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Abstract: The discovery and subsequent investigations of atmospheric oxygen on Mars are reviewed. Free oxygen is a
biomarker produced by photosynthesizing organisms. Oxygen is reactive and on Mars may be destroyed in 10 years and
is continually replenished. Diurnal and spring/summer increases in oxygen have been documented, and these variations
parallel biologically induced fluctuations on Earth. Data from the Viking biological experiments also support active
biology, though these results have been disputed. Although there is no conclusive proof of current or past life on Mars,
organic matter has been detected and specimens resembling green algae / cyanobacteria, lichens, stromatolites, and
open apertures and fenestrae for the venting of oxygen produced via photosynthesis have been observed. These life-like
specimens include thousands of lichen-mushroom-shaped structures with thin stems, attached to rocks, topped by
bulbous caps, and oriented skyward similar to photosynthesizing organisms. If these specimens are living, fossilized or
abiogenic is unknown. If biological, they may be producing and replenishing atmospheric oxygen. Abiogenic processes
might also contribute to oxygenation via sublimation and seasonal melting of subglacial water-ice deposits coupled with
UV splitting of water molecules; a process of abiogenic photosynthesis that could have significantly depleted oceans of
water and subsurface ice over the last 4.5 billion years.
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photosynthesizing algae and cyanobacteria (Buick 2008;
Sanchez-Baracaldo and Cardona 2019; Graham et al. 2016)
and the remainder a product of water and soil dwelling
plants and organisms including lichens (Canfield 2014; Ten
Veldhuis et al. 2020).

1 Abiogenic vs Biology: Martian
Atmospheric Oxygen

The constituents of the Martian atmosphere were unknown

until 1947 when carbon dioxide was detected, followed by
the observation of water vapors and 200 cm atm (20mA) of
oxygen as based on the analyses of B-band spectra (Dun-
ham 1952). Although abiotic Martian sources cannot be
ruled out, the presence of atmospheric oxygen is an obvi-
ous biosignature; 70% of which, on Earth, is produced via
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There is now evidence, but no conclusive proof, that
algae and lichens may have colonized Mars (Dass 2017; Di-
Gregorio 2002; Joseph 2016; Joseph et al. 2019, 2020a,b,c;
Krupa 2017; Levin et al. 1978) whereas structures resem-
bling open-cone apertures and fenestrae have also been
observed (Joseph et al. 2020b,c,d), and which are often
formed, on Earth, secondary to the production and release
of oxygen via photosynthesis (Bengtson et al. 2009; Free-
man et al. 2018; Sallstedt et al. 2018). If these specimens
are living, fossilized, or completely abiogenic, is unknown.
However, if biological, they may be contributing to the pro-
duction of oxygen on Mars.
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2 The Discovery of Atmospheric
Oxygen: An Overview

The detection of atmospheric oxygen was first reported in
1952 (Dunham 1952). In 1964, and as based on A-band spec-
tra, 70 cm atm of O, was detected in the Martian atmosphere
(Kaplan et al. 1964), whereas four years later, a value of
20 cm atm was obtained (Belton and Hunten 1968). Addi-
tional studies during the 1970s documented that oxygen
levels varied over time (Strickland et al. 1973), and dou-
bled over the course of a year; ranging from 0.5 to 1% of
the total upper atmosphere (Barth 1974). However, also,
in the 1970s, investigators discovered that there is much
more oxygen than can be produced from the photolysis of a
pure carbon dioxide atmosphere and there must be an un-
known net source of oxygen relative to carbon (Carleton and
Traub 1972). “Photodissociation of carbon dioxide, to pro-
duce carbon monoxide and atomic oxygen,” was therefore
ruled out (Barth 1974). It was suspected that these varia-
tions were related to seasonal fluctuations in water vapor
(Barth 1974; Strickland et al. 1973). Thus, some investiga-
tors began to embrace the possibility that Mars is a very
wet, H, O enriched planet and that oxygen was being split
off from molecules of water vapor via UV rays (Carleton
and Traub 1972; McElroy et al. 2012) thereby resulting in
hydrogen escape into space, with the heavier oxygen atoms
being left behind. It was also determined that oxygen lev-
els were lowest in the upper atmosphere and increased
toward the surface (Barth 1974); findings that supported
the possibility that oxygen and oxygen ions, like hydrogen,
may be leaking into space (McElroy et al. 2012). However,
as oxygen is reactive and can be destroyed, these findings,
in the 1970s, led many scientists to suspect that oxygen
was somehow being replenished at ground level but that
water could not be the primary source of oxygen. To con-
tinually produce oxygen, the amount of water that had to
be lost and converted to oxygen over the course of the last
3 billion years would require the evaporation of a planet
wide ocean covering the entire surface of Mars (Barth 1974).
Therefore, as it appeared, at that time, that there was in-
sufficient surface water, then photolysis of water vapors
could not account for the amount of oxygen present and its
replenishment could not be explained by the evaporation
of water and the splitting of H, O molecules. This scenario
only becomes plausible if ancient Mars had vast oceans and
that the remnants of that planet-wide ocean was currently
hidden beneath the surface.
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3 The 1976 Viking Biology
Experiments

Some investigators began to suspect that oxygen-producing,
photosynthesizing organisms may have colonized the Red
Planet; with the latter hypotheses leading to the 1976 Viking
Labeled Release (LR) experiments which detected evidence
of biological activity at two locations on the surface of Mars
(Levin and Straat 1976, 1977). Specifically, prior to landing
on the Red Planet, thousands of field tests were conducted
and it was demonstrated that the LR experiment was ca-
pable of accurately detecting a very wide range of microor-
ganisms including algae and lichens. Subsequently, at two
locations over a thousand miles apart, a nutrient containing
radioactive carbon was added to a Raw Soil Sample. As pre-
dicted radioactivity was observed in released gasses and ini-
tially this was believed to be evidence of active metabolism.
By contrast, when the Control Soil Sample was heated to
50°C biological activity decreased by 65% whereas when
subject to 160°C there was no evidence of biology. Thus,
based on pre-mission criteria, the LR experiment had found
evidence of biological activity on Mars.

These results were nevertheless rejected as due to re-
active oxidizing agents within the soil including peroxide
and iron oxides (Klein 1978). Later studies, however, have
found that Martian perchlorates are not reactive given the
parameters of the LR experiments and that the amount of
hydrogen peroxide required to simulate the LR results is
completely implausible (Levin and Straat 1981).

Subsequently, Bianciardi et al. (2012) performed a
mathematical complexity deep analysis of the Viking LR
data, employing seven complexity variables. It was deter-
mined that the Viking LR responses from the Raw Soil ex-
hibited highly organized responses typical of biology and
a different pattern from the Control Samples which resem-
bled near-random noise. Nevertheless, the Viking LR results
continued to be disputed as due to false positives (reviewed
in Lanse et al. 2016).

The Viking "Gas Exchange" experiment was also part
of the Viking biology package, and also provided evidence
of active biology as well as oxygen production. Specifically,
soil samples were also humidified at ~10 °C and in con-
sequence 70-700 nmol of O, was released (Oyama and
Berdahl 1977); evidence suggestive of active biology. On
Earth, the humidification of soil results in the proliferation
of photosynthesizing algae/cyanobacteria and a significant
increase in oxygen production due to biological activity
(Lin et al. 2013; Lin and Wu 2014; Metting 1981; Zhang and
Filser 2017).
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Nevertheless, these results were also rejected as due to
superoxides; and it was argued that the finding from the
Gas Exchange experiment and the LR experiment were con-

tradictory in that heating had opposite effects (Klein 1978).

However, the LR experiment employed temperatures rang-
ing from 50°C to 160°C which reduced “biological activity”
by 65% to 100%; whereas the Gas Exchange experiment
employed temperature of ~10 °C; so there is no contradic-
tion.

It has also been argued that calcium perchlorate ex-
posed to gamma rays decomposes in a CO, atmosphere
to form hypochlorite (C10~), chlorine dioxide (ClO,) and
trapped oxygen (O,). Therefore, the release of this oxygen,
when percholates are subject to heating, can account for
the results of the Gas Exchange experiment (Quinn et al.
2013).

On the other hand, it’s been demonstrated that the re-
lease of oxygen and radioactive gasses from Martian soil
samples also occurs well below the temperatures for per-
cholate decompensation (Zent and McKay 1994; ten Kate et
al. 2010; Levin and Straat 1981, 2016). Moreover, the tem-
perature extremes employed to decompensate percholates
not only might kill any bacteria present, but can destroy
organics and potential biomarkers associated with oxygen-
producing cyanobacteria (Montgomery et al. 2019). High
temperatures produced by the LR did not increase oxygen
production, but decreased and eliminated all evidence of
biological metabolism. Therefore, although the results from
both Viking biology experiments have been repeatedly dis-
puted they have not been completely refuted and are still
subject to debate.

4 Soil - Atmosphere Exchange and
Abiogenic Oxygen?

To account for oxygen in the Martian atmosphere, a variety
of hypothetical abiogenic scenarios have been proposed
involving the interaction of the atmosphere with reservoirs
of oxygen contained in minerals and soil (Franz et al. 2020;
Livengood et al. 2020; Sutter et al. 2015, 2017) and the heat-
ing of magnesium, sodium, and potassium chlorate (Hogan-
camp et al. 2018). For example, the rover Curiosity’s SAM
instrument (Sample Analysis at Mars) has provided indirect
evidence for carbonates which in turn may have served as
a sink for CO, (Franz et al. 2020). In addition, there is 60%
more atmospheric vs soil/mantle carbon thus raising the
possibility that the geochemical cycling of CO;, from the
mantle is providing oxygen which is released into the soil
and atmosphere (Franz et al. 2020). However, the potential
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abiogenic sources for CO, are unknown, and the release of
evolved O, requires substantial heating (over 218°C) well
above the norm for the surface of Mars where, depending
on terrain and thermal inertia (Martinez et al. 2017a; Hahn
et al. 2011) heat fluxes are generally below 27.3 miliwatts
per square meter (Plesa et al. 2016) whereas, according
to NASA, summertime temperatures even at the equator
seldom exceed 20°C (70°F).

Hogancamp et al. (2018); Sutter et al. (2015, 2017) have
argued and provided experimental results, which they be-
lieve support their hypothesis that oxygen released by the
SAM, and that the Martian oxygenated atmosphere, is a
consequence of the decomposition of perchlorates and/or
chlorates/Fe mixtures at temperatures ranging from 218°C
to 755°C (Hogancamp et al. 2018); which, however, are im-
plausibly extreme and “too high to be consistent with SAM
data” (Sutter et al. 2015). These studies also assume the pres-
ence of substantial amounts of chlorate in the soil, when
the amounts and different types of chlorate are unknown
(Hogancamp et al. 2018). It was also found that heating Fe
did not produce but consumed up to 75% of the evolved
oxygen derived from chlorite decompensation (Hogancamp
et al. 2018) whereas it’s been well documented that the soil
contains high concentration of Fe (Grotzinger et al. 2014,
2015).

A correlation between atmospheric oxygen levels and
increases in ground temperature have also been reported
based on data derived from spectra obtained by the Mars At-
mosphere and Volatile Evolution (MAVEN) mission (Liven-
good et al. 2020). It was found that atmospheric oxygen
production appears to be diurnal, increasing to a maxi-
mum during the afternoon, and resulting from an exchange
between the atmosphere and sources at the surface. Liven-
good et al. (2020) hypothesize that CO, molecules trapped
in regolith, when exposed to warmth and water, releases
oxygen into the atmosphere. However, they also admit that
the abiogenic, physical mechanisms involved "are not ob-
vious" and thus unknown.

On Earth, oxygen production is also diurnal, increas-
ing with exposure to sunlight and increased temperatures,
often reaching a maximum during the afternoon and is due
to biological photosynthesis (Jorgensen et al. 1979). These
findings parallel those of Livengood et al. (2020) whose
evidence of diurnal oxygen production may also be an indi-
cation of biological activity.

The oxidation of organic matter is yet another possible
abiogenic source for oxygen (Franz et al. 2020). However,
the problem with this hypothesis is the dearth of organic
material so far discovered; and there is little evidence that
soil-atmospheric interaction can abiotically produce oxy-
gen unless exposed to high temperatures. Thus, Franz et
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al. (2020), have suggested that “biological photosynthe-
sis” is the “best analogue” for understanding how CO, is
converted to oxygen.

5 Ancient Mars and Meteors:
Evidence of Oxygen, Organics
and Biology

In the last 150 years, 227 meteorites have been found that are
believed to have originated on Mars (Meteoritical Bulletin
Database 2020). With the exception of meteors NWA 7034
(Agee et al. 2013) and NWA 7533 (Humayun et al. 2013) which
are regolith breccia, most Martian meteors have a basaltic
composition and have been categorized as orthopyroxenite
(ALH 84001) nakhlites (N), chassignites (C), and Shergotty
(S) based on chemistry, texture, mineral composition and
age. The Chassigny (C) Nakhlites (N), Shergottite (S) mete-
orites have been respectively assigned generalized average
ages of 1.3bya, 1.32 to 1.17bya, 465 to 175 mya (Nyquist et
al. 2001). Yet another Martian meteorite, NWA 7034 has
been dated to 2.089 bya (Agee et al. 2013) whereas ALH
may be 3.8 to 4.5 billion years in age (Jagoutz et al. 1994;
Nyquist et al. 1995; Ash et al. 1996; Wadhwa and Lugmair
1996). What these meteorites generally have in common is
exposure to water prior to ejection from Mars and evidence
of varying (ranging from negligible to relatively high) levels
of oxygen (Shaheen et al. 2015; Agee et al. 2013; Nyquist et
al. 2001; Clayton and Mayeda 1983, 1996; Romanek et al.
1998; Halevy et al. 2011; McKay et al. 2009; Thomas-Keprta
et al. 2009).

Based on an analysis of these Martian meteorites
Richter et al. (2008) have proposed a “clear progres-
sion of oxygen fugacity” from minimal (ALH) to oxidized
(Nakhlites) to intermediate (Shergottite). NWA 7034, how-
ever, has been found to have "an order of magnitude of more
indigenous water than most SNC meteorites" and contains
evidence of “multiple oxygen reservoirs on Mars” (Agee et
al. 2013). It was concluded that NWA 7034 may represent the
best approximation of atmospheric and surface conditions
2 bya.

Moreover, there are distinct and different phases of Mn-
oxide deposition which indicates a progressive increase
and “abundant molecular oxygen within the atmosphere
and some groundwaters of ancient Mars” (Lanza et al. 2016).
Furthermore, on Mars, Mn oxides and other indices of oxi-
dation, indicate reactive oxygen species including O, that
contributed to the oxidizing environment of Mars (Lanza et
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al. 2016). Mars, therefore appears to have become increas-
ingly oxygenated.

That the oxidation of the Martian surface is due primary
to free oxygen is also evidenced by the significant amount of
atmospheric oxygen sequestered in Fe-bearing sediments
and as indicated by the massive amounts of oxidized Fe
on the surface (Kolb et al. 2006; McLennan and Grotzinger
2008). The surface and various minerals were likely oxi-
dized due to atmospheric-oxygen-groundwater-mediated
diagenesis, in the ancient past, in response to heightened
levels of O, (Lanza et al. 2016; Tosca et al. 2008).

Based on the analysis of Martian paleosol phosphorus
depletion (Retallack 2014) and sulfur species in various
states of redox (Parnell et al. 2018), it’s been argued that
sulfur oxidizing bacteria, chemolithoautotrophic bacteria
and sulfur oxidizers may have dwelled on Mars between 4.1
to 3 bya under oxygenated conditions, and with sulfate the
resulting end product of biologically induced sulfur oxida-
tion (Macey et al. 2020). Parnell et al. (2018) have suggested
that moist Gale Crater lake sediments may have supported
a diversity of potential habitats for subsurface sulphate re-
ducing organisms. The detection of jarosite at Meridiani
Planum, also suggests water-atmosphere-biological inter-
actions; i.e. “microbially produced jarosite via pyrrhotite-
associated sulphide oxidation” (Norlund et al. 2010). Sig-
nificant amounts of atmospheric oxygen sequestered in
Fe-bearing sediments has also been reported (Kolb et al.
2006; McLennan and Grotzinger 2008). There is also evi-
dence that levels of O, may have been much higher than
today (Lanza et al. 2016; Tosca et al. 2008).

There are also distinct and different phases of Mn-oxide
deposition, and this indicates a progressive increase and
“abundant molecular oxygen within the atmosphere and
some groundwaters of ancient Mars” (Lanza et al. 2016).
As argued by Lanza et al. (2016) the evidence based on Mx
oxidation suggests aerobic respiration by microorganisms
that may have been producing free oxygen via photosynthe-
sis. As summed up by Hartman and McKay (1995) “Given
the similarity of the environments on the early Mars and
early Earth it is plausible that life originated on Mars and
oxygenic photosynthesis also began there at a very early
stage.”

Although considered controversial (Steele et al. 2012;
Treiman and Essen 2011) evidence of biological residue,
carbonates, chains of magnetite and fossilized polycyclic
aromatic hydrocarbons (PAHs) have been found in ALH
84001 (McKay et al. 2009; Clement et al. 1998) which has
been dated to around 4 bya. It’s been argued that at least
25% of the organic residue is biological (Thomas-Keprta
et al. 2009). For example, the Martian PAHs were found in
those areas of the meteor rich in carbonates (Clement et al.
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1998), whereas the magnetotactic residue has the charac-
teristic chain-like organization that is commonly biological
in origin (Clement et al. 1998; McKay et al. 1996, 2009).
These biological indices may have been produced by car-
bonate and iron-eating bacteria, magnetotactic bacteria,
algae, or fungi at least 3.8 billion years ago (Thomas-Keprta
et al. 2009) in an aqueous environment (Halevy et al. 2011;
McKay et al. 2009; Thomas-Keprta et al. 2009) and possibly
in the presence of oxygen (Shaheen et al. 2015) as also indi-
cated by isotopic evidence of ozone (Farquhar et al. 1998)
which is a product of oxygen.

In addition, structures resembling stromatolites possi-
bly constructed by photosynthesizing-oxygen-producing
algae / cyanobacteria have been observed on Mars (Bian-
ciardi et al. 2014, 2015; Joseph et al. 2019, 2020a,c; Rizzo
2020; Rizzo and Cantasano 2009, 2016; Ruff and Farmer
2016) at least one of which is dated to 3.7 bya (Noffke 2015).
Although it has been questioned if all micro-thromobolites—
on Earth or Mars- are truly biological, eight of the Martian

Figure 1. (Top) Lake Thetis under water stromatolite. Note fenes-
tra. (Photo Credit: Government of Western Australia Department of
Mines and Petroleum, (Bottom) Sol 122: Martian specimen with ev-
idence of fossilized fenestrae. Several “peanut-brittle” specimens
resembling thrombolite mats appear in the bottom portion of the
photo. Reproduced from Joseph et al. (2020d).
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sedimentary-stromatolites structures, so far reported, are
nearly identical to the concentric-domical stromatolites of
Lake Thetis, Australia, and may range in age from a few
thousand to a few million years (Joseph et al. 2020c). More-
over, they were photographed in the presence of microbial
mats and consist of numerous open-cone-apertures and
fenestra (Joseph et al. 2020a,c,d). On Earth, cyanobacte-
ria construct stromatolites; and fenestra, open cones and
apertures are commonly formed in the matrix by oxygen
gas bubbles produced via photosynthesis (Bengtson et al.
2009; Freeman et al. 2018; Sallstedt et al. 2018).

In addition, organic matter preserved in mudstone,
dated to 3.5 bya has been detected in Gale Crater by the
SAM instrument (Eigenbrode et al. 2018). These include
diverse molecular structures likely derived from organic
macromolecules; the source of which could be geological
or biological, i.e. ancient life (Eigenbrode et al. 2018). These
findings are consistent with those obtained from ALH 84001
(Thomas-Keprta et al. 2009), the detection of chloroben-
zeen and dischloroalkanes previously found in Gale Crater
mudstone (Freissinet et al. 2015), the chloromethanes de-
tected during the 1976 Viking mission (Navarro-Gonzalez et

|~

Figure 2. Sol 122 (top left) and 529 (bottom). Comparisons of

Gale Crater sedimentary structures with fenestra and open cone-
apertures with Lake Thetis stromatolite and fenestrae. Fenestra
and open-cone like apertures are often formed in the surrounding
matrix by the production of oxygen gas bubbles via photosynthesis.
Reproduced from Joseph et al. 2020d.



194 —— R.G.Josephetal., Mars: Subglacial Oceans, Ice, Life, Abiogenic Photosynthesis

al. 2010), and other indices of organics (Szopa et al. 2020;
Wright et al. 1989). Organic matter not only provides an en-
ergy source and supports microbial carbon recycling, but
represents the biological activity and residue of past life.

6 Oxygen Replenishment and
Ancient vs Modern Mars

As reviewed in this document, there are multiple indices
of biological activity, water, and oxygen beginning over 3.7
bya. That there is still a significant amount of oxygen in the
soil atmosphere of Mars has been recently documented via
studies conducted by NASA’s robotic rovers and orbiting
space craft (Alday et al. 2019; Leshin et al. 2013; Ming et
al. 2014; Rahmati et al. 2015; Sutter et al. 2017; Valeille et
al. 2010). Franz et al. (2020) have estimated that the mean
volume of Martian atmospheric oxygen is 0.174%.

It is generally accepted that the lighter isotopic compo-
sitions of the Martian atmosphere are lost to space, leaving
behind the heavier isotopes (Jakosky et al. 2018), including
oxygen. Oxygen in the atmosphere of Mars is also a reactant
and subject to the destructive effects of direct photolysis
and may have a half-life of only five years (Krasnopolsky
2010; Leféevre and Krasnopol 2017). It is well established
free oxygen is too chemically reactive to remain a free ele-
ment in air without being continuously replenished. It is
also believed that free oxygen levels may have been much
higher in the ancient past (Lanza et al. 2016; Tosca et al.
2008). Therefore, for the last 4 billion years oxygen has been
continually replenished. On Earth, oxygen is replenished
via the photosynthetic action of living organisms (Canfield
2014; Lane 2002). Therefore, billions of years ago, in the
absence of biological photosynthesis, and after only a few
decades almost all oxygen in the atmosphere of Mars would
have been destroyed or lost into space.

The evidence, therefore, supports a biological basis
for the production and replenishment of free oxygen on
Mars for at least 4 billion years. However, the possibility of
abiotic photosynthesis of water molecules originating from
beneath the surface cannot be ruled out.

7 Seasonal Fluctuation in Martian
Atmospheric Oxygen
Mars rotates at a rate nearly identical, albeit slightly slower

than Earth, such that a Martian day (Sol) is 24 hr and 39 min
long. Because of its greater distance from the sun, a Mars
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year is 686.93 days, almost twice as long as Earth’s. How-
ever, Mars obliquity (axial tilt) of 25.2° produces seasons
similar to those on Earth.

In the early 1970s, the amount of Martian atmospheric
water vapor was found to vary and increase during the late
spring and summer (Barth 1974); the same as on Earth. The
concentrations of atmospheric oxygen were also observed
to fluctuate and increase in association with these water
vapors; and in 2004, and based on a reanalysis of the Viking
data, distinct seasonal variation of O, between 2,500 and
3,300 ppmv was reported by England and Hrubes (2004).

In 2019, Trainer et al. (2019) reported that the amount
of oxygen in the Martian atmosphere increases by approxi-
mately 30% in the Spring and Summer as based on atmo-
spheric composition measurements acquired in Gale Crater
at ground level by the rover Curiosity’s Science Laboratory.
As detailed by Trainer et al. (2019), atmospheric measure-
ments were conducted over 3 Mars years (>5 Earth years)
and major variations in oxygen over several seasonal cy-
cles was documented: “the annual average composition in
Gale Crater was measured as 95.1% carbon dioxide, 2.59%
nitrogen, 1.94% argon, 0.161% oxygen, and 0.058% carbon
monoxide. However, the abundances of some of these gases
were observed to vary up to 40% throughout the year due
to the seasonal cycle. Oxygen has been observed to show
significant seasonal and year-to-year variability, suggesting
an unknown atmospheric or surface process at work.”

Trainer et al. (2019), upon analyzing all the data and
reviewing the findings of other investigators, were unable
to provide any abiogenic explanations for these seasonal
fluctuations: “O, does not follow the same general pattern
as the Ar and N,” and “do not show the annual stability
or seasonal patterns that would be predicted based on the
known sources and sinks in the atmosphere” and “cannot
be accounted for in current chemical models.” Nevertheless,
Trainer et al. (2019) left open the possibility that oxygen
production on Mars may be abiogenic.

8 The Biology of Seasonal Oxygen
Fluctuations on Earth

On Earth, oxygen is produced by algae, cyanobacteria and
lichens, and specimens resembling these organisms, have
been observed in Gale Crater (Joseph et al. 2019, 2020a,c)
in the same areas where Trainer et al. (2019) documented
seasonal variations in oxygen. Levels of oxygen in the soil,
oceans, and atmosphere of Earth, also vary according to the
season and increase during the Spring and Summer due to
fluctuations in the biological activity of photosynthesizing
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organisms (Keeling and Shertz 1992; Kim et al. 2019) and
as related to increases in temperature and the availability
of water and water vapor condensation and precipitation
(Buenning et al. 2012; Keeling and Shertz 1992). These sea-
sonal fluctuations on Earth parallel the Spring/Summer
increases in oxygen, temperature and water availability on
Mars (Fedorova et al. 2020; Read and Lewis 2004; Smith
2004; Todd et al. 2017; Trainer et al. 2019); and these varia-
tions on Mars parallel seasonable increases in biological
activity and the respiration of oxygen on Earth.

9 Photosynthesis and the Biology
of Oxygen

Oxygen is the third most common chemical element in the
cosmos and the most abundant chemical in Earth’s oceans,
seas, soil and atmosphere by mass (Canfield 2014; Ems-
ley 2001). However, it is well established that the primary
source of free oxygen, on Earth, is via the photosynthetic ac-
tivity of algae, cyanobacteria (blue-green algae) and water
living and land-based plants (Canfield 2014; Hall and Rao
1986) including lichens (Vinyard et al. 2018; Ten Veldhuis et
al. 2020) which are fungal-algae composite organisms. On
Earth, water and land-dwelling algae, cyanobacteria, and
trees and plants, inspire and break down carbon dioxide,
utilize the oxygen for energy, and release excess oxygen,
thereby oxygenating the water, soil and atmosphere—a pro-
cess that may be occurring on Mars: “The process is general
and should apply to all habitable planets of all sizes and
types throughout the universe” (Zahnle et al. 2013).

10 Carbon Dioxide,
Photosynthesis, and Oxygen

The Martian atmosphere, as measured in Gale crater, is
95.1% carbon dioxide (Trainer et al. 2019). Carbon dioxide
consists of a carbon atom covalently double bonded to two
oxygen atoms and is the primary carbon source for life on
Earth. Algae, cyanobacteria, and lichens photosynthesize
carbohydrate from carbon dioxide and water to produce
glucose, polysaccharides, proteins and other energy rich
molecules (Canfield 2014; Graham et al. 2016). Sunlight
and photosynthesis, therefore, enables these organisms
to split these CO, molecules and utilize oxygen as an en-
ergy source to create their own food; and excess oxygen is
released as a waste product. In fact, CO, enhances photo-
synthetic activity (Ainsworth 2008; Long et al. 2006) and
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reduces the organism’s reliance on water (Drake et al. 1997)
thus making Mars with its CO, enriched atmosphere, an
ideal environment for photosynthesizing organisms. Con-
versely, CO, is also produced as a waste product by aerobic
organisms when they use oxygen to produce energy which
enables them to metabolize carbohydrates and lipids (But-
ler 2018; Canfield 2014). Carbon dioxide, like methane is
also produced via the decay of organics; whereas Fairén
(2020) has argued that organic matter has been processed
in a liquid-rich environment consistent with habitability.

Concentration of carbon dioxide in the atmosphere of
Mars also varies according to the season, with significant
reductions in the winter (Tillman et al. 1993), and these
variations have also been documented within Gale Crater
(Haberle et al. 2014; Harri et al. 2014a,b). It has been hypoth-
esized that this is due to "the condensation and sublimation
of CO, in the polar regions during winter and spring, re-
spectively (Trainer et al. 2019). However, on Earth these
same seasonal variations in CO, have been documented as
a function of biological, photosynthetic activity (Conway
et al. 1994; Keeling et al. 1996; Sawa et al. 2012).

On Earth, photosynthesis and breakdown of CO, re-
leases oxygen which provides energy, and excess oxygen
is released into the atmosphere, while respiration, decay,
and combustion remove it from the atmosphere, creating a
seasonally variable equilibrium (Greenwood and Earnshaw
1997). Therefore, it is probable that the seasonal changes in
Martian atmospheric CO, may be related, at least in part,
to biological activity.

11 Algae / Cyanobacteria and
Water on Mars

In 1978, after examining specimens photographed during
the 1976 Viking Missions, Levin, Straat and Benton pub-
lished evidence of changing patterns on “greenish rock
patches” which were “green relative to the surrounding
area.” Levin et al. (1978) speculated that these greenish
areas may represent “algae” growing on Mars. Ice-filled
clouds were also observed overhead, and condensation
and sublimation of ground frost (Wall 1981) and water
within regolith was also detected via the Viking’s suite of
instruments (Biemann et al. 1977). Utopia and Chryse Plani-
tia, therefore, has sunlight, water, and what looked like
green algae was growing on rocks. DiGregorio (2002) also
examined these Viking images, and reported what he in-
terpreted to be “rock varnish” which is typically produced
by “epilithic and edolithic cyanobacteria” i.e., blue-green
photosynthesizing algae.
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Joseph et al. (2020a) also observed what appeared to
be green algae growing on rocks, sands, and mudstone in
Gale Crater; in the same general area that was later found to
be a major source of oxygen, particularly during the spring
and summer (Trainer et al. 2019). As described by these in-
vestigators, these Gale Crater algae-like specimens, appear
as spherules, green clumps, cake-like layers, thin sheet-
like layers, and thick layered leafy vegetative masses which
partially cover Martian rocks, sand, and fungi-like surface
features. Many specimens appeared to be moist or covered
by a thin layer of ice or adjacent to moist soil (Figure 3).
The author’s stressed, however, that it was impossible to
precisely determine if these surface features were in fact
living organisms without direct physical examination and
extraction.

Gale Crater appears to be a series of ancient lakes that
have periodically filled with water (Martinez et al. 2017a;
Rampe et al. 2020), in a cycle that may have lasted billions
of years into the near present (Frydenvang et al. 2017; Yen
et al. 2017; Hausrath et al. 2018; Jaumann et al. 2014). As
summed up by Rampe et al. (2020): “Evidence for a long-
lived lake or lake system in Gale crater is compelling....”
possibly “up to the present day.”

It also appears that moisture may be available on a daily
basis during the summer months (Castro et al. 2015; Martin-
Torres et al. 2015; Steele et al. 2017). Clouds have been ob-
served above Gale Crater (Moores et al. 2015), whereas on
Earth, clouds consist of water with saturation ranging from
81% to 100% (Pruppacher and Klett 2010; Hu et al. 2010).
Columns of water vapors have also been observed every
spring and summer (Smith 2004; Read and Lewis 2004),
and which drift toward Gale Crater (Harri et al. 2014a,b).
Moreover, these vapors have a precipitable water content
of at least 1015 pr um (Smith 2004). In addition, Steele et
al. (2017) have argued that during “the evening and night,
local downslope flows transport water vapour down the
walls of Gale crater. Upslope winds during the day transport
vapour desorbing and mixing out of the regolith up crater
walls, where it can then be transported a few hundred me-
tres into the atmosphere.” Martin-Torres et al. (2015), have
also reported the possible “formation of night-time tran-
sient liquid brines in the uppermost 5 cm of the subsurface
that then evaporate after sunrise.” Therefore, it appears
that there is sufficient moisture available, at least during
the summer, to sustain the metabolic activity of algae and
other oxygen-producing species, thus accounting for the
significant increases in Martian atmospheric oxygen within
and above Gale Crater (Trainer et al. 2019).

Gusev Crater, like Gale Crater is also believed to have
been an ancient paleolake and is marked by obvious evi-
dence of silt deposits, deltas, and water erosion (Haskin et
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al. 2005; Hurowitz et al. 2006; Wang et al. 2006; Morris et
al. 2006a,b). It is believed that the surface of Gusev Crater
may have been and may still be supplied with moisture via
precipitation and condensation from the atmosphere and
the melting of frost, snow, and water-ice above and below
ground thereby providing water to the surface (Barnhart et

Figure 3. Sol 871. Green sphericals upon Martian sand, soil, rocks
and pinnicle-columnar structures resembling terrestrial stroma-
tolites and thrombolites and algae growing in shallow water. On
Earth, the greenish-coloration of sand and rock is due to green cryp-
toendolithic cyanobacteria. The darkening in soil coloration may
indicate moisture. These sphericals are similar to algae growing

in shallow water, but may be frozen — the arrangement of sandy
substance in between rocks is the typical nature of shallow rocky
pools.

Figure 4. Sol 298: Algae and lichen-like-mushroom-shaped speci-
mens atop what appears to be microbial mats and, surrounded by
ovoid and tubular specimens.
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al. 2009; Herkenhoff et al. 2004; Ruff et al. 2014; Richardson
and Mischna 2005; Arvidson et al. 2006).

Thus, Gusev Crater may also experience sufficient mois-
ture to sustain oxygen-producing species. In support of this
hypothesis: Krupa (2017) upon closely examining soil sur-
face features, discovered evidence of what appear to be
green photosynthetic organisms growing in Gusev Crater,
adjacent to water pathways which appear to have inter-
mittently filled with water. He noted that “the hillside...is
covered by a very thin layer of green material” and “green
spherules” which resembles algae in the soil.

Therefore, numerous investigators have observed spec-
imens which resemble algae growing in various locations
on Mars. Algae produce oxygen via photosynthesis, and if
these are in fact living organisms, they may be contribut-

Figure 5. (Top Left): Earth. Lichens growing on the west coast
Ireland cliffs of Moher. Photographed by Dr. Jessica Winder,
https://natureinfocus.blog. and reproduced with permission. Gale
Crater Sol 298: Specimens resembling dimpled lichens with what
may be hyphae along the surface/subsurface. Note hollow aper-
tures in the upper right corner and lower center of photo, and which
resembles an oxygen-gas vents typically produced by photosynthe-
sizing organisms.
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ing to the production and the continual replenishment of
oxygen, on Mars.

12 Photosynthesizing Lichens and
Oxygen Gas Vents on Mars?

Lichens are photosynthesizing organisms which respire
oxygen (Ten Veldhuis et al. 2020).)—activity associated with
its photobiont; respiration being dominated by fungi and
bacteria in the consortium. Numerous studies have demon-
strated that lichens remain viable and maintain photosyn-
thetic activity when exposed to simulated Martian temper-
atures, atmosphere, humidity, and UV radiation (De Vera
2012; De Vera et al. 2019; De la Torre Noetzel et al. 2017,
2020).

Figure 6. Sol 232 (Top): Specimens similar to gas-vent apertures for
the release of oxygen secondary to photosynthesis, photographed
in Gale Crater. (Bottom) Cone-like tubes for the venting of oxygen
produced by photosyntheizing algae (reproduced with permission
from Freeman et al. 2018).
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Figure 7. Sol 232 (Top): Specimens similar to gas-vent apertures
for the release of oxygen secondary to photosynthesis. Photo-
synthesizing organisms respire oxygen and release gas bubbles
via the surrounding matrix (most noticeable in water). (Bottom)
Open globular structures, interpreted as formed by gas bubbles
via cyanobacteria oxygen respiration within microbial mats (from
Bengtson et al. 2009, reproduced with permission).

Hundreds of Martian surface features which resemble
agaric (Lichenomphalia umbellifera) and dimpled lichens
(Figure 5) have been observed in Gale Crater (Joseph et al.
2020a,c). These were often photographed in association
with specimens resembling green algae and open-cone
apertures the latter of which were either bubble-like or
elongated with an open aperture at one end, similar to
those produced by living algae/cynaobacteria during oxy-
gen production (Figures 6, 7). As is well established, when
photosynthesizing organisms respire oxygen they may re-
lease gas bubbles in the surrounding matrix (Freeman et al.
2018), which, over time, may become mineralized and fos-
silized (Bengtson et al. 2009; Sallstedt et al. 2018). Joseph
et al. (2020a) hypothesized that the open-cone apertures
observed in Gale Crater are evidence of photosynthesis oxy-
gen release on Mars, thereby accounting for the seasonal
waxing and waning of oxygen in the Martian atmosphere
as measured in Gale Crater.

Vast clusters of thousands of lichen-like formations,
with thin stems and top heavy with bulbous mushroom-
shaped caps, have also been observed in Eagle Crater,
Meridiani Planum (Joseph et al. 2020b,d). These lichen-
mushroom-shaped formations are attached by thin stalks
to the sides and tops of rocks, and those top-side are often
collectively oriented in a similar upward-angled direction,
jutting above these rocks, as might be expected of colonies
of organisms engaged in photosynthesis (Figures 8-12).

Although it has been reported that the soil of Eagle
Crater may contain hematite, and there has been specu-
lation that the numerous spheres upon the top soil may
consist of hematite (Christensen et al. 2004; Squyres et al.
2004), these latter claims have been disputed (Burt et al.

Figure 8. Sol 88 (left) and Sol 37 (right). Lichen-like specimens photographed in Eagle Crater.
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Figure 10. Sol 85: Lichen-like specimens photographed in Eagle
Crater.

2005; Dass 2017; Joseph et al. 2020b; Knauth et al. 2005)
and the data was often found to be a “poor fit” for hematite
(Glotch and Bandfield 2006).

The lichen-mushroom shaped specimens attached
by stems to rocks were never examined for evidence of
hematite (Joseph et al. 2020b). And hematite does not
sprout from rocks and mudstone via long stems topped
by bulbous mushroom-shaped caps. These lichen-like for-
mations have absolutely no resemblance to hematite or any
other abiotic rocks or substances on Earth; and, typical of
many species of plant and lichen, the stems were hollow,

Figure 11. Sol 85: Lichen-like specimens photographed in Eagle
Crater.

thus (presumably) serving to draw up and distribute water
throughout the organism (Joseph et al. 2020b).

The hematite claims are also refuted by subsequent
studies conducted by the rover Curiosity and which de-
tected only “minor” amounts of hematite in samples ob-
tained from multiple locations (Treiman et al. 2016; Rampe
et al. 2017; Yen et al. 2017). By contrast, upward-oriented
mushroom-shaped lichen-like formations have also been
observed in Gale Crater (Joseph et al. 2020a, see Figure 8
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Figure 12. Sol: 85. Photographed in Eagle Crater. Colonies of lichen-
like specimens approximately 2 to 8 mm in length. Note similar
orientation of specimens on tops of rocks and which may be af-
fected by gravity due to the top-heavy bulbous caps.

in) similar to those observed in Eagle Crater (Joseph et al.
2020Db).

Thousands of lichen-like specimens were observed in
Eagle crater, forming clusters, all of which are character-
ized by stalks attached to rocks and oriented upward (or
upward then downward depending as if pulled by gravity)
and topped by bulbous caps (Joseph et al. 2020b). An ex-
tensive abiotic image search was also conducted and these
investigators were unable to find any terrestrial analogs
or abiogenic similarities or evidence of weathering pro-
cesses which can sculpt high density masses of mushroom-
shapes with thin stalks and bulbous caps out of rock, salt,
or sand, and which orient skyward, above their substrates,
in the same or similar upward angled direction (Joseph et al.
2020b). As also pointed out by these authors, if consisting of
sand, minerals or salt, then powerful winds, Mars-quakes,
meteor strikes, or the turbulence created by Opportunity’s
wheels or drill would cause these thin stalks to fracture
and break and these bulbous caps to tumble to the surface.
Instead, they have remained standing, and are oriented up-
ward, which suggests they are flexible, recently developed
and, perhaps, engaged in photosynthesis; or, conversely,
due to the lichen-propensity to uptake high concentration
of Fe, they have formed fossils with the consistency of iron.

At present, it is unknown if these vast clusters of lichen-
like formations are fossils, living organisms, or were fash-
ioned by some abiotic process that is completely alien to
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that of Earth. If alive, however, they would require water,
and significant amounts of water appear to be available,
particularly in the summer months. In addition to provid-
ing oxygen via photosynthesis, this same water might also
be subject to abiogenic photosynthesis.

13 Subglacial Lakes, Oceans,
Oxygen and Abiotic
Photosynthesis

The splitting of atmospheric water molecules is yet another
possible abiogenic source for Martian oxygen (Franz et al.
2020). For example, it has been hypothesized that water
in the atmosphere or upon the surface may be split by UV
radiation, thereby resulting in hydrogen escape into space
and the release of oxygen, which, being heavier, would re-
main in the lower atmosphere (Davankov 2020). As argued
by Franz et al. (2020), H, O photolysis and the photolysis of
CO, and ozone could generate O atoms, thereby providing
Mars with the oxygen in its atmosphere.

Therefore, hypothetically, oxygen may be produced
via abiogenic photosynthesis of water molecules; a view
endorsed by a number of investigators (Davankov 2020;
Guo et al. 2009; Luger and Barnes 2015; Wordsworth and
Pierrehumbert 2014) who have proposed that the detection
of oxygen in the atmosphere of any planet orbiting within
a habitable zone, may be completely abiogenic in origin
thereby giving the false impression of life.

What most of these theories have in common is the re-
quirement of oceans of water. Therefore, according to these
scenarios, completely abiotic oxygen atmospheres can be
sustained so long as there is a substantial reservoir of water
in the atmosphere, oceans of water flow upon the surface,
and the planet is irradiated by UV rays (Davankov 2020;
Guo et al. 2009; Luger and Barnes 2015). Eventually, how-
ever, and due to the splitting of water molecules coupled
with hydrogen escape, water levels would also diminish
on these abiotic worlds. Guo et al. (2009) and Luger and
Barnes (2015) have argued- depending on a planet’s mass,
climate, temperature, and gravity—that due to the photol-
ysis of water vapor coupled with hydrogen escape, that
oceans of water would eventually disappear from the sur-
face of an uninhabited planet. According to these scenarios,
atmospheric oxygen—alone- is not proof of life.

Davankov (2020) has also proposed that a significant
proportion of Earth’s oxygen atmosphere is likewise abio-
genic, its source the oceans of Earth. He points out that
molecular weight of water is only 18 g/mol, and water
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molecules migrate to the upper atmosphere and are subject
to irradiation thus resulting in hydrogen escape and with
the heavier oxygen left drifting back toward the surface.
In consequence, he argues, oceans of water have been de-
pleted. Pope et al. (2012) estimate that 26% of Earth’s early
ocean has been lost due to hydrogen escape. Hence, based
on these scenarios, the oceans of Earth should continue
to diminish in volume and the same may be true of any
inhabited or uninhabited water-rich planet.

Many investigators believe that ancient Mars was wet
and habitable (Ehlmann et al. 2011; Fairén 2020; Squyres
and Knoll 2006; McKay 2010; Vago and Westall 2017;
Grotzinger et al. 2014; Jaumann et al. 2014), and that in ad-
dition to thousands of lakes, oceans of water were at least
temporarily present (Duxbury 2000; Fawdon et al. 2018;
Parker 1986; Head et al. 1999; Ivanov et al. 2014; Dickeson
and Davis 2020; Fairén et al. 2003). However, if ancient Mars
had a stable, long-duration Earth-like ocean is subject to
considerable debate and no clear consensus has emerged,
except in regard to the generally agreed belief that oceans
of water may have flowed across the surface of the north-
ern hemisphere (Ramirez et al. 2020; Carr and Head 2019;
Dickeson and Davis 2020)

What became of the Martian lakes and its oceans of wa-
ter is also subject to much debate; though one contributing
possibility may be abiotic photosynthesis. If over the course
of the last 4 billion years the production of atmospheric
oxygen has been completely abiotic, then this would have
resulted in the complete evaporation of a planet-wide ocean
of water with an initial depth of 50 to 80 meters (Barth 1974;
Zhang et al. 2012). If, however, the original volume of wa-
ter on Mars was much greater than 80 meters, then the
remnants of these lakes and oceans of water should still
be present, most likely frozen within or beneath the sur-
face; and, depending on heat or sublimation, providing
water molecules that can be split and transformed into at-
mospheric oxygen.

An increasing body of evidence indicates that massive
bodies of Martian water may have become frozen in the
distant past (Duxbury et al. 1999; Fairén 2010; Head et al.
1999; Woodworth-Lynas and Guigné 2003); forming dust
covered glaciers and ice sheets beneath the surface and
deep within the crust (Holt et al. 2008; Head et al. 1999;
Barkerand and Bhattacharya 2018; Janhunen 2002). Putzig
et al. (2014), employing the Shallow Radar on the Mars
Reconnaissance Orbiter reported clear evidence of 2900
km? of ground ice in a depression at the Phoenix landing
site, and extending from the near surface to ~15-66 m be-
low ground. Conway and Balme (2014) detected 30-meters
thick layers of dust-covered ice and extending from the
poles to the midlatitudes, covering at least 23% of the sur-
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face, containing between 46% and 95% ice by volume and
accounting for ~104 km? of near-surface ice.

Using ground-penetrating reflecting radar, a mixture
of ice, air, and dust, and up to 14,300 km? of water-ice
has been reported by Stuurman et al. (2016) in the Utopia
Planitia region, whereas Bramson et al. (2015), reports
a widespread, decameters-thick layer of water-ice in this
same area, ~104 km? in volume. Sublimation-thermokarst
landforms with scales of decameters to kilometers have
been observed in the midlatitudes which likely resulted
from surface collapse when ice was lost from the subsur-
face due to sublimation over tens of thousands of Mars
years (Dundas et al. 2015). It was estimated that meteor
impact craters also increased in size due to subsurface ice
sublimation thereby collapsing the surface (Dundas et al.
2015).

Dust covered glaciers beneath layers of surface debris
have also been detected in the Hellas region of Mars by the
Shallow Radar on the Mars Reconnaissance Orbiter (Holt
et al. 2008), whereas cliffs composed primarily of layered
sheets of water ice over 100 meters thick, extending 12
meters beneath the surface have been reported by Dundas
et al. (2018). These massive ice sheets were exposed due
to weathering and erosion and appear to be melting and
actively retreating because of sublimation.

The south polar caps also consist of thick deposits of
water ice (Byrne 2009) beneath which substantial amounts
of ice-water and layers of ice sheets have also been detected
by the Mars Advanced Radar aboard the Mars Express space
craft (Orosei et al. 2018, 2020; Lauro et al. 2020). As detected
by neutron spectroscopy these ice sheets extend from the
south pole into the lower latitudes (Feldman et al. 2002).
The Dorsa Argentea Formation in particular appears to con-
sist of a large body of ice water which may be the remnants
of a much larger ice sheet or glacier that has been melting
(Fastook et al. 2012). Moreover, there appears to be a large
volume of liquid water beneath the surface, i.e. melt water
due to some unknown thermal anomaly (Arnold et al. 2019;
Sori and Bramson 2019); and there is evidence of multiple
subglacial lakes that may contain liquid water as well as
water-ice (Lauro et al. 2020; Picardi et al. 2005).

Therefore, massive amounts of water, in discrete and
widespread locations, have become frozen. And over time
they have become smaller in size due to sublimation and
heat-generated melting, most likely during the summer
months and afternoons when surface temperatures rise.
This melt-water, in turn, might pool upon the surface only to
evaporate during the Martian summer. In consequence, this
moisture would provide liquid water for photosynthesizing-
oxygen producing organisms, and that which evaporates
might also be transformed into oxygen via abiotic photo-
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synthesis. Hence, the correlation between atmospheric oxy-
gen levels and increases in ground temperature reported
by Livengood et al. (2020) and the presumed association
with water vapors beginning back in the 1970s (Barth 1974;
Strickland et al. 1973).

Based on data provided by orbital observations and the
Mars Science Laboratory and its Environmental Monitoring
Station, four major reservoirs of Martian water have been
identified, i.e. in the northern and south poles (Kieffer et
al. 1992; Farmer et al. 1977; Orosei et al. 2018, 2020; Lauro
et al. 2020), in the upper atmosphere which is subject to
"large, rapid seasonal intrusions of water" with large por-
tions of the atmosphere becoming supersaturated during
the Spring and Summer (Fedorova et al. 2020), and within
atmospheric vapors every spring and summer (Farmer et
al. 1977; Korablev et al. 2001; Smith et al. 2001; Read and
Lewis 2004; Smith 2004; Todd et al. 2017). These columns
of water vapor may also contribute to the formation of Mar-
tian clouds observed by several investigators (Kahn 1984;
Whiteway et al. 2009; Moores et al. 2015); and which, like
the clouds of Earth, probably contain high concentrations
of water.

These water molecules might also be cleaved by pow-
erful UV rays thereby resulting in hydrogen escape and
the release of free oxygen thus contributing to the diurnal
and summertime increases in atmospheric oxygen. If this
scenario is correct, and if oxygen is being produced via
abiogenic photosynthesis, then in consequence, the total
volume of water should have declined significantly from its
original levels, and should continue to diminish.

As based on measured D/H ratios in surface rocks vs
the atmosphere, Villanueva et al. (2015) have estimated that
the global volume of Martian water was initially at least 137
meters deep, and over the last 4.5 billion years there has
been "great water loss" such that initially there was 6 to 7
times more water on Mars. Jakosky et al. (2018) and Dong
et al. (2018) concur and also postulate that a significant
amount of water has been lost to space. These D/H ratios,
therefore, supports the abiogenic photosynthesis hypothe-
sis, and the possibility that at least 50 to 80 meters of water
may have been cleaved over billions of years leaving only
free oxygen in its wake (Barth 1974; Zhang et al. 2012).

This does not mean, however, that the oxygen atmo-
sphere of Mars is completely abiotic. As pointed out by
Zahnle et al. (2013): “Although it is possible to imagine
atmospheres that might become oxygenated abiotically
through some combination of vigorous hydrogen escape
and high rates of stellar ultraviolet irradiation, to the best of
our knowledge no one has yet succeeded in demonstrating
this with an actual photochemical model.” Oxygen atmo-
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spheres appear to be produced primarily via photosynthe-
sizing organisms.

14 Conclusions

Free oxygen is an obvious biomarker and is produced by
photosynthesizing organisms. Oxygen is reactive and on
Mars may be destroyed in 10 years. Hence oxygen is contin-
ually replenished. Diurnal and seasonal fluctuations and
spring/summer increases in oxygen have also been docu-
mented, and these variations parallel seasonal biologically
induced fluctuations on Earth.

There is no convincing evidence that abiotic-oxygen
locked within rocks, minerals, sand or soil, are somehow be-
coming liberated, thereby providing any significant degree
of oxygen to the Martian atmosphere. By contrast, given
that most scientists agree that large volumes of water once
flowed across the Martian surface, and the findings of mas-
sive ice sheets, glaciers, and subglacial bodies of water-ice
that appear to be melting and/or undergoing sublimation,
it is probable that some of this water has been transformed
into oxygen via abiotic photosynthesis, thus accounting, in
part, for the loss of lakes and oceans of water over the last
4.5 billion years. This melt-water, however, would have also
provided moisture to photosynthesizing organisms who
would produce free oxygen.

That biological photosynthesis is also responsible for
Martian atmospheric oxygen is supported by reports of
sedimentary structures that clearly resemble concentric
stromatolites that are pock marked with fenestra for the
venting of oxygen; observations of thousands of lichen-
like specimens topped with bulbous caps attached by thin
stems to rock and collectively oriented skyward similar to
photosynthesizing lichens; and specimens resembling al-
gae/cyanobacteria and associated formations that resem-
ble open-cone gas apertures for the venting of oxygen pro-
duced via photosynthesis (Figures 1-12).

If these life-like formations are biological, fossilized,
or completely abiogenic, is unknown. There is in fact, no
definitive, conclusive proof of life on Mars. Therefore, it is
possible that most or all of the Martian oxygen atmosphere
has been produced via abiotic photosynthesis. However,
if these life-like specimens are biological then they and
their ancestors would have significantly contributed to and
would be primarily responsible for the production, replen-
ishment, and seasonal fluctuations of Martian atmospheric
oxygen via biological photosynthesis.
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