodynamic parameters such as the
temperature, pressure and compositional dependence3®:36, For the kinetic characterization of
the dissolution and precipitation of silicate minerals, the full equation used in our models
includes a term for each of these three mechanisms where the calculated rate constant and
the corresponding kinetic parameters are obtained using transition state theory3. The
reactions involving nontronite and saponite are initiated at pH 11 to simplify the reactions
and mimic natural situations383°. Related reactions were performed at pH 8, which required
the inclusion of carbonate in the system, and pH 6, which required a source of protons in the
system, in order to test the results. Similar results were found at pH 6, 8 and 11 in terms of
the effects of temperature and relative abundance of products for the phyllosilicates
considered here. The reaction proceeds faster at pH 11 in our experiments, which could
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indicate that somewhat longer durations of warm and wet conditions were required if the pH
was lower.

Surface phyllosilicate outcrops and geological features due to water on Mars.

Fe/Mg smectite is the most common phyllosilicate observed on Mars*0 and the chemistry
varies from more Fe-rich varieties, such as those observed near Mawrth Vallis, to more Mg-
rich varieties, such as those observed near Nili Fossae3. The outcrop of the most abundant
dioctahedral nontronite (Fe smectite) and montmorillonite (Al smectite) occurs in the
Mawrth Vallis region’41. Light-toned outcrops of phyllosilicate-rich material
(Supplementary Fig. 1) illustrate the widespread occurrence of aqueous alteration in this
region. Example CRISM spectra from the most common phyllosilicate outcrops are
presented in Supplementary Fig. 2 to demonstrate how readily these distinct units can be
differentiated.

Ancient rock surfaces across Mars are marked by valley networks, dendritic channels and
deltas that indicate frequent running water and fluvial erosion on early Mars#2-44, Surface
drainage features and the Mawrth Vallis channel can be observed to intersect and cut through
the phyllosilicate outcrops (Supplementary Fig. 1), indicating that flowing water was present
after their deposition. These later episodes of water activity may have been short-term and/or
they may have been too cold to form phyllosilicates. Periodic or seasonal melting of snow to
produce icy conditions where liquid water could carve out the observed Martian surface
features has been proposed?26:45:46: however, these short-term icy conditions would be
insufficient for formation of the observed phyllosilicates?®. These intriguing drainage and
erosional features at Mawrth Vallis (Supplementary Fig. 1), coupled with multiple formation
environments for the phyllosilicates and sulphates observed herel4, underlie the reasoning
for selecting this region as a candidate landing site for ExoMars*’.

Characterization of amorphous and poorly crystalline materials on Mars.

Amorphous and poorly crystalline aluminosilicates have been identified from orbit at
Mars17:1948 ysing the CRISM*® and Thermal Emission Spectrometer 0 instruments. These
studies found allophane and related poorly crystalline materials in several locations across
the surface of Mars through modelling of Thermal Emission Spectrometer datal®, Fe-rich
allophane in isolated occurrences in Coprates Chasma®® and poorly crystalline
aluminosilicates in the topmost stratigraphical unit of the phyllosilicate-bearing outcrops at
Mawrth Vallis}”. The phyllosilicate stratigraphy at Mawrth Vallis contains several different
units vertically through the profilel417 and is consistent with deposition, leaching or
pedogenesis on the surface’>1.

The CheMin instrument on the Mars Science Laboratory rover employs X-ray diffraction for
characterization of minerals at Gale Crater>2. A broad X-ray diffraction hump in these data
is used to quantify the amorphous and poorly crystalline phases®2. FULLPAT analyses of the
CheMin data have determined that ~20-50 wt% of the materials studied are amorphous or
poorly crystalline®53. Coordinating these CheMin results with the volatile components
identified by the Sample Analysis at Mars instrument and the bulk geochemistry measured
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by the Alpha Particle X-ray Spectrometer indicates that the X-ray amorphous material at
Gale Crater is likely a mixture of aluminosilicates, sulphates and iron oxides®*.

Environmental constraints on phyllosilicate and poorly crystalline aluminosilicate

formation.

Allophane and related aluminosilicates transform preferentially to clays through the
alteration of volcanic ash in low-temperature environments or regions with high drainage20.
Allophane and imogolite have been well-characterized in rainy low water-to-rock ratio
systems in Japan®°°6, New Zealand®’, Ecuador®® and the Hawaiian islands®%-0. Laboratory
syntheses of these nanophase aluminosilicates are typically performed at a pH of ~4-5 and
20-100 °C for a few days (see, for example, refs 1-64). These mildly acidic conditions
favour dissolution of the glass or silicates and, as the nanophase aluminosilicates are formed,
the pH typically becomes neutral to slightly alkaline. Nanophase aluminosilicates are also
observed as alteration products in several cold environments, such as glacial deposits in
Oregon®, in cold streams in Iceland®, at high elevation in the Cascade mountain range in
California?! and in sediments in the Antarctic Dry Valleys22. Alteration of volcanic glass in
cold environments results in nanophase aluminosilicates and poorly crystalline
phyllosilicates. This is also observed in phyllosilicate synthesis, where the reactions proceed
extremely slowly at low temperature and the products remain poorly crystalline or
impure23.25.67.68 | ahoratory experiments also showed that nanophase Fe3*/Si oxides remain
as short-range ordered materials and do not crystallize to clay minerals®®. Short-range
ordered aluminosilicates and iron oxides and hydroxides have been observed in Martian
meteorites as well®%:70, and continued investigation of these materials may also provide
insights into the poorly crystalline materials on the surface of Mars.

Aqueous alteration of olivine in Martian meteorites proceeds exceedingly slowly upon
exposure to thin films of brine under cold, dry Antarctic conditions; however, olivine
alteration and clay formation may occur over durations as brief as centuries or even decades
of episodic wetting exposure under more moderate temperatures and under acidic pH
conditions’1:72, For some basaltic materials, alteration to form poorly crystalline
aluminosilicates and Fe3* species can proceed over a period of months’3.

Some constraints exist on the formation time and conditions of secondary mineral
assemblages found in Martian meteorites and considered to be of Martian origin?4. The lack
of O isotopic equilibrium suggests temperatures <150 °C. It has been suggested that the
presence of metastable carbonate phases indicates rapid precipitation of the secondary
phases, probably under conditions of transient wetting on a timescale of perhaps days.
However, these assemblages constitute 1 vol.% or less of the host rock and may not be
indicative of rates for more extensively altered material.

Estimating phyllosilicate formation rates on Mars.

Factors such as temperature, water-to-rock ratio and silica activity affect phyllosilicate
formation (see, for example, refs 9:23.67). Smectite formation experiments in the laboratory
have shown that low-temperature reactions proceed very slowly and the products are impure
or poorly crystalline minerals23.67.68 More recent nontronite synthesis experiments showed
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that samples prepared hydrothermally from a gel in air at 75-150 °C were similar to each
other in purity and form, regardless of the synthesis temperature?”. Thus, temperatures over
75 °C were probably not necessary for abundant nontronite formation on Mars, and
modelling suggests that temperatures in the range 20-40 °C (Fig. 2) should have been
sufficient over geological timescales to form the observed nontronite occurrences on Mars in
locations such as Mawrth Vallis where nontronite units are 150-200 m thick6. Nontronite
has also precipitated in warm (56 °C) waters of the Red Sea to form a nontronite-rich bed
several metres thick and tens of kilometres across’®. These local maximum temperatures
may correspond to mean annual temperatures in the range 5-20 °C.

Nontronite is the first alteration product of CRB and is stable under ambient conditions in
the basalt-hosted aquifer'. Nontronite also fills cracks and void spaces in surface basalt
flows’8. Experimentally measured crystallization rates suggest that these clays may form
slowly, over timescales of up to millions of years’”. Stacked CRB flows of the Grande
Ronde and Wanapum basalts (14.5-16 million years ago) contain palaeosols composed of
kaolinite or montmorillonite soils overlying nontronite-bearing basalt saprolites28.78-80,
These soils formed by weathering under the relatively warm and wet conditions of the mid-
Miocene climatic optimum, with annual precipitation of 230-1,200 mm, mean annual
temperatures of 7-16 °C and wet summer conditions’®8, The degree of weathering and soil
development varied with climatic conditions, which in turn varied with both time2 and
location/elevation8L. Palaeosols weathered under warmer conditions contain kaolinite,
whereas those weathered under cooler conditions are dominated by montmorillonite28.
Palaeoprecipitation amounts were a major factor in controlling the extent of weathering and
soil development, whereas the duration of weathering was not’. In western Oregon, wetter
conditions led to more intensive weathering and the formation of thick bauxite deposits82:83,

The absence of palaeosols on the uppermost capping CRB flows in most locations suggests
that intensive weathering may have ended with the end of the mid-Miocene climatic
optimum. However, another study showed that secondary minerals equilibrated after the
basalts cooled and that nontronite formation ought to be ongoing, if slow, in the aquifers?.
The dependence of weathering intensity on temperature as well as precipitation suggests that
the end of wet summer conditions in the region may have been a primary factor affecting
basalt weathering, but this hypothesis has not yet been tested.

Models of nontronite formation found almost no nontronite production near freezing, with
an increase in the rate of the reaction near ~20 °C2°. Reactions modelled here at
temperatures up to 40 °C (Fig. 2) showed a continual increase in nontronite crystallization
(Fig. 2), consistent with field and laboratory observations that nontronite forms readily in the
30-75 °C range. The saponite reactions modelled here indicate that the rate of saponite
formation also increases with temperature, but that crystallization may occur more rapidly
for some forms of saponite compared with nontronite over the 10-30 °C range (Fig. 2).
Mixed Fe/Mg phyllosilicates containing smectite and chlorite or smectite, serpentine, talc
and prehnite assemblages are formed at elevated temperatures (>120°C) via hydrothermal
alteration or burial diagenesis®85, which supports subsurface formation of these mixed clay
assemblages on Mars. Regions of carbonate and smectite86, saponite and chloritel2, saponite
and serpentine87 or talc and saponitel3,88 in the Northeast Syrtis region of Mars are
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examples of these subsurface crustal clays. Subsequent surface alteration in this area at the
Nochian—Hesperian boundary produced a variety of phyllosilicates and sulphates.

Near-surface burial diagenesis has also probably occurred on sedimentary smectites at many
locations on Mars. For example, beidellite has been observed instead of montmorillonite in
clay outcrops around Isidis Basin39%0 and illite and chlorite have been observed in the Nili
Fossae region®. These clay minerals could be formed through burial diagenesis in the
transition from montmorillonite to beidellite that occurs during the initial phase of
illitization. Continued diagenesis can form chlorite®® or muscovite92. This clay
transformation is supported by laboratory experiments where montmorillonite was converted
to beidellite and illite over the temperature range 100-200°C%3,

Characterization of the phyllosilicates at Gale Crater indicate that low-temperature
diagenesis occurred with temperatures below ~75 °C%3:94, These studies are consistent with
the formation of clay minerals after deposition but before lithification (that is, in early
diagenetic environments). Diagenesis of sediments at Gale Crater could have been supported
by post-impact heat from the impact®>9. Fluid modelling of Gale Crater mudstones in these
studies resulted in Mg nontronite, chlorite and serpentine chemistries similar to those
observed at Yellowknife Bay.

Low-temperature smectite synthesis experiments indicate that montmorillonite formation is
significantly slower than nontronite formation®8. This could explain why Fe/Mg smectite
outcrops are more common and typically thicker on Mars than Al smectite occurrences®.
Crystallization experiments were performed for Al phyllosilicates (Supplementary Fig. 3)
similarly to those of Fe/Mg smectites (Fig. 2). The rate expressions were based on the results
of previous studies38-39 and take into account the effect of AI3* speciation on the
precipitation rate.

Other factors strongly affecting phyllosilicate formation rates are the composition and
physical form of the protolith (see, for example, refs 297). Clay formation rates of ~0.001—
0.1 g kg1 yr~1 were observed from New Zealand tephras, where the rock type, pH and
drainage were important factors®’. Phyllosilicate formation rates depend on how fast the
rock weathers, making the cations and anions available for clay formation. Weathering rates
are generally higher in more fragmented materials and for more mafic rocks. Given that
mafic and ultramafic volcanoes would be more explosive on Mars than Earth, the Martian
surface would have contained large amounts of highly reactive, draping deposits of volcanic
and impact-generated glassy materials. Such hyaloclastites react more quickly to form
phyllosilicates or nanophase aluminosilicates, depending on the aqueous environment and
temperature (see, for example, ref. 9).

Even short-lived warm and wet climate excursions could have produced significant amounts
of clay-rich alteration products from a hyaloclastite protolith. Smectite occurs in the greatest
abundance on Earth in arid, tropical regions where it rains during the warm season. If
mechanisms can be found to explain sufficiently warm and wet environments (locally 40—
50 °C with 100 cm yr~1 rain or perhaps mean annual temperatures of 10-15 °C), Mars need
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not have been warm and wet for long periods of time in order to have formed the observed
mineralogy.

Changes in obliquity®® have been suggested as a way to warm Mars sufficiently to melt the
ice and produce liquid water that could cause the water-driven features observed on the
surface. Obliquity studies have typically only discussed the need for liquid water. Perhaps
future studies can find mechanisms for heating the planet further to 10-15 °C mean annual
temperatures or locally during summer to 40-50 °C. Other possible events to produce short-
term warming of the planet to these temperatures could include geothermal activity1%, large
impacts3! or methane bursts!01,

Data availability.

The data that support the findings of this study are available from the corresponding author
upon reasonable request.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 I. Phyllosilicate-rich terrains on Mars.
a, Noachian terrains (white)192 contain most occurrences of valley networks (blue tones)?

viewed over Mars Orbiter Laser Altimeter hillshade (grey). Dioctahedral smectite clays
detected from orbit (yellow)? and the locations of Mawrth Vallis (MV), Nili Fossae (NF)
and Gale Crater (GC) are indicated on the map. b, HRSC oblique colour view demonstrating
the breadth of light-toned phyllosilicate-rich material and fluvial surface features at Mawrth
Vallis (5 x vertical). ¢, View of a Crater wall at Mawrth Vallis from HiRISE image
PSP_004052_2045 over an HRSC digital terrain model with mineralogy from CRISM
image FRT000094F6 (Fe-rich smectite, red; Al phyllosilicates, blue; allophane, green)
illustrating the presence of Al clays over Fe-rich smectites. d, Schematic models of
weathering and clay formation in surface outcrops both for the case of somewhat continuous
alteration (model 1) and for alteration occurring over long time periods in a dynamic
environment where the clay mineralogy is frequently reset to form alternating horizons
(model 2).
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Fig. 2 I. Formation rates of smectites on Mars.
The crystallization kinetics of smectites induced by the dissolution of basalt vary greatly

from temperatures near freezing to temperatures elevated to only 20-40 °C. Nontronite and
saponite formation proceed increasingly rapidly for temperatures near 30-40 °C. The
quantity of these smectites produced at low temperatures depends on model parameters and
the type of interlayer cation. a, Nontronite with interlayer Mg forms at similar rates to other
forms of nontronite. b,c, Saponite with interlayer Ca (b) forms much faster than saponite
with interlayer Fe/Mg (c). The reactions are initiated at pH 11 and the evolution of pH is
shown by black curves as it decreases with smectite formation (in umol kg water™1). An
Fe/Mg smectite intermediate between nontronite and saponite is most common on Mars and
would have progressed via similar reactions; that is, much faster for temperatures in the 30—
40 °C range than near freezing. Pure smectites in both the trioctahedral saponite and
dioctahedral nontronite forms would be consistent with our surface formation model;
however, saponite intermixed with other trioctahedral Fe/Mg clays probably formed on Mars
in much warmer subsurface environments.
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Fig. 3 I. Climate excursions and surface weathering on Mars.
a, Tens to hundreds of metres of clay-rich material could have formed at the surface of Mars

during short-lived climate excursions (each tens of thousands of years) spread over hundreds
of millions of years. Three clay formation rates are considered from 0.001-0.01 mm yr~1,
which are reasonable for ultramafic, glass-bearing materials?®. Under the scenario shown,
the total ‘chemical weathering’ time would only amount to a small fraction (<0.2%) of the
Noachian period on Mars. The weathering rates used here are derived from absolute mass
estimates of clay formation (g kg™?1) in tephra and therefore, considering that the ‘clay-rich’
deposits on Mars are likely to contain at most 50% phyllosilicates, the required durations are
cut by at least half, making the already plausible scenario even easier to accomplish. b,
Illustration of weathering progress including three million years of closely spaced climate
spikes within the timeframe of 3.80-3.85 billion years ago.
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