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Abstract The surface of Mars has long been considered a relatively oxidizing environment, an idea
supported by the abundance of ferric iron phases observed there. However, compared to iron, manganese
is sensitive only to high redox potential oxidants, and when concentrated in rocks, it provides a more specific
redox indicator of aqueous environments. Observations from the ChemCam instrument on the Curiosity
rover indicate abundances of manganese in and on some rock targets that are 1–2 orders of magnitude
higher than previously observed on Mars, suggesting the presence of an as-yet unidentified manganese-rich
phase. These results show that the Martian surface has at some point in time hosted much more highly
oxidizing conditions than has previously been recognized.

1. Introduction

Fundamental questions exist about the nature and history of redox processes operating in the Martian surface
environments. On Earth, the Great Oxygenation Event ~2.35Gamarks a major dichotomy in planetary evolution
that is tied to the evolution of oxygenic photosynthesis and subsequent rise of atmospheric oxygen
[Cloud, 1968; Holland, 1984]. With surface environments bathed in free molecular oxygen, this transition
greatly increased the diversity of redox processes and this is reflected in mineralogy and the distribution of
redox-sensitive elements like Fe, Mn, and S in the terrestrial geologic record [Hazen et al., 2008]. The behavior of
these elements in the Martian geologic record can provide a powerful context for understanding planetary
evolution and unraveling the history of both surface redox conditions and liquid water. It is widely appreciated
that the Mars surface is, and perhaps was, “oxidizing” [e.g., Hunten, 1979; Zent andMcKay, 1994; Christensen et al.,
2001; Tosca et al., 2005;McLennan et al., 2005; Goetz et al., 2005; Bibring et al., 2006; Zahnle et al., 2008; Hecht et al.,
2009; Leshin et al., 2013], but key questions remain: How oxidizing is it? What redox processes have transformed
the surface, and when did they occur? Have they changed over time?

To address these questions, it is useful to differentiate the geochemical behavior of iron and sulfur—elements
that are readily oxidized by a wide range of oxidants to high-valence states under mildly oxidizing conditions
(approximately �100 to 100mV)—from that of manganese, which is uniquely sensitive to high potential
oxidants (≫ 500mV) [Stumm and Morgan, 1996]. On both Earth and Mars, Mn is the third most abundant
transition metal in the crust and is present in a wide range of igneous minerals exclusively as Mn(II). Terrestrial
basalts have an average abundance of ~0.19wt % MnO [Turekian and Wedepohl, 1961], whereas Martian
basalts contain ~0.4wt % MnO [Taylor and McLennan, 2009]. When Mn is chemically weathered from primary
igneous minerals (where it substitutes in trace amounts for Fe2+), both significant oxygen fugacities and readily
available water are required to drive Mn2+ oxidation and cycling. In modern terrestrial environments, Mn cycles
among the +II, +III, and +IV oxidation states [e.g., Post, 1999; Tebo et al., 2005], but only Mn in high-valence
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oxidation states rapidly forms insoluble oxide phases in fluids of circumneutral pH. Thus, Mn is concentrated as
oxides only in these highly oxidizing, aqueous environments. Once concentrated, subsequent diagenesis may
reduce Mn to the +II state and stabilize it as concentrations of Mn(II)-rich minerals, but such phases still reflect
the past presence of both water and a strongly oxidizing environment. This is the redox chemistry that
concentrates Mn in sedimentary rocks on Earth (including carbonates and sulfates) [Maynard, 2010].

Despite a lack of O2, for over 2 Ga the early anaerobic Earth was characterized by rich redox cycles of Fe and S,
but not Mn [Raiswell and Canfield, 2012; Bontognali et al., 2013; Halevy, 2013; Fischer and Knoll, 2009].
Indeed, with a notable exception [see Johnson et al., 2013], concentrated Mn deposits do not occur until after
the flux of O2 to Earth surface environments provided by oxygenic photosynthesis. On Mars, Mn has been
observed as a trace constituent of igneous minerals [e.g., McSween et al., 2004; Yen et al., 2007; Schmidt et al.,
2014], but has not been observed in concentrated amounts. Both orbital and rover observations of the
chemistry andmineralogy of “modern” soils [Taylor and McLennan, 2009;Meslin et al., 2013], dust [Morris et al.,
2006], coatings and weathering rinds [Herkenhoff et al., 2004; Morris et al., 2004; Haskin et al., 2005], and
ancient sedimentary rocks [Tosca et al., 2005; McLennan et al., 2005; Hurowitz et al., 2010] show that redox
processes operating in the Martian surface environments were capable of oxidizing iron (to ferric oxides,
salts, and clays) and sulfur (to sulfate salts), but no evidence for processes that could have oxidized Mn has
been observed up to now. Here we describe a wide range of Mn-rich materials that have been observed in
rock targets in the first 360 Martian days (sols) of the Curiosity rover’s traverse in Gale crater. These materials
contain Mn abundances that are 1–2 orders of magnitude higher than previously observed on Mars.

2. Measuring Manganese Abundance With ChemCam

Manganese can be detected by the ChemCam instrument suite on board the Curiosity Mars rover. ChemCam
consists of a laser-induced breakdown spectroscopy (LIBS) instrument and a remote micro-imager (RMI).
The LIBS provides information about the chemical composition of a target remotely at a microbeam scale
(350–550μm diameter) while the RMI provides high-resolution (40 μrad) images of the geological context
for LIBS analysis locations [Wiens et al., 2012; Maurice et al., 2012]. Although Mn emission peaks are found
throughout the ultraviolet and visible LIBS spectral ranges (Figures 1a–1c), many of these peaks overlap
with peaks from other elements (notably Fe). However, the spectral region 403–404 nm Mn peak emission
lines have essentially no interferences from other elements (Figure 1c) [Cousin et al., 2011]. This offers an
advantageous diagnostic region for observing Mn in ChemCam data.

To assess the abundance and distribution of Mn detections in rock targets over the rover’s traverse in the first
360 sols, the area under the Mn doublet at 403.19 and 403.42 was quantified using LIBS spectra at each target
sampling location. The LIBS spectra were first processed to remove the electron continuum (bremsstrahlung)
and the nonlaser-induced background, to denoise the spectrum, and to calibrate for wavelength and
instrument response [seeWiens et al., 2013]. In order to account for small fluctuations in the laser intensity
due to variations in laser power or changes in sample coupling, the data are then normalized so that
individual shot intensities may be directly compared [Wiens et al., 2013; Clegg et al., 2009]. Here LIBS data
are normalized by spectrometer range (UV, VIO, and VNIR) by dividing each channel by the sum of the total
intensity in each range such that the sum of all channels in a given range is equal to 1.

Peak areas were calculated for the shot-averaged spectrum of all but the first five shots at each location; the
removal of the first five shots in the shot-averaged spectra is to avoid including a surface dust composition in
the spectral data of the rocks. Peak areas were also calculated for each single-shot spectrum, with each
analysis consisting of 30 laser shots per location with some exceptions.

In order to quantify the Mn peak areas observed in ChemCam data, 10 standards containing Mn abundances
between 0.43 and 76wt % MnO were analyzed in the laboratory with the ChemCam engineering model
under a Mars-like atmosphere of 7 torr CO2. Two standards have < 0.60wt % and the remaining eight have
Mn abundances > 18wt % MnO (Table S1 in the supporting information). Standards were prepared as
pressed powered (<60μm) pellets and analyzed at an equivalent power density to the Mars observations.
Each standard was analyzed with 50 laser shots (obtaining 50 spectra) per location in three locations, which
were averaged to provide a bulk composition. Spectra were processed in the same way as ChemCam data, as
described above.
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Peak areas from the 10 Mn standards were used to build a least squares regression model after the
methods of Ollila et al. [2014]. Individual shot spectra from laboratory standards were used rather than
averages. Root-mean-squared error of prediction (RMSEP) is used here for the modeling error assessment.
The limit of detection for Mn in LIBS is ~0.06wt % MnO based on the abundance below which it is difficult to
model peak areas correctly.

In addition to the targets analyzed on Mars and the terrestrial standards analyzed in the lab, a terrestrial rock
varnish sample N6B was measured in the laboratory to provide a measure of model performance. The N6B Mn
abundance was quantified via energy dispersive spectroscopy (EDS) and was found to be ~25–30wt % MnO
throughout the varnish [Lanza et al., 2012]; although rock varnish is dominantly composed of MnO2, the Mn
abundances here are represented as MnO for ease of comparison.

Wherever possible, Mn abundances from ChemCam are compared to Alpha Particle X-ray Spectrometer (APXS)
data on the same or nearby targets. Although both instruments measure element abundances, ChemCam
and APXS measurements differ in two important ways. First, the APXS field of view (1.7 cm diameter in contact)
is substantially larger than a ChemCam analysis spot (350–500μm depending on target distance). Because of
this, APXS is less sensitive to trace mineral grains than is ChemCam. Unless the high Mn material is broadly

Figure 1. Manganese peaks in the Martian LIBS spectra and the distribution of Mn peak areas in all Martian rocks
analyzed in the first 360 sols. Note that the legend shown in Figure 1b also applies to the data shown in Figures 1a and 1c.
(a) The shot-averaged spectra for Rapitan (sol 135), Rocknest-3b (sol 82), Little Dal (sol 151), and Caribou (sol 342) in the
ultraviolet (UV), violet (VIO), and visible and near-infrared (VNIR) spectral ranges. Rapitan consists predominantly of calcium
sulfate and has some of the lowest Mn detections in the first 360 sols, while Caribou contains the highest observed Mn
abundance on Mars to date. (b, c) Close-up view of important Mn peaks in the UV and VIO spectral ranges. The triple peak in
Figure 1c was used to determine peak areas and Mn abundance in all rocks in the first 360 sols, shown in Figure 1d. (e) The
distribution of Mn abundance in rock samples indicates that most observations are low but there are a number of locations
containing unusually high Mn.
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distributed within the APXS field of view, it
may not be readily observed by APXS as an
enrichment. In contrast, the ChemCam
sampling footprint is small enough to
sample individual mineral phases within a
rock. Second, in contrast to ChemCam’s
ablation sampling method in which each
subsequent shot samples at a greater
depth, the information depth of APXS is
relatively static and dependent on the
element being analyzed (~70 μm for Mn in
a basaltic matrix [Campbell et al., 2009]).
Thus, ChemCam samples a small number of
mineral grains or even single grains
occupying a small volume in each sampling
location [Maurice et al., 2012; Sautter et al.,
2014], and APXS is more likely to integrate
Mn X-ray counts over a greater number of
mineral grains in a larger sample volume
[Gellert et al., 2006; Schmidt et al., 2014].
As a result, ChemCam provides a finer-scale
observation of the distribution of Mn in
individual targets. If Mn is concentrated
in a coating or layer rather than discrete
mineral grains, the continuity of such
coatings can also affect the amount of Mn
that APXS detects. It is important to note
that ChemCam has also obtained many
more analyses (2156 analysis locations)

in the first 360 sols than did APXS (66 locations), making it more likely that ChemCam will encounter a
relatively rare phase.

3. Manganese Abundance Results

Results for manganese abundance in Mars targets in the first 360 sols are shown as shot-averaged Mn peak
areas by sampling location (Figures 1d and 1e). The distribution of Mn peak areas is skewed, with a heavy tail
indicating a subpopulation of analyses with high Mn abundances (Figure 1e). Sixty sampling locations are
two standard deviations from the mean, containing Mn peak areas significantly higher than the majority
of rocks (1750 rock sampling locations) analyzed in the first 360 sols and corresponding to Mn abundances
> 1.3wt % MnO (Table S2 in the supporting information). This discretionary limit represents Mn concentrations
that are at least 3 times the mean in the Martian basalts (~0.4wt % MnO); observations that are 2 orders of
magnitude greater than the Martian mean are also included in the > 2 sigma range.

The abundance calibration curve is shown in Figure 2 along with the results for Mars targets containing the
highest Mn abundances and the terrestrial rock varnish N6B. The maximumMn abundance in N6B was modeled
as ~45wt % MnO in N6B location 1 with an RMSEP of ±18wt % MnO; this range encompasses the measured
EDS values (~28wt % MnO). It should be noted that the EDS measurements were not made at the exact same
locations as the LIBS analyses, so the “true”Mn values represented by the LIBS data may be somewhat different
than the EDS values. The highest Mn peak area observed on Mars in the first 360 sols (e.g., for Caribou location 5)
exceeded that of the most Mn-rich standard (IGS29; Table S1 in the supporting information) that contains
76wt % MnO. Most samples, both Martian and terrestrial, are well described by the model except for a few
Martian shots that contain significant dust, which is low in Mn [e.g., Meslin et al., 2013] and not modeled here.

Occurrences of Mn-enriched rocks are distributed across the rover’s traverse (Figure 3a). These 60 sampling
locations are from 15 rocks primarily located in two regions: Rocknest (Glenelg formation) and Yellowknife
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Bay (Sheepbed/Gillespie Lake formations) (Figure 3 and Table S2 in the supporting information). When not
directly part of outcrops, high Mn rocks are closely associated with nearby outcrops, except for six apparent
float rocks: Jake Matijevic (sol 45), Patterson Lake (sol 114), Watterson (sol 329), Gunflint (sol 329), Ikpiarjuk
(sol 336), and Pardee (sol 360). The highest observed Mn is in a target named Caribou (sol 342), located at
a distance from the other samples in Bradbury rise in the hummocky unit to the southwest of Yellowknife
Bay (Figure 3a). It has a normalized Mn peak area that is approximately twice that of the next highest value
(Figure 1d) and a Mn abundance of > 60wt % MnO.

The Rocknest outcrop is located in the middle part of the Glenelg formation, which occurs stratigraphically
above the Gillespie Lake and Sheepbed members [Grotzinger et al., 2014]. Rocknest rocks appear generally wind
scoured and abraded [Bridges et al., 2013] and have basaltic compositions with fine-grained, sedimentary
textures [Grotzinger et al., 2014]. Local soils also have a basaltic composition [Blake et al., 2013; Bish et al., 2013].
Measurements with both ChemCam and APXS show that Rocknest targets are unusually high in Fe and depleted
in Mg [Schmidt et al., 2014]. Four rocks in this region were found to have elevated Mn values in at least some
ChemCam spectra, including Rocknest-3 (sols 57, 77, 82, 83, and 88), Peg (sol 71), Rocknest-6 (sol 71), and Zephyr
(sol 71). All four Rocknest rocks are similar in texture and composition [Schmidt et al., 2014]. Rocknest-3 in
particular was extremely well sampled by ChemCam, having been targeted with five sequences for a total of
1950 individual laser shots (spectra) obtained on the side and top of the rock. Out of 46 discrete sampling
locations, 31 contained Mn abundances greater than 2 sigma above the mean; this represents 1200 spectra or
~61% of all ChemCam data obtained on this target. The Rocknest-3 ChemCam data had Mn abundances up to
10wt % MnO (Table S2 in the supporting information), while the single APXS measurement of the top of
Rocknest-3 (on the rock edge in a place not targeted by ChemCam) found 0.45wt % MnO [Schmidt et al., 2014].

The Yellowknife Bay area contains two rocks with elevated Mn in ChemCam data: Redstone (sol 151) and
Little Dal (sol 151). These targets contain the second and third largest Mn peak areas, respectively, of all rocks
sampled along the traverse. Both rocks were part of a larger structure known as the “Snake,” interpreted to be
an intrusive sedimentary dike that cuts across the sandstones and mudstones of the Sheepbed and Gillespie
Lake formations and is similar in composition and texture to the host rocks [Grotzinger et al., 2014; McLennan
et al., 2014]. ChemCam measurements showed one location on Redstone containing 11.8wt % MnO, while
Little Dal contained 1.5–4wt % MnO in five sampling locations. Although APXS did not sample either Redstone
or Little Dal, it did analyze another target on the Snake called Snake River (sol 147) and observed 0.35wt %
MnO [McLennan et al., 2014], consistent with ChemCam measurements on the same target showing less
abundant Mn as compared to the other two Snake targets.

Figure 3. (a) Traverse map showing 60 locations of elevated Mn abundance in the first 360 sols of the mission. White circles
represent rover stops along the traverse, while colored circles represent sampling locations; relative Mn abundance is indicated
by color from lower (red) to higher (green). (b) Both the Yellowknife Bay and Rocknest regions have multiple high Mn locations
on individual rocks. (c) Nearly all rocks containing elevated Mn are fine-grained and dark-toned (Rocknest-3, sol 57, shown)
except for (d) two light-toned rocks that are located close to one another: Coppermine (sol 97) and Amagok (sol 111, shown).
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In many samples, the ChemCam individual-shot data show distinct Mn peak intensity trends by shot number
(depth) (Figure S1 in the supporting information), revealing that Mn is tied to spatially discrete phases in rock
targets. Trends in Mn are variable and may be increasing or decreasing with depth depending on location.
Several locations on rocks including Caribou, Rocknest-3, and Little Dal show decreasing trends with depth
that are consistent with aMn-rich layer [Lanza et al., 2013, 2014a, 2014b], but other locations show invariant (e.g.,
Redstone) or increasing (e.g., Amagok) trends with shot number that suggest Mn concentration within these
fine-grained sedimentary rocks is complex and not limited to surface weathering. For rocks that show at
least one high Mn location, other sampling locations on the same rock do not always show a high Mn signal;
both Caribou and Jake Matijevic (sol 45) only show one distinctly high Mn location out of several sampled.
This is consistent with laboratory measurements of terrestrial rock varnish, which show significant variability in
Mn abundance depending on sampling location [Lanza et al., 2014b].

Rocks containing high Mn concentrations>1.3wt %MnO are generally dark, fine-grained, and relatively smooth
(Figure 3c), although two targets near to one another (Coppermine, sol 97; and Amagok, sol 111) are brighter and
have a more faceted texture (Figure 3d). No individual grains were resolvable in RMI images (Figure 3c and 3d),
suggesting a typical grain size< 100μm,which is also smaller than the LIBS laser analysis spot size of 350–500μm
in diameter. As a result, the spatially discrete high Mn abundances, both between analysis locations on a
given rock and within a given sampling location, suggest that the high Mn detections are likely not due to the
laser sampling single large, highMn grains. In particular, the well-sampled Rocknest-3 target contains elevatedMn
in a majority of sampling locations, suggesting the presence of a broadly distributed, fine-grained Mn phase.
There are no compositional trends apparent in highMn rocks; observations containing highMn typically show the
elemental profile of the bulk rock, which is attenuated when Mn abundances are high.

4. Discussion

The presence of such highMn concentrations in and on a spatially wide range of rocks at Gale crater indicates
the precipitation of Mn mineral phases, which is only possible in a highly oxidizing, aqueous environment
capable of producing sufficient concentrations of high potential oxidants to drive Mn oxidation. Thus far, the
identity of the Mn-bearing materials remains unknown. The prevalence of dark-toned Mn-rich targets is
consistent with a range of Mn oxide phases like birnessite for at least some targets. Current observations
cannot uniquely determine whether the Mn-rich materials comprise sedimentary grains produced elsewhere
(e.g., the upslope alluvial fan or the Gale crater rim) and transported to the site of deposition by fluvial
sediment transport processes [Grotzinger et al., 2014] or whether they are authigenic phases precipitated in
situ. Indeed, both processes may have acted, as the observed Mn enrichments cannot be limited solely to
modern weathering of ancient rocks due to the low amount of apparent alteration observed [McLennan et al.,
2014]. Both cosmogenic isotope ratio data [Farley et al., 2014] and the presence of the Snake sedimentary
dike [Grotzinger et al., 2014] suggest that sedimentation rates were high; if the Mn-rich phases were produced
within the catchment or as early authigenic grains and cements, the Mn oxidation rates must have been
rapid. Alternatively, Mn phases may have been deposited by later diagenetic fluids, which are inferred from
the existence of features such as sulfate veins [Nachon et al., 2014]. Preexisting Mn phases may also have
been remobilized during these diagenetic events to produce features such as coatings on rock surfaces.
However, only a subset of Mn detections shows depth trends consistent with a coating or layer; many others
show Mn enrichments that are likely integrated phases (e.g., grains) within sedimentary rocks. Overall, the
localized nature of the Mn enrichments suggests that conditions leading to efficient Mn oxidation were not
always present, and several types and generations of Mn-bearing materials may be present.

Knowledge of the mineralogy of the high Mn materials provides information about the oxidation state of
Mn within these phases, which gives important clues about the environments in which they formed. In
the terrestrial geologic record of Mn-rich rocks, sediments that were originally enriched in Mn due to the
concentration of Mn(IV) oxides now contain mixed-valence oxides and Mn(II) carbonates due to reduction
during diagenesis [Maynard, 2010; Johnson et al., 2013]. A wide range of redox titrants, including ferrous iron
and a range of reduced organic carbon and sulfur compounds, can also readily reduce Mn oxides. Reduction
to low- and mixed-valence materials could also have occurred for some or all of the materials observed in
the Bradbury Rise and Yellowknife Bay regions. Additionally, Mn oxides would themselves have comprised a
critical pool of strong oxidants in the environments captured by the rock record of this region. Manganese
oxides can be a major vector for the anaerobic oxidation of organic matter [Sunda and Kieber, 1994]. In this
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regard, determining the material and redox state of Mn preserved in these diagenetically stabilized rocks is
important because it will inform the potential taphonomy of organic biosignatures. If these Mn phases
remain oxides, it is less likely that their host rocks will preserve organic carbon where it once present. Despite
this, the presence of Mn-rich materials provides an additional indicator of a habitable environment because
of the variety of habitable aqueous environments in which they form, including hydrothermal systems,
oceans, and lakes [Crerar et al., 1980].

Because the existence of Mn-rich materials indicates the presence of strongly oxidizing, aqueous environments
on or near the Martian surface, this raises the question of what the participating oxidants might have been.
There are several possible thermodynamically favorable oxidants, all of which involve high-valence
oxygen-bearing species (like O2) or compounds created by high-valence oxygen-bearing species
(like perchlorate). However, Mn(II) oxidation by many of these oxidants is strongly kinetically limited
[Morgan, 2005; Luther, 2010] and sluggish even under the O2 concentrations on modern Earth (half-life of
400days for homogeneous oxidation by O2 at 0.21 atm, or 4 orders slower than Fe oxidation [Morgan, 2005]).
Oxidation on Mars in the absence of water is hypothesized to occur via photooxidation [Zent and McKay, 1994;
Hurowitz et al., 2010], but for Mn this process is 3 orders of magnitude slower than for Fe and inefficient in
solutions that contain dissolved Fe [Anbar and Holland, 1992]. Perchlorate is another strong oxidant present on
Mars, but it is remarkably stable in water and has a large kinetic barrier to reaction due to its poor nucleophilic
and coordinating ability, and thus provides a poor oxidant for Mn [Sellers et al., 2007]. Superoxide is produced
on Mars by single-electron reduction of O2 and could have provided useful terminal oxidants for Mn2+(aq)
[Yen et al., 2000], although Mn(II) can act as a catalytic scavenger for both superoxide and H2O2 and inhibit the
production of Mn oxides from these species [Archibald and Fridovich, 1982; Horsburgh et al., 2002]. On Earth,
superoxide is used by diverse groups of microbes to catalyze Mn oxidation by reducing O2 to superoxide
and reacting this superoxide with Mn(II) [e.g., Learman et al., 2013; Hansel et al., 2012], though it is not clear
that they conserve energy by doing so [Tebo et al., 2005]. However, even with biological catalysis, Mn oxidation
rates are exceedingly slow (approximately 0.1 g L�1 kyr�1) [Johnson et al., 2013], particularly at the low O2

concentrations (mixing ratio of 1.45 × 10�3) observed in the present-day Mars atmosphere [Mahaffy et al., 2013],
although biological catalysis can allow Mn oxidation to proceed even at extremely low (submicromolar) oxygen
concentrations [Clement et al., 2009]. If the Martian atmospheric O2 concentrations were higher in the past,
perhaps when the atmosphere was thicker, the development of Mn enrichments in the Yellowknife Bay
formation and associated rocks of Bradbury Rise is more easily understood.

The Mn enrichments observed in rocks of the Yellowknife Bay formation and Bradbury Rise reveal that the
surface of Mars has hosted a history of redox chemistry richer than previously recognized. We observe
that certain Mars surface environments must have been capable of producing Mn oxides during or after the
aqueous dissolution of primary igneous minerals. Manganese oxides play an important role in environmental
chemistry as powerful oxidants and strong sorbents, and can provide highly favorable substrates for
microbial respiration [Myers and Nealson, 1988]. Thus, although the oxidizing conditions that high Mn
materials indicate would not be favorable to organic preservation, the presence of Mn oxides supports the
interpretation of a once-habitable aquatic environment on Mars in Gale crater [Grotzinger et al., 2014]. Finally,
the Martian surface chemistry capable of Mn oxidationmarks an era that did not occur on Earth until after the
evolution of oxygenic photosynthesis. This result draws a key distinction between Earth and Mars and
suggests markedly different modes of planetary redox evolution.
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