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[bookmark: _Toc122890717]Sterilized sample return as aspirational technology demonstration for a future astrobiology mission – with the six months return journey used to sterilize the sample
The process is greatly simplified if the sample is seen as an aspirational astrobiological technology demonstration (Bada et al, 2009). It is then reasonable to sterilize the sample. Ionizing radiation is preferable as heat sterilization would destroy much of the interest of the sample (Board et al., 2002b:39).

Proposal: the six month return journey can be used to sterilize the sample with an on-board portable x-ray or a Cobalt 60 gamma-ray source. 

An x-ray source gives the best dose uniformity ratio (DUR) < 1.8 and is more penetrating, but typically has high power requirements of the order of kilowatts (GIPA et al, 2018:24,36). A portable X-ray source is in use already on the ISS for a bone densitometer (Rutkin, 2014), operating at 35 kV and 80 kV (Vellinger et al, 2016). 

The new technology of miniature field emitters using carbon nanotubes (Kim et al, 2016) reduces the operating current to microamps instead of milliamps, reducing power requirements to of the order of watts.

Cobalt 60 would require shielding to protect technicians working on the spacecraft and to protect spacecraft electronics, and though conceptually simpler, may add to the complexity and mass requirements. 

[image: ]
Figure 17: Text added to ESA graphic (Oldenburg, 2019) showing concept of sterilized return using an on-board X-ray source during the return mission
Alternatively the sample can be returned to a satellite in Earth orbit and sterilized there.

On the remote chance the sample contains life, an exposure level would be selected that leaves any native life adequately sterilized but easily recognizable. This should have minimal effects on the geological investigations. 
[bookmark: h_level_sterilization][bookmark: _Toc122657652][bookmark: _Toc122890718]Level of sterilization needed to protect Earth’s biosphere is similar to ~10 - 50 million years of Martian surface ionizing radiation - and would leave present day life and past life still recognizable - if recognizable without sterilization
[bookmark: _Hlk120312345]Curiosity measured 76 mGy / yr (milligrays per year) on the Martian surface (Hassler, 2014). Radiodurans can survive 5000 Gy with no loss of vitality (with a characteristic shoulder of resistance, with vitality starting to fall beyond those levels) (Battista et al, 1999). This means radiodurans would have no loss of vitality after over 65,000 years of Mars surface ionizing radiation. A hypothetical more resistant microbe could survive longer than this with no loss of vitality. 
When radiodurans was first discovered in 1956, it could withstand ten times more radiation than the previous record holder. According to one theory, radiodurans may have evolved its resistance to repair damage from background radiation in permafrost or semifrozen conditions. In these cold conditions, microbes can enter cryptobiosis, a form of microbial “hibernation” where all measurable metabolic processes stop. Cryptobiosis can last for millennia in some cases and for a microbe in cryptobiosis, background radiation can lead to significant DNA damage (Makarova et al, 2001). 
Radiodurans is also occasionally blown up into the stratosphere where it can be exposed to a thousand times the UV levels at ground level. There are many other suggestions for the origins of its radioresistance (Krisko et al, 2013), however we have nowhere on Earth with the high levels of ionizing radiation of Mars.
Miliekowsky et al. suggest we should consider the possibility that life on Mars could be even more radiation resistant than radiodurans after billions of years of evolution in conditions of such high levels of ionizing radiation. Mileikowsky et al provide figures for a hypothetical five times more resistant microbe on Mars. They then did a detailed modeling of the effects of the radiation on the cells with a fit to data from experiments with D radiodurans R1 (Mileikowsky, 2000: p 401). 
[In the rest of this section I add (megagrays) after every occurrence of MGy (thousandth of a gray) after mGy to assist any readers that rely on a screen reader to read out the text on the screen as they may be read out in the same way]
[bookmark: _Hlk122389151]Horne et al find that when dessicated and frozen radiodurans can survive x140 kGy (thousand grays) for a reduction between 100,000 fold and a million fold, from Figure 1 page 1542 (Horne et al, 2022)
So by (Horne et al, 2022) we  have:
· 0.14 MGy (megagrays)  to reduce radiodurans nearly a million fold equivalent to 1.5 million years surface radiation at 100 kGy a year (over estimate), 

· 0.7 MGy (megagrays)  to reduce Miliekowsky et al’s hypothetical more radioresistant microbe by the same amount equivalent to 7.5 million years surface radiation
[bookmark: _Hlk122389114]Meanwhile, according to Kminek et al, 500 million years of 200 mGy (milligrays) a year is enough to  reduce many amino acids to a millionth of the original concentration. That’s about 100 MGy (megagrays) (Kminek et al, 2006:4):
Adjusting to 100 mGy (milligrays) a year
· Amino acids are reduced a million fold with 100 MGy (megagrays) equivalent to 1 billion years of surface radiation
[All these time periods need to be increased 30% if we use a figure of 76 mGy a year (milligrays a year).]
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Based on those figures we can calculate that the same amino acids are
· Reduced a thousand fold at 50 MGy (megagrays) 
 equivalent to 0.5 billion years,
· surviving amino acids are halved every 5.017 MGy (megagrays) or every 50 million years
· reduced ten-fold every 16.7 MGy (megagrays) or every 166 million years.
The general formula for n-fold reduction of amino acids is:
 N=
100-100/(10^(log(1000000)/(100/x)))
Where x is the ionizing radiation dose in megagrays
We can use this to calculate the effect on amino acids of the 0.14 MGy (megagrays) needed to reduce radiodurans nearly a million fold if dessicated and frozen. Based on Kimmeck et al’s 5.017 MGy (megagrays) to destroy half the amino acids, 0.14 MGy (megagrays) would destroy 

= 1,9% of the same amino acids. 
The 0.7 MGy (megagrays) needed to reduce the hypothetical five times more radioresistant microbe a million fold would destroy 9.1% of the same amino acids. It would be possible to exceed these doses for an extra safety margin. 
1 MGy (megagray) would destroy around 12.9% of the same amino acids and achieve a million-fold reduction in numbers for a microbe 7 times more radioresistant than radiodurans and is equivalent to 10 million years of surface ionizing radiation at 100 mGy (milligrays) a year. 
Suppose we used 5 MGy equivalent to 50 million years of surface ionizing radiation. This would destroy nearly 50% of amino acids. Or 10 MGy, equivalent to 100 million years would destroy 75% of amino acids and even 1 billion years equivalent of radiation (or 1.3 billion years at 76 milligrays) is unlikely to make a difference to the search for past life unless the samples are exceptionally well preserved, as this would be less than the exposure age of most surface deposits. 
Geologists could allow for effects of the sterilization just as they do when analyzing Martian meteorites, which typically have ejection ages of up to 20 million years of cosmic radiation during the journey from Mars to Earth (Eugster et al, 2002).
[bookmark: _Toc122657653][bookmark: _Toc122890719]Suggestion to use low power nanoscale X-ray emitters for sterilization during the six months return journey from Mars
The simplest way to sterilize the sample during the return journey from Mars might be to add sterilizing X-ray emitters to the Earth return orbiter or sample return capsule. The X-ray emitters would need to have low power requirements.

A field emission miniature x-ray tube using carbon nanotubes has been developed for dentistry, with a diameter of 0.7 cm and length of 4.7 cm. It has better stability, and a longer lifetime than a conventional x-ray tube, and doesn’t have to be cooled (Kim et al, 2016).
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Figure 20: Science Direct:  
[Figure needs permission, redraw or new source]
Figure 19: Low power and low mass X-ray tube based on carbon nanotubes, may have potential for sterilizing the sample during the return journey.

A, schematic layout of the X-ray tube, B, the components, and C, the completed unit.
(from Figure 2 of (Kim et al, 2016))

The tube operates at 50 kV with an emission beam current of 140 μA (Kim et al, 2016) or 7 watts. It should have a power requirement of the order of watts compared to 1.2 kW for the maximum for a typical dental x-ray system (Preva , n,d,:39). The dose at 3 cm is 8.19 Gy per minute (Kim et al, 2016)

At that rate an 8.24 MGy (megagrays) dose to reduce the hypothetical more radioresistant microbe a million-fold would take a little under 700 days of operation while the 0.54 MGy (megagrays) to reduce radiodurans a million-fold would take a little over 45 days. 

The power requirement of watts is low enough however that multiple units could be used to increase the dosage and to supply sufficient X-rays to the complete sample container depending on what dose is required.

It would also be necessary to take account of attenuation of the X-rays by the titanium sample tube walls which could lead to a need for increased doses.

If the power requirements are too high to sterilize the samples during the return journey, the sterilization could be done in a receiving satellite in Earth orbit before delivering the samples to Earth. 
[bookmark: _Toc122657654][bookmark: _Toc122890720]Experimental data on effects of sterilizing doses of gamma radiation – preserves the geological interest of rock samples - need to test effects of X-rays 
Allen et al did an experiment to simulate the effect of sterilization of Mars samples (Allen et al, 1999). They tested the minerals salt, halite, carbonaceous chert, Mars soil simulant (weathered volcanic ash), carbonaceous chondrite meteorite, plagioclase, olivine, pyroxene,aragonite, montmorillonite clay, quartz and gypsum.
They used a dose of 30 Mrad which they considered to be enough to sterilize all life, even radiodurans, using a Cobalt 60 source. That’s equivalent to 3 MGy (megagrays)
 (one Mrad is 100,000 Gy).
There was no effect on radiometric dating as the isotope ratios of Strontium 87 / 86, Samarium 149 / 152 and Samarium 150 / 152 were not changed. There was no change in the rock composition or crystal structure including the interplanar spacing of crystals. None of the crystals were destroyed and there was no evidence of dehydration of gypsum to anhydrite. There were no changes to the spectra of pyroxene, aragonite, gypsum and Mars soil simulant. The irradiation had no effect on the basal spacing of montmorillonite, which is extremely sensitive to temperature and degree of hydration.

The irradiation did change the colour of quartz crystals, from clear to a deep brown colour and darkened. This colour change was most noticeable between 0.3 and 3 Mrad. Also halite turned deep blue. It also altered the thermoluminescence properties of quartz and halite. They concluded 

“If samples returned from Mars require sterilization, gamma irradiation is an attractive option”
More research is needed for the lower frequency more penetrating X-rays. Also it’s necessary to test the higher levels needed to sterilize not just radiodurans but hypothetical more radioresistant microbes from Mars.
X-rays, at a lower frequency, might have less effect on the rock samples. Also, since X-rays are tunable unlike gamma rays from Cobalt 60, experiments could be made to find the optimal operating voltage for sterilization while reducing the impact on geological studies.
The geology should be fine after sterilization. But might Perseverance find present day life or well preserved past life that could be seriously damaged by sterilization?
Present day life might even be viable before sterilization (after all that’s why you do it). While past life might be changed significantly if we can return well preserved life that is little damaged or might be easier to recognize as such.
[bookmark: _Toc122657655][bookmark: _Toc122890721]Why it’s a major challenge to find samples from Jezero crater to help decide central questions in astrobiology until we can send in situ life detection instruments  - most past biosignatures will be degraded beyond recognition – nearly all organics on Mars are expected to be abiotic - past and present day life is expected to be low in concentration and patchy in distribution – and all this is especially challenging if Martian life never developed photosynthesis or nitrogen fixation
The situation for astrobiology is very different from geology. Any sample from Mars will be of some geological interest. It’s a case of using the geological context to select the ones of most interest. The main problems for geological samples are to avoid too great a change in the temperature, and the redox state of its surroundings after sample collection (Grady, 2020). 

Collecting astrobiological samples would be easy if we were searching for life on an Earth-like planet. Almost any sample with organics would have present day life in it, or at least, evidence of present day life processes.

However on Mars nearly all the organics will be infall from meteorites, comets, interplanetary dust and in situ abiotic processes .(Mulkidjanian, 2015) (Westall et al, 2015) (Franz et al, 2020). So, most samples we might return of present day Martian organics are likely to be of no astrobiological interest. Even if there is present day life there, in microhabitats in Jezero crater, it still might not be able to make use of much of the organics from infall and abiotic processes if there isn’t enough by way of water activity, nitrogen, and so on. So, returning organics without life doesn’t tell us much about whether there is present day life there or not. 

It’s going to be an especially hard challenge to find samples of past life. Even on Earth, we have very little by way of organics from the most ancient stromatolites, and finding those was a huge challenge (Allwood, 2009). It is especially hard to find terrestrial organics that predate photosynthesis. The problem is that most past organics are destroyed by geological processes and ionizing radiation from radioactive elements in the rocks.

On Mars also, most organics would be destroyed over billions of years, though some of the processes are different on Mars. Amongst other things, past organics would be destroyed, or degraded beyond recognition by such processes as ionizing radiation, radioactive decay of elements in the rock, and reactive chemistry of the hydrogen peroxide and perchlorates (Grotzinger, 2013) (McMahon et al, 2018)..

So we expect most organics found by Perseverance to be of no astrobiological interest. Not just low astrobiological interest, but of no interest at all, except to give us more knowledge about the extent to which Jezero crater was habitable to life in the past.

See

· Most Martian organics are expected to be from non living processes even if Mars has present day life and had abundant past life


There may well be samples there of great interest to astrobiology. The problem is, how to identify them. 

Jezero crater predates the evolution of photosynthesis on Earth, and any life there may also predate the evolution of photosynthesis on Mars, and it’s possible that Martian life never developed photosynthesis (Summons et al, 2011:21). See:

· Possibility that past life in Jezero crater, or even modern Martian life, never developed photosynthesis

It may well also predate nitrogen fixation. See:

· Possibility that past life in Jezero crater or even modern Martian life never developed nitrogen fixation – or that microbes in oxygen rich surface layers never developed nitrogen fixation

This makes sample selection a challenge since Perseverance has only limited in situ life detection capabilities. It would miss most biosignatures or the biosignatures of life in small quantities.

A sample with well preserved past organics and no life in it might still be of astrobiological interest if it is well preserved and comes from a habitable environment. It could be evidence that there is either no past life on Mars or that it couldn’t make use of that habitat. For instance we might be able to get evidence about whether there was widespread photosynthesis at the time of Jezero crater from a good sample from a habitat that photosynthetic life could use.

However the problem then is that there are many processes that can destroy evidence of past life. A sample of rocks formed in the past on Mars is certain to help to clarify the geological conditions at the time, but it may well be impossible to use the same sample to tell us anything about the astrobiological past. 

Although the main focus of the discussions in astrobiological papers is past rather than present day life, the same considerations also apply to present day life. Without the ability to detect in situ life, and limited knowledge about where to look for it, it is hard to intelligently select the best samples to return. 

So this is very unlike the situation for geology, it is a major challenge for Perseverance to return a sample of any astrobiological interest. This is why astrobiologists have recommended in situ searches first. The only astrobiologist to recommend a sample return I found was Chris McKay who suggested a simple scoop of dirt and return similar to China’s proposed mission (Jones, 2021) as a technology demo for astrobiology.

See

· 

There is almost no support in the published astrobiological literature for sample return on its own as a strategy to look for past or present day life on Mars. However now the decision is made, we need to do what we can to make the best use of the opportunity. 

There may be ways to increase the low chance of returning samples of astrobiological interest. But first we need to understand the challenges.

[bookmark: _Toc122657656][bookmark: _Toc122890722]Most Martian organics are expected to be from non living processes even if Mars has present day life and had abundant past life – and most organics found so far by Curiosity and Perseverance resemble meteorite organics 
Most Martian organics are expected to come from meteorites, interplanetary dust, comets and indigenous organics from abiotic processes including abiotic photosynthesis (Mulkidjanian, 2015) and electrochemical reduction of mantle materials (Westall et al, 2015) (Franz et al, 2020). 

Perseverance detected organics for the first time in December 2021 through its Sherloc Raman Spectrocopy instrument. These are simple aromatics indistinguishable from organics from meteorites, and similar to most of the organics found by Curiosity (JPL, 2021s).

Perseverance may find much more interesting samples for astrobiology. But suppose Perseverance found a sample similar to the Tissint Martian meteorite on Mars. It has organics with carbon 13 to carbon 12 isotope ratios significantly lower than for the Martian atmosphere (Lin et al, 2014). Carbon 12 is the light stable isotope of carbon which gets taken up preferentially by biological processes through kinetic fractionation, because it leads to lower energy costs than the heavier stable isotope carbon 13 (USGS, n.d.). The carbon 13/12 ratio for the Tissint meteorite is similar to coal, petroleum and other sedimentary organics on Earth, while the lower range of Martian atmospheric ratios is similar to the values for Earth’s atmosphere (Lin et al, 2014:fig 6).

Carbonaceous chondrites can also have lower levels of Carbon 13, but would typically lead to lower concentrations of organics than for the Tissint meteorite (Laborator Ecole Polytechnique Fédérale de Lausanne, 2014)
. 
As Philippe Gillet said, director of EPFL's Earth and Planetary Sciences (Laborator Ecole Polytechnique Fédérale de Lausanne, 2014)

"So far, there is no other theory that we find more compelling, 
…
"Insisting on certainty is unwise, particularly on such a sensitive topic. I’m completely open to the possibility that other studies might contradict our findings. However, our conclusions are such that they will rekindle the debate as to the possible existence of biological activity on Mars – at least in the past."

However this is not proof of life, as there are other processes that lead to lower isotope ratios for Carbon 13. Abiotic methane from hydrothermal vents can have carbon 13 depleted to as low as -50 ‰ (parts per thousand) (McDermott et al, 2015).

Although the Tissint research is suggestive, after years of study with our best laboratories on Earth, the most important question remains unresolved. We don’t know whether the Tissint organics come from life or inorganic processes.

[bookmark: _Toc122657657][bookmark: _Toc122890723]Curiosity’s detection of organics depleted in Carbon 13 could be from biologically produced methane which then interacted with UV in the atmosphere - but samples of those organics would give no other biosignatures to distinguish between the hypotheses

Perseverance doesn’t have the capability to test for carbon 13 depletion of the organics it finds in situ, but Curiosity does, and Curiosity has found samples depleted in carbon 13, in research published in 2022.

Perseverance may be able to return samples similar to the ones that Curiosity has found to be depleted in carbon 13.

However, these would be a very weak biosignature since if the signals are due to past life, the organics are produced only indirectly as a result of interactions of biologically produced methane with UV in the atmosphere, and wouldn’t be expected to contain traces of the life itself.

In detail, House et al (House et al., 2022) reports that Curiosity found low levels of Carbon 13, reduced -70 ‰ , in organics which may all be from the same connected ancient surface in Gale crater. They also found that the Martian atmosphere is enhanced in Carbon 13 compared to Earth by +46‰. They ruled out hydrothermal vents as an explanation because -70‰ depletion is too much to be explained in that way (House et al., 2022).

These organics were associated with sulfur and they found that the sulfur was also depleted in the heavier isotope sulfur 34 compared to abundances of sulfur 32. 

The analysis involved heating the organics, and the methane was released when the organics were destroyed on heating to ~ 850°C (pyrolysis) (House et al., 2022)

However biologically produced methane is only one of three suggested processes

[image: summary of hypotheses outlined above]
Figure ??: Processes that could explain the Carbon 13 depleted organics found by Curiosity
(figure 5 of House et al., 2022)

· Biological methane from the subsurface reacted with UV to produce organics
· Carbon dioxide and sulfur dioxide from volcanoes, and water vapour, reacted with UV to produce organics
· The organics were deposited from a galactic molecular cloud when our solar system passed through it.

House et al say (House et al., 2022)

With present knowledge, it will be difficult to determine which of the three scenarios most accurately depicts the events that unfolded on Mars billions of years ago. 

They say Curiosity will have further opportunities to sample this layer in 2022, and they suggest that the Curiosity discoveries may help NASA’s Perseverance team select samples to return to Earth.

However, with their first, biological hypothesis, the organics found by Curiosity are produced indirectly. It’s just the result of methane from past life interacting with UV in the atmosphere that produced these organics, so the deposits wouldn’t preserve the original organics, so there isn’t any potential here for multiple biosignatures. 

The only possible biosignature in these organics is Carbon 13 depletion, and even with the samples returned to Earth, this would be hard to distinguish from methane produced by the other processes they proposed.

[bookmark: _Toc122657658][bookmark: _Toc122890724]If Perseverance returns samples similar to the Curiosity carbon 13 depleted organics, or the Tissint meteorite or ALH84001, this won’t resolve the question of whether they were produced by life – a more unambiguous sample is needed
If Perseverance does return samples of organics with depleted carbon 13 similar to the Tissint meteorite, or even more depleted ratios similar to the samples found by Curiosity, it may still not resolve the question of whether Mars had past life. 

It would be the same situation if Perseverance found a sample similar to ALH84001. It has multiple lines of evidence that suggest the presence of life, including apparent microfossils with associated organics, yet they are not conclusive. See:

· Difficulties of recognizing microfossils even with associated organics – example of ALH84001

Unlike the usual situation for geological puzzles, finding the geological context for ALH84001 or the Tissint meteorite might not do much to resolve the question of whether the organics are from life, if indeed that is what they are. What is needed are multiple independent biosignatures or clearer less ambiguous biosignatures than the ones found in those meteorites.

The debates would be likely to still continue over geological or biological explanations which couldn’t be resolved by geological context.

Perseverance is able to detect some unambiguous biosignatures with its Raman spectroscopy, a new capability. But the biosignatures would need to be exceptionally well preserved to be spotted in this way. See:

· Perseverance could detect distinctive biosignatures like chlorophyll and carotenoids - but only for exceptionally well preserved present day life and chiral excesses and C12 / 13 ratios also occur in meteorites

Astrobiologists recommend searches with a suite of instruments able to detect multiple biosignatures in situ, to increase confidence in whether a sample has potential life in it (Westall et al, 2015). However Perseverance doesn’t have this capability indeed it doesn’t have any dedicated life detection instruments. For more on this see:

· 

On Mars, even a thriving past ecosystem might leave no biomass to be preserved, for instance if the conditions were acidic:

· We don’t know which geological contexts on Mars best preserve past life (if it’s there) - many Martian processes can destroy organics, or wash them out, and even a thriving past ecosystem might leave no biomass, for instance in acidic conditions

There may be well preserved past organics in Jezero crater, but many conditions need to come together for this to happen, including:

· the ecosystem deposited biomass originally, 
· it’s been recently exposed to the surface (or the organics will be destroyed by ionizing radiation)
· no other processes destroyed the biosignatures either while below the surface or once exposed.

Amongst all the organics produced through abiotic processes, there may be samples with multiple well preserved biosignatures in Jezero crater, even on the surface and within reach of Perseverance. 

However, apart from some special cases such as exceptionally well preserved chlorophyll or carotene, Perseverance doesn’t have the in situ capabilities needed to distinguish the Tissint meteorite or ALH84001 from potentially more interesting samples for astrobiology on Mars. 

[bookmark: _Hlk120624920]The organics in the Tissint and ALH84001 meteorites are likely to be easier for astrobiologists to study than most samples Perseverance finds on Mars. That’s because Martian meteorites we have all come from over 3 meters below the surface (Head et al, 2002). 

Perseverance samples surface rocks and has no capability to drill to depths of meters. 

Astrobiologists have stressed the importance of the ability to drill well below the surface to search for past life on Mars. The reason is that most surface organics from past life would be destroyed by cosmic radiation – and may be mixed with infall of organics from other sources, unless exposed recently by geological processes. 
[bookmark: h_processes_destroy_organics][bookmark: _Toc122657659][bookmark: _Toc122890725]The processes on Mars expected to destroy most surface organics from past life
Although cosmic radiation has little effect over centuries, it’s an exponential process (Kminek et al, 2006), To show how this works, if it takes 50 million years to destroy half the molecules of some particular amino acid, a period of time ten times longer, 500 million years of cosmic radiation will reduce quantities to a thousandth () of the original concentration. A period of time 20 times longer, 1 billion years of cosmic radiation will reduce that amino acid to a millionth, and 40 times longer, 2 billion years will reduce it to a trillionth () of the original concentration. 

Meanwhile, processes on Mars can introduce surface abiotic organics into deposits of past life organics.

Deposits of organics from past life can also be altered chemically, for instance by perchlorates or hydrogen peroxide, radioactive decay of elements in the rocks (Grotzinger, 2013) (McMahon et al, 2018)...

Over billions of years, any surface organics from Martian past life can be gradually changed beyond recognition by this process of destruction of the original organics and slow introduction of new organics from abiotic sources.
[bookmark: h_poss_jezero_never_photosynthesis][bookmark: _Toc122657660][bookmark: _Toc122890726]Possibility that past life in Jezero crater life, or even modern Martian life, never developed photosynthesis
In the scenario where Martian life never developed photosynthesis (Hays et al, 2017) , its distribution is likely to be even more heterogeneous (patchy) than in Earth’s deserts. 

Molecular clocks suggest photosynthesis evolved on Earth 3.4 to 2.9 billion years ago (Fournier et al, 2021). 

There’s also possible evidence of stromatolites on Earth dating back to 3.5 billion years ago (Baumgartner et al, 2019). 

So the evidence is unclear, the Jesero crater deposits could have formed either before, or after the evolution of oxygenic photosynthesis on Earth. In any case there’s no particular reason to expect photosynthesis to arise at the same time on Mars as on Earth.

In the current paper we suggest that it's possible that the frequent freeze thaw cycles lead to faster evolution so may permit photosynthesis to evolve faster.

Another possibility is that photosynthesis was transferred from Earth to Mars. This would be challenging though perhaps not impossible in the early solar system when there were large meteorite impacts capable of transferring life between the planets more easily. See:

· Could life get transferred from Earth to Mars? With Earth’s high gravity and thick atmosphere the challenges are far greater but may be more possible in the early solar system with impacts large enough to blow out part of Earth’s atmosphere


 If Mars developed a biosphere it’s possible it never progressed to photosynthesis (Summons et al, 2011:21).

At life’s origin, the dominant energy source was unlikely to have been sunlight. Energy flowing from chemical and thermal disequilibria and particularly from the interaction of hot rocks with water is more likely. Perhaps the same was the case for early Mars.

…

If Mars evolved a biosphere, it may not have progressed to photoautotrophy or a dependence on photoautotrophy as it did on Earth. Thus, in the consideration of Martian environments conducive to producing molecular biosignatures, targeting depositional environments that had a strong chemical energy flux and sustained redox gradients for long periods by biogeochemical cycling is a most promising strategy.

Westall et al suggest evolution of photosynthesis would have been more challenging on Mars than on Earth. Photosynthesis developed on Earth in shallow coastal areas with direct access to sunlight. These conditions were probably common on early Mars but modelling suggests the water was covered in ice most of the time because of the lower levels of sunlight. 

This would have hindered evolution of photosynthesis as they might not have been continuously habitable for photosynthesis for long enough for microbes to develop the capability. (Westall et al, 2013:894)
[bookmark: _Toc122657661][bookmark: _Toc122890727]Alternative to photosynthesis - chemosynthesis – perhaps using hydrogen sulfide or hydrogen including hydrogen from radiolysis in rocks – with much lower levels of biomass than a photosynthesis based ecology

If Jezero crater past life predated photosynthesis, it might use chemosynthesis to fix organics, using reactions with hydrogen, or hydrogen sulfide, such as

CO2 + 4H2S + O2 → CH20 + 4S + 3H2O 

This is one of the reactions used by life in hydrothermal vents (NOAA, n.d.witd)

For the reactions that involve hydrogen, the hydrogen could come from radiolysis – the radiation from radioactive elements in rocks can split subsurface water into oxygen and hydrogen. This is a process used by terrestrial microorganisms in the “Subsurface Lithoautotrophic Microbial Ecosystems” (SLIMEs) (Nealson et al, 2005). 
This energy source could make it possible for life to be distributed more widely, wherever there was enough water to be used in this way (Tarnas et al, 2018) As the lead author Jess Tarnas put it
“We showed, based on basic physics and chemistry calculations, that the ancient Martian subsurface likely had enough dissolved hydrogen to power a global subsurface biosphere,”
However this life might occur at very low concentrations in the rocks. If Mars did lack oxygenic photosynthesis at the time, this would limit the ability to take up carbon dioxide from the atmosphere, and limit the distribution of life at high enough concentrations to detect after degradation.
Sleep et al estimate that before photosynthesis, the burial rate of organics on Earth would be less than 0.56 Tmol per year compared to 10 Tmol a year with photosynthesis. The actual burial rate would likely be much less as ecologies tend to stabilize at much less than the maximum sustained yield of organics with most of the available energy going to maintain the ecology rather than to generate excess organics for burial (Sleep et al, 2007). 
[bookmark: _Toc122657662][bookmark: _Toc122890728]Possibility that past life in Jezero crater or even modern life never developed nitrogen fixation – or if it did, that nitrogen fixation was never taken up by microbes in oxygen rich surface layers 
Martian life may also be limited by availability of nitrogen. Nitrogen levels in the atmosphere for present day Mars are low, and may be too low for nitrogen fixation (it’s close to the limit of what may be possible and may be too low). If nitrogen fixation isn’t possible on present day Mars, this would limit life to habitats with sufficient nitrates available, assuming that Martian life like terrestrial life requires nitrogen. See:
· Sources of nitrogen on Mars as potential limiting factor – unless Martian life can fix nitrogen at 0.2 mbar

Nitrogen fixation originated in anoxic conditions on Earth, in nitrogen poor conditions. It was only taken up by aerobic microbes later (Onstott et al, 2019). In the past, Mars may have had oxygen rich surface layers similar to those for Gale crater lake (Doyle, 2017) (Lanza et al, 2014) (NASA, 2017). 

If nitrogen fixation followed a similar evolutionary path on Mars, the Martian life might have never developed nitrogen fixation in the past. Or perhaps early Martian life did develop nitrogen fixation, but the ability to fix nitrogen was never taken up by aerobes. If so, nitrogen from the atmosphere may be only available to life in deposits from anoxic environments in early Mars.
In these two scenarios, past life would be either
· limited to deposits where nitrogen was available, or 
· also found in anoxic environments where it could access nitrogen from the atmosphere
Even if Martian never developed nitrogen fixation and never developed photosynthesis in either the past or the present, this scenario need not mean a lifeless Mars.
Past life and even present day life could still be there, but be challenging to detect because it would be limited to habitats with chemical sources of energy and with sources of nitrogen.
[bookmark: _Toc122657663][bookmark: h_patchy_milliscale][bookmark: _Toc122890729]Present day and past life may be patchy or inhabit millimeter scale features
Surface organics on Mars are also constantly destroyed by its abundant perchlorates and other reactive chemistry. These could remove traces of past life, and also, recently deposited traces of present day life.

Most of the rock on Mars is volcanic in origin. Microbes may inhabit millimeter scale features in the rock. Cockell used terrestrial obsidian to gain insights into colonization of Martian rocks. Although obsidian hasn't been directly detected on Mars, the processes are similar. He found that many cubic centimeter samples are lifeless. He recommended a minimum sample size of ten cubic centimeters from a Martian rock, for a reasonable chance to detect life in it.

As he put it: (Cockell et al, 2019c)

Every sample Is a ‘microbial island’

Mars was far more habitable for terrestrial life at the time when the deposits in Jezero crater formed than it is today. However even then, past Martian life may be similarly patchy, in microbial islands, if it remained at such an early stage of development, perhaps without photosynthesis (Hays et al, 2017) or nitrogen fixation.

 Also, we don’t know in advance where to look in the geological record for past life (Beaty, 2019) (Cockell et al, 2019c). Figure 21 gives some idea of the complexity of the processes inferred for Gale crater and Jezero crater is likely to be as complex as this. Even if we know the geology very well, we still may not know where to look for life in the geology of the landscape.
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Figure ??: Nature Astronomy

 [Figure needs permission, redraw or new source]

Figure 21: sketch of major processes and environments inferred from observed carbon and oxygen isotope ratios found in samples taken by Curiosity at Gale crater. Similar processes can be expected at Jezero crater.

Blue arrows indicate flow of groundwater and brown arrows indicate reactions or transport of carbon or oxygen bearing materials. Some of these processes may be ongoing today including oxygenation of organics delivered to Mars (exogenous organics) and photolytic CO2 reduction (abiotic photosynthesis).
[Figure 3 of (Franz et al, 2020)]

Any past or present day life is likely to be patchy (heterogeneous) and may be highly localized. Without robust in situ biosignature detection, Perseverance may well return samples of abiotic organics formed through these processes even when there are other organics in nearby rocks or even the same rock from the same geological deposit, created by past or present day life. 

[bookmark: _Toc122657664][bookmark: _Toc122890730]If Mars has present day life - it’s likely to be in low concentrations as for hyper-arid terrestrial deserts, and may colonize temporary habitats slowly over thousands of years 

Present day life in Mars analogue hyperarid deserts on Earth is low biomass, and non uniform (heterogenous), often in isolated patches of life surrounded by regions with minimal or no life. For instance in the hyper arid core of the Atacama desert, microbial life is rare except in halite crusts [salts] that it colonized (Vítek et al, 2010). It’s possible, maybe likely, that this passage describing Mars analogue hyperarid deserts could also apply to Mars, if there is present day life there (Wierzchos et al, 2012):

In desert zones, besides the scarcity of water, microorganisms also need to withstand solar fluxes, including lethal UV light, high and low temperatures and their rapid fluctuations, high rates of water evaporation, prolonged periods of desiccation, oligotrophic conditions [low levels of nutrients], and frequently high salinity levels such as those in evaporitic rock habitats. Even brief exposure to solar radiation can cause cell death within a few hours. Despite these numerous hurdles for life, researchers have been able to detect the presence of microorganisms in all of Earth’s deserts.

It has thus become apparent that through a long process of evolution microbes have developed colonization strategies, with their survival in the extreme desert habitat dependent upon a delicate balance between favorable and less favorable conditions. Since any disturbance in this balance could have lethal consequences, these microhabitats generally sustain low levels of biomass.

Most of the Martian environment is even more inhospitable than these deserts. Yet, as on Earth, life may still be there, dependent on a fragile and delicate balance. Some microhabitats transition to no longer habitable while new microhabitats form as local conditions change. This fragile balance could mean that only some of the potential microhabitats are inhabited and the levels of biomass are likely to be low.

The process of colonization of new habitats may take thousands of years. There is evidence that species of lichens and mosses are still in the process of recolonizing Antarctica since the last ice age, with the species diversity dependent on the distance from the nearest geothermally active sites that provided refuges during the ice ages (Fraser et al, 2014)

By analogy with hyper arid deserts, Mars may have life within the rocks, or beneath them. There may also be life in the surface layers of the dirt. 

This image shows some of the possible habitats for rock dwelling endoliths (that dwell inside rocks) and epiliths (that dwell on the surface of rocks)
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Figure 20: Potential habitats for endoliths on Mars as on Earth’s hyperarid deserts - epiliths on the surface of rocks, cryptoendoliths within the rocks, hypoliths beneath rocks, and chasmoendoliths in cracks in the rocks. From (Wierzchos et al, 2012)
The cryptoendoliths can occur in transparent rocks like quartz, or porous rocks like sandstone. Other habitats include micropores in salt deposits (Wierzchos et al, 2012).
In addition, some, or many potential habitats on Mars may remain uninhabited because 

· Martian life never evolved the necessary capabilities to take advantage of that habitat, or
· Life never got to that particular habitat since the habitat formed, or
· Life got there but was sterilized by a later event.
[bookmark: h_We_dont_know_geological_context][bookmark: _Toc122657665][bookmark: _Toc122890731]We don’t know which geological contexts on Mars best preserve past life (if it’s there) - many Martian processes can destroy organics, or wash them out, and even a thriving past ecosystem might leave no biomass, for instance in acidic conditions
We don’t yet know which geological contexts on Mars will best preserve past life (if it’s there) – as there are many ways it can be destroyed or never be deposited originally

We also don’t yet know which Martian processes are most conducive to preserving fine structure and organics from past life.

The preservation of biosignatures of past life depends on the history after deposition  (Grotzinger, 2013) (McMahon et al, 2018). 

· if the organics remain close to the surface for hundreds of millions of years before they are buried, or are temporarily exposed to surface conditions at some later stage in their history, the organics will be degraded by cosmic radiation. 
· Later flooding can wash out organics,.
· If organics encounter warm conditions they can flip to the mirror form of the molecule and so lose the chirality signal through racemization. 
· The organics can be further modified by chemical reactions, for instance with perchlorates, hydrogen peroxide and oxygen

Preservation of the biosignatures also depends on the conditions in which the organics are deposited (Hays et al, 2017).
· The very conditions that make a habitat suitable for life, such as the flowing water that creates chemical redox gradients in a hydrothermal vent which life exploits for energy, can also degrade the biosignatures that help us to recognize that life.
· Similarly the water that deposits the clays and other minerals that help preserve the biosignatures can also in turn destroy those biosignatures. 

So we may need to find a sweet spot, a deposit that was both habitable, but also not degraded too much by the fluids that made it habitable (Hays et al, 2017), for it to be preserved well enough to be recognized 

Cockell et al summarize some of these processes that can lead to return of a lifeless sample from Mars (Cockell et al, 2019b):
a. Did life arrive or originate on Mars?
b. Does (part of) the sample derive from a habitable environment?
c. Does (part of) the sample derive from an inhabited niche within that environment?
d.  Was the biomass impinging on the sample appreciable? 
e. Did biosignatures form within the sample and endure to the present? 
f. Can the biosignatures now be unequivocally detected?
If the answer to all those is "Yes" then
g. Sample revealing life on Mars.

 [Figure needs permission, redraw or new source]

Figure 22: Scenarios that can lead to the return of a lifeless sample from Mars, including the case of a sample that actually did contain life but it is no longer recognizable. [Figure 1 of (Cockell et al, 2019b)]

Cockell suggests we aim to identify and map out samples of organics without biosignatures as we search for the ones that do have recognizable signatures of life

Cockell et al say (Cockell et al, 2019b) that the processes that could preserve life on Mars are different from Earth because Mars
· Has no tectonic subsidence or burial
· A more iron rich crust
· High concentrations of oxidizing agents such as perchlorates
· Tendency for acidic chemistries for the life (which leads to less preservation of organics) and lower temperatures (which leads to less biomass)
They say a thriving ecosystem could leave no biomass on Mars. However, if Mars did have past life on a planetary scale, it is unlikely that nothing has been preserved of past ecosystems anywhere on Mars. So, a collection of many lifeless samples from many different contexts would suggest that Mars never had life.

Cockell et al say a more likely scenario is that past life signatures are found but are close to the detection limit or are ambiguous, leading to the situation where some researchers are of the view that life was detected in the samples, while others say it wasn’t detected, as happened with ALH84001 (Cockell et al, 2019b).

Grotzinger, Project Scientist for the Curiosity Mars Science Laboratory mission, suggests we may need to find a “magic mineral” on Mars that preserves ancient life. He says that for Earth this key mineral was chert. The discovery in 1954 that this mineral preserves the cellular structures of microbes was the key to unlocking the secrets of early life on Earth. There may be similar key discoveries that open up a window into past life on Mars (Grotzinger, 2013) (Grotzinger, 2014).

For a clear signal, for past life, the sample has to be deposited, and then avoid conditions that could destroy or degrade it. For the best chance of detecting past life on Mars, we need: (Grotzinger, 2013):
1. Life there in the past, In the best case for detecting life, life was present in almost every potential habitat. However if, say, it was not capable of nitrogen fixation or photosynthesis, it might occur in only a few locations, so we will need to learn where to look for it.
2. Remains of life accumulated, Likely locations may include the bed of a lake, a delta, or the detritus from a flash flood.
3. The remains were preserved quickly, caught in clays or salt, or the microbes rapidly entombed in fast forming rocks like chert.
4. Ideally, plunged rapidly into freezing conditions, because in warmer conditions, the organics deracemize (flip into their mirror images) which makes it harder to distinguish life from non life.
5. Buried quickly, ideally within a few tens of millions of years, to a depth of several meters for protection from the cosmic radiation degradation.
Then once it is safely buried, it has to survive for billions of years and then be returned to the surface. This means that over those billions of years it
1. Wasn't washed out with later floods, or altered or destroyed by the perchlorates and other chemicals, or returned to the surface temporarily for more than brief time periods.
2. Wasn't mixed with other sources of organics, or if it was, it was mixed in a way that is easy to disentangle
3. Was returned to the surface rapidly (perhaps as a result of a meteorite strike or fast weathering of the rock by the Martian winds), and did this in the very recent geological past. 
[bookmark: _Toc122657666][bookmark: _Toc122890732]Need many example samples as we study factors that lead to lifeless samples 
Cockell et al recommend multiple samples of each sample type for the best chance of returning life. They suggest we look at a variety of hydrological contexts, not just locations with most water, as high levels of water flow often reduce biomass and biodiversity. They warn that high temperatures and salts can also make water uninhabitable. They recommend a sampling strategy that can help to further our understanding of the processes on Mars that lead to lifeless samples rather than a single minded focus on an attempt to return a sample with biosignatures in it.

We recommend that researchers preparing for the analysis of Martian samples should place more emphasis on distinguishing different scenarios that lead to lifeless samples as opposed to a single-minded search for biosignatures. Sample collection strategies for Mars exploration would benefit from being designed around the collection of a sufficient number and diversity of samples to understand the factors that give rise to lifeless samples

If Mars is lifeless we can’t decide this with just one mission, but our first samples can expand our knowledge of the potential microhabitats that it hasn’t colonized. To do this we need to target potential habitats or microhabitats past and present.

There may be ways to improve the chance of returning recognizable past or present day life if it is there. Over the entire surface of Mars it’s likely there are many samples we can find that will tell us much about past life on Mars, but with a first expedition with no in situ life detection capabilities we are essentially running blind. 

However, given the decision to prioritize sample return over in situ searches, Perseverance’s target, Jezero crater (NASA, 2020prls), has high potential.

Meanwhile ESA’s Rosalind Franklin when it is sent to Mars in 2022, will target Oxia Planum, another site with complex multi-layer phyllosilicate clay deposits which gives another opportunity to find out about present day and past life, especially as it has the ability to drill to a couple of meters (ESA, 2019op). 

In Jezero crater, the carbonate deposits especially could trap organics quickly and stabilize them and protect them from leaching. The delta deposits also may favour accumulation of large amounts of organics (Horgan et al, 2020).

Jezero crater also contains hydrated silica, identified from orbit. This has high preservation potential, however this depends on what form this takes. Amongst other possibilities the hydrated silica could have formed volcanically, or as a result of fluids causing chemical changes in olivine rich rock or delta deposits, or been transported there by the river or wind, or it could have formed in situ in a lake (Tarnas, 2019).

We need to manage expectations here. Astrobiologists will be under great pressure to make deductions from inadequate samples from Mars. However,if Perseverance returns samples of organics equivalent to the Tissint meteorite or ALH84001, or most likely more degraded than those samples because of the surface ionizing radiation, perhaps even with apparent microfossils as for ALH84001, astrobiologists won’t be able to make any conclusive deductions.. 

Several studies by astrobiologists have concluded that we need capabilities to identify life in situ, and to drill, to have a reasonable chance of resolving central questions of astrobiology (Paige, 2000), (Bada et al, 2009), (Davila et al, 2010). 

Perseverance lacks these capabilities. They will be important for future astrobiological missions to Mars (Hays et al, 2017) which would explore the surface salts, the surface and near subsurface brines and ices, caves, the deep subsurface, and other possible refugia for extant life (Carrier et al, 2020:804). See

· 

However even with these limitations we may still be able to do things to improve the potential to return samples of past or present day life.

It is especially important to try to return samples with clear biosignatures because Perseverance’s sample tubes are not 100% clean. 
[bookmark: _Toc122657667][bookmark: _Toc122890733]Mars sample tubes weren’t sterilized 100% out of concern by engineers that a sterile container might not be able to open on Mars - higher levels of sterilization needed to detect life unless Perseverance returns life with recognizably different biology or abundant exceptionally well preserved life 

Sadly, if unambiguous biosignatures like chlorophyll or carotene or even viable life is found in the sample cached by Perseverance, there will be some issues still confirming that it is from Mars and not contamination.

The Mars sample tubes themselves are not 100% sterile of terrestrial biosignatures or viable terrestrial spores. The engineers were worried that putting the tubes in a bag to keep them sterile would risk jeopardizing the mission, in case the bag couldn’t be opened (Redd, 2015). 

Instead, after baking and sterilization, the sample tubes were exposed to the atmosphere in a clean room. They then had to be handled by technicians when they were placed in the rover. This decision made 100% sterilization impossible. So NASA went for less strict requirements.

Perseverance could still detect Martian life if it is recognizably very different from terrestrial life, for instance, mirror biology, or if there are very large quantities of exceptionally well preserved life. But as we’ll see, the achieved levels of sterilization would not be enough to prove presence of life if it occurs in small quantities and is similar to terrestrial biology. Sadly also, the achieved levels of sterilization will likely make it hard to impossible to prove that there is no Martian life in the sample leading to risk of a false positive that will mean that samples have to be contained indefinitely as they can’t be proved to be safe to distribute unsterilized.
[bookmark: _Toc122657668][bookmark: _Toc122890734]Achieved levels of sterilization yield a 0.02% probability of a viable cell in at least one sample tube, so if a single viable microbe is found in one of the tubes, proof of detection of Martian life can only achieve 3.09 sigma

[bookmark: _Hlk121341515]For living cells, the requirement is no more than a 0.1% chance of a single live terrestrial organism. This is per tube rather than per gram of sample. They estimate that they achieved a much more stringent 0.00048% (Boeder et al, 2020: table 6).

If their estimate is accurate, this makes it no more than a 0.02% chance of finding a single live terrestrial organism in at least one of the 38 tubes (NASA, 2020prst). 

This makes the significance level for a viable microbe about 3.09 sigma. At that level some would claim a discovery of life, but it could be challenged, especially if the microbe is a species known from Earth or closely resembles terrestrial life.

If a microbe is found which uses what seems to be terrestrial biology but the species is novel, again a claim to have discovered life on Mars could be challenged. The vast majority of microbial species haven’t been characterized or sequenced or cultivated in the laboratory, the problem of “microbial dark matter”  (Dance,2020). Clean room samples usually have numerous unrecognized microbial species (Weinmaier et al, 2015). 

However, if a viable microbe is found with a clearly non terrestrial biology that would be a sure sign that it came from Mars.

[bookmark: _Toc122657669][bookmark: _Hlk120537949][bookmark: _Toc122890735]Estimated achieved level of maximum 0.7 nanograms for each tested biosignature and 8.1 nanograms total organic contamination in every gram of returned rock sample – with no tests for chlorophyll or carotenoids, amongst the most robust biomarkers for ancient life on Mars, which could also get into the tubes, for instance through the cyanobacteria found in clean room samples 

As well as that small chance of a viable microbe, the sample tubes are permitted to have up to 1 nanogram of potential biosignature organics per gram of returned sample of organics. They test for DNA, the most common amino acids used by terrestrial life, glycine and alanine (other amino acids not measured, assumed to be less abundant), the most common lipid palmitic acid (other lipids not measured) and so on. 

They tested for 16 “Tier 1” compound, most of them biomolecules( Boeder et al, 2020: table 1) (Summons et al, 2014:991).:
· DNA,
·  dipicolinic acid (spores), 
· n-acetylglucosamine (bacterial and fungal cell walls), 
· glycine and alanine (amino acids),
· palmitic acid and squalene (for lipids), 
· pristane (as a hydrocarbon from petroleum contamination not found in meteorites), 
· chlorobenzene and dichloromethane (risking confusion with Martian organics), 
· naphthalene (example of a PAH, found in fossil fuels, and one of the constituents of ALH84001), 
· urea (as representative of nitrogenous compounds and important for prebiotic chemistry), 
· acetic acid (as a short-chain carboxylic acid), 
· glycerol (as a polyhydroxy compound), 
· pyruvic acid (as a hydroxy carboxylic acid), and
·  n-heptacosane (as a linear hydrocarbon, a common industrial contaminant) 

[bookmark: _Hlk121341367]The estimated level achieved was 0.7 nanograms per gram of returned rock sample after modelling for the effects of the tubes, contamination on the rock boring instruments and so on (Boeder et al, 2020: table 6). 

They emphasized that their goal is to set limits not only for the compounds they tested but to ensure that

“all related compounds (e.g., all proteinogenic amino acids, common lipids, nucleotides, sugars, hydrocarbon biomarkers, etc.) should be at similar or lower levels”
(Summons et al, 2014:991)

This limit of 1 nanogram per gram of returned rock sample is for the particular most abundant organic measured (Summons et al, 2014:991). So for instance their aim with the limit for alanine and glycine was to achieve similar limits individually for any amino acid. The 1 nanograms is not a limit for the total of all amino acids.

Details and the motivation are given in the proposals from the 2014 Organic Contamination Panel (Summons et al, 2014:991 and table 5) and the final list of organics measured in (Boeder et al, 2020: table 1)

They also have a limit on the total organic carbon per sample tube. 

The requirement for total organics was 10 nanograms per gram of returned rock sample. Their best estimate of the level of total organics achieved was 8.1 nanograms per gram (Boeder et al, 2020: table 6), 

This means each gram of returned rock sample could have 8.1 nanograms of organics and up to 0.7 nanograms of contamination from DNA, or Glycine, or some other organic biosignature. The paper doesn’t give a detailed breakdown of the estimated level achieved for each organic. 

The aim here was to make sure that typical levels of organics detected in Martian meteorites we already have could be detected in returned Mars samples. 

However ancient organics on Mars are likely to be severely degraded by cosmic radiation (Kminek et al, 2006) and hard to distinguish from organics from infall from meteorites, comets, and interplanetary dust (Goetz et al, 2016:247) (Frantseva et al, 2018) as we saw in:

· The processes on Mars expected to destroy most surface organics from past life

Chlorophyll and carotenoids are amongst the top candidates of the more complex molecules that could be preserved on Mars if it has life similar to terrestrial biology, because they are so resistant to ionizing radiation.

See:
· Perseverance could detect distinctive biosignatures like chlorophyll and carotenoids - but only for exceptionally well preserved present day life and chiral excesses and C12 / 13 ratios also occur in meteorites


Clean room samples include cyanobacteria (Hendrickson et al, 2021), so the sample tubes are likely to have chlorophyll and carotenoids in them

Since they didn’t test for these biosignatures, we can't give achieved levels of organics, but if either carotene or chlorophyll is found in minute quantities of a few molecules, it would again be hard to rule out terrestrial contamination. 

[bookmark: _Toc122657670][bookmark: _Toc122890736]Perseverance’s estimated achieved levels of 8.1 nanograms of organic contamination per gram of returned rock sample is more than the amount of organics in 81,000 ultramicrobacteria, or 160 million hypothetical minimal volume RNA world nanobes and is equivalent to the organics found in trillions of terrestrial amino acids – life detection instruments that astrobiologists hope to send to Mars can detect a single amino acid in a gram of sample

An ultramicrobacteria by definition has a total volume of less than 0.1 cubic microns in its mature state, while an ultramicrocell is defined as a viable cell of similar volume to an ultramicrobacteria that grows to normal sized cells when cultivated, found in old or starved cultures of normal bacteria (Duda et al, 2012) (Nakai, 2020). Some ultramicrobacteria or ultracells may be much smaller down to a volume of 0.02 cubic microns (Duda et al, 2012).

There are 10,000 microns in a centimeter so one gram (cubic centimeter) of water has a volume of a trillion cubic microns. 

So a nanogram (billionth of a gram) of water has the same volume as 1000 cubic microns, or 10,000 to 50,000 ultramicrobacteria or ultramicrocells. This isn’t taking account of the water content which would likely multiply these figures by 3 or 4, as water content is typically 70% or more of the cell’s mass (Cooper et al, 2007).

Assuming Martian microbes have a density similar to water. the estimated level of 8.1 nanograms per gram of returned rock sample for total organics is enough mass for 81,000 ultramicrobacteria at 0.1 cubic microns.

As for the hypothetical minimal volume RNA world nanobes, now referred to as ribocells, we can use an estimated volume of 50,000 nm3 (Board et al, 1999: 117), or 0.00005 cubic microns. Even a picogram, the mass of a cubic micron of water, is enough mass for 20,000 of those hypothetical ribocells and the 8.1 nanograms are the same mass as 162 million of those hypothetical ribocells.

The 0.7 nanograms per biosignature is enough for 7,000 ultramicrobacteria and 14 million hypothetical minimal volume ribocells. That is per biosignature. The sample could contain thousands of ultramicrobacteria and millions of ribocells and they wouldn’t be detected as contributed unusual levels of biosignatures.

So, there is a small but non zero possibility of a false positive detection of a viable microbe, and a high possibility of detection of biosignatures such as DNA that could incorrectly suggest the presence of Martian life. 

A false positive could delay the process of determining that there is no Martian life in the sample, indeed it might be impossible to prove the absence of Martian life that might have similar biology to terrestrial life because of the permitted levels of terrestrial contamination in the samples.

See:
· Permitted levels of contamination could make it impossible to prove absence of Martian life in Perseverance’s sample tubes – leading to an unnecessary requirement to sterilize Perseverance’s samples indefinitely

The largest amino acid by mass is Tryptophan W with a molecular mass of 204.22 g/mol (NCBI, 2022t) and the smallest is Gycine with a molecular mass of 75.07 g/mol (NCBI, 2022g), So the estimated 0.7 nanograms per organic per gram of returned rock sample, if applied to amino acids would permit between 2 trillion and 5.6 trillion terrestrial amino acids depending on its molecular mass.

In situ instruments astrobiologists wish to send to Mars some day are designed to achieve far higher sensitivities, for instance the Astrobionibbler is able to detect a single amino acid in a gram of sample (Schirber, 2013).(Noell et al, 2016). This reflects the expected difficulty of finding the signature of degraded past life in samples. 

[bookmark: _Toc122657671][bookmark: _Toc122890737]We can expect to find novel species and genera from terrestrial contamination in the sample tubes – in a ribosomal survey of samples taken from the clean room used to assemble Perseverance, 4 species were found that didn’t closely resemble any previously detected terrestrial ribosome – and 41 species only detected through their small ribosomal subunit and example of the genus Tersicoccus first found in clean room samples
Many microbial species are only known from the rRNA in the small 16 S subunit of their ribosomes, the factory that a cell uses to make proteins from the mRNA instructions.
[image: Diagram
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Figure ??: Messenger RNA enters through this hole which opens like a latch to let it in when it is translated into a protein.
Small subunit of the ribosome protein factory.
.RNA strand in orange. - many microbial phyla are only known through this RNA sequence
This rRNA strand is very stable. It is used to study microbial diversity, because it’s conserved with less variability from species to species than most sequences (Goodsell, 2000).
As of 2016 there were at least 89 phyla of bacteria and 20 of archaea that were recognized only by these RNA databases of the small ribosome subunit , though the true count of phylae for bacteria could be far higher with estimates of up to 1,500 bacteria phylae (Solden et al, 2016).
In a study of the rRNA 16S subunit of ribosomes in the clean room used to assemble Perseverance, researchers found 49 identified species using 16S mRNA sequencing. Four of them were novel, differing by more than 98.7% from any previously sequenced ribosome (Hendrickson et al, 2021).
It seems likely that this level of diversity extends to the residual organics in the sample tubes. Astrobiologists would also be able to use detection methods such as Astrobionibbler able to detect a single amino acid in a gram of sample (Schirber, 2013).(Noell et al, 2016), never mind a ribosome which is made up of numerous amino acids and nucleotides.
If so, with the high level of scrutiny of the samples, astrobiologists may well identify ribosomes in all the tubes.
If each tube is analysed until ribosomes are found we can perhaps expect that most of the tubes will contain at least one ribosome unique to that tube, and that perhaps three or four of the terrestrial ribosomes found may be sufficiently different to be unlike any previously known species.
Astrobiologists might then be able to isolate new species or a new genus from the sample tubes, which in reality comes from Earth. For an example of a novel genus found in clean rooms, to illustrate how this might play out, the genus Tersicoccus was discovered in two clean room samples in 2013 (Kennedy Space Center, Florida, USA and Centre Spatial Guyanais, Kourou, French Guiana) (Vaishampayan et al, 2013). Three years later, another species in this same genus, Tersicoccus solisilvae sp, was later isolated from forest soil in Munnar, India (Sultanpuram et al, 2016), then a year after that, a new strain of the original species was later isolated from Lake Biwa, the largest lake in Japan (Nakajima et al, 2017). There are no reports yet of the original strain in Florida or French Guiana, even though it was found in both places, but presumably got into those clean rooms from nearby locations.

A similar scenario could play out with the Perseverance samples, that the astrobiologists find the genetic sequence of a new genus, and hypothesize it could be a Martian organism – but a few years later find it in terrestrial soil, a lake, ocean, desert etc.
[bookmark: _Toc122657672][bookmark: _Toc122890738]The permitted contamination will make it challenging to prove Perseverance’s samples do NOT have Martian life in them and make it harder to spot genuine Martian microbes that closely resemble terrestrial biology – they will need to contain exceptionally well preserved past or present day life - or we need to collect additional samples in more sterile containers with the sample fetch lander

This will make it challenging to prove that the samples do NOT have Martian life in them which could lead to an unnecessary requirement to sterilize the samples indefinitely.

· Permitted levels of contamination could make it impossible to prove absence of Martian life in Perseverance’s sample tubes – leading to an unnecessary requirement to sterilize Perseverance’s samples indefinitely

This also makes it harder to spot microbes from Mars that closely resemble terrestrial biology.
If samples of degraded past life are returned, or well preserved past life in low concentrations, higher levels of sterilization for the sample tubes are likely to be needed to study them adequately. 

We can’t do anything about this for Perseverance but this paper suggests that we can add extra sample tubes or containers to the ESA lander to collect samples similar to Viking’s scoop of dirt, and dust samples. Sample containers that target present day life clearly have to be 100% sterile. Sample containers for past life also should be 100% sterile, if detection of life is the main objective.

Meanwhile for Perseverance, to have a realistic possibility of detecting Martian life, against the background signal of the permitted organic contamination, significant amounts of exceptionally well preserved past life is needed, or significant amounts of viable or well preserved present day life. A single viable cell with biology resembling terrestrial life would not necessarily count as a proof of life from Mars but a sample containing many viable cells could count as proof, or indeed any proof of non terrestrial biology.
[bookmark: h_could_samples_contain_viable_life][bookmark: _Toc122657673][bookmark: _Toc122890739]Could Perseverance’s samples from Jezero crater in the equatorial regions of Mars contain viable or well preserved present day life? 
There is much discussion about whether life is possible in equatorial regions of Mars such as Jezero crater. The question is not yet resolved. A minority of scientists think the Viking landers detected life already in the equatorial regions in the 1970s. Whether or not they did, there are many other possibilities now for life there.

This has been invigorated by
· Discovery of patterns resembling circadian rhythms in the Viking labelled release results, offset by two hours from the temperature peaks – such a long delay is hard to explain using abiotic processes
· The discoveries of RSLs (Recurrent Slope Lineae) or dark streaks that form on sun facing slopes in spring and grow seasonally and may be at least partially explained by flowing salty brines as well as dust flows, with the brines potentially habitable.

· the discovery by Curiosity of salty brines that form briefly overnight in surface layers of sand dunes. They are at times warm enough for terrestrial life but too salty and at other times have enough water activity for terrestrial life but are too cold – however they may be habitable to more versatile Martian life, and even terrestrial biology may be able to survive there in biofilms that can create their own microclimate by retaining water from the night through to warmer conditions.

Let’s look at this research in detail: 
[bookmark: _Toc122657674][bookmark: _Toc122890740]Puzzles from the Viking landers – why some think Viking detected life already in the 1970s – evolved gases in the labelled release experiment offset from temperature fluctuations by as much as two hours, more typical of a circadian rhythm than a chemical reaction 
The equatorial region of Mars is dry with no surface deposits of ice, making it a challenging location for life. However, the night time humidity can reach close to 100% and there are salt deposits that can capture water from the atmosphere. Reanalysis of the Viking mission data has led some to consider the possibility that the Viking landers found life in equatorial regions of Mars in the late 1970s. The most striking discovery was of circadian type rhythms offset from temperature fluctuations by as much as two hours. Miller et al found that: (Miller et al, 2002). 

· The detector is only one inch from the experiment so the temperature fluctuations at the detector should be synchronized closely to the temperature fluctuations of the experiment through radiation and convection. 
· The gases released would take only about twenty minutes to reach the beta detector from the experiment. 
· The temperature change is about 2º C which is enough of a difference for circadian rhythms in various organisms including bread molds. 
· Though the labelled release of gases is delayed by up to two hours as the temperature rises, it follows it almost exactly as it falls which is another characteristic of circadian rhythms. 
· The gas release follows the larger scale temperature changes but not smaller changes, again a feature of circadian rhythms.

[Figure needs permission]
Figure 23: The labelled release (in black) is almost synchronized with the temperature fluctuations (red), but delayed by two hours.
From (Miller et al, 2002: Figure 7 (lower))
[Figure needs permission]
Figure 24 The labelled release (in black) is smoother and there is uncorrelated noise in both graphs. A chemical reaction would be expected to follow variations in the temperature (shown in red) more exactly..
From (Miller et al, 2002: Figure 8 (lower))
None of the explanations for the Viking results are totally satisfactory, whether life or non life. Perhaps the most favoured chemical explanation for the Viking results is the reaction studied by Quinn et al in 2013. They suggested that the perchlorates in the soil were decomposed through gamma radiation to hypochlorite (ClO-), trapped oxygen, and chlorine dioxide. Then the hypochlorite reacted with the 14C-labelled alanine to produce chloroalanine which then decomposed to produce the 14C-labelled CO₂. (Quinn et al, 2013). 
Any abiotic explanation has to explain the two hour offset of the circadian rhythms. There are other anomalies to explain too.
· Two of the labelled release experiments got inactivated after storage in darkness for several months
· Activity of the soil is significantly reduced if heated first to 50 °C. 
Levin and Straat in a paper published in 2016 review some of the issues they have found with this and other proposals (Levin et al, 2016). 
It is either life or very complex chemistry.
Whatever the answer about whether Viking found life on Mars in the 1970s, there does seem to be potential for microhabitats for life in equatorial regions of Mars. This may be especially so for native life that may have different capabilities from terrestrial life such as the ability to grow at colder temperatures.
[bookmark: _Toc122657675][bookmark: _Toc122890741]Could spores from nearby habitats explain the Viking results? 
There might be habitable brines in the Recurrent Slope Linea, dark streaks that form on hillslopes in spring, extend through the summer and broaden, then fade away in autumn. Some may be based on dust flows, but others seem likely still to have a wet formation mechanism. Some RSL's occur in equatorial regions and are hard to spot from orbit, so it's not impossible that there could be some close to Perseverance. Some were found close to Curiosity's landing site after the rover landed on Mars. Perhaps spores from these brines could explain the results?
See Could local RSL’s be habitable and a source of wind dispersed microbial spores? Both dry and wet mechanisms leave unanswered questions - may be a combination of both or some wet and some dry

Then in addition, we now know that ultracold perchlorate brines can be found in many of the sand dunes in Gale crater and probably also in Jezero crater.

So could these be habitable to Martian life? If so they might be a source for spores for the Viking experiments, and whether they are relevant to Viking, they are of interest in their own right as a possible habitat in Jezero crater.
[bookmark: _Toc122657676][bookmark: _Toc122890742]Detection by Curiosity rover of liquid water with enough water activity for life though too cold for terrestrial life - as ephemeral perchlorate brines in the Gale crater sand dunes - similar conditions are predicted in Jezero crater dunes
Curiosity found clear though indirect evidence of salty brines in Gale crater. These brines may be based on calcium perchlorate as the salt, which can form liquid brines at cold temperatures below -70 °C.
Curiosity detected these brines through the DAN experiment (Dynamic Albedo of Neutrons) (NASA, n.d.dan) which is able to detect subsurface hydrogen from water. At the same time, the REMS instrument detected a lower night time humidity over sand, suggesting that the water from the air is taken up within sandy soil at night (Martin-Torres et al, 2015). This all adds to strong evidence for liquid water in Gale crater, and especially in the sand dunes. 
This figure shows data points from Curiosity plotted against time of day and season
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[bookmark: _Hlk121311280]Figure 25: Indirectly detected surface brines mapped according to time of day and time in the Martian year. The light blue patches are liquid on the Martian surface and the dark blue patches later in the day are liquid at a depth of 5 cm.

Black lines frame the time when liquid water in the form of these brines is stable. Sunrise and sunset times shown with the red lines. (Martin-Torres et al, 2015)
These brines seem at first to be outside the range of habitability for Earth life. At times in the daily cycle they are warm enough but have too little water activity and at other times they have enough water activity at about 0.525 but at -73 °C are far too cold for even the most cold tolerant Earth microbes to flourish (Martin-Torres et al, 2015). 
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Figure 26: Inferred temperature / water activity measurements superimposed on the phase diagram for calcium perchlorate. The blue dots cover the region where liquid water could form, water activity about 0.525, temperature about 200°K or -73°C (Martin-Torres et al, 2015)
So, can these brines form in Jezero crater too? The answer seems to be that they likely can. Gale crater is one of the driest, warmest regions of Mars and the brines are likely to form more easily in more humid locations further from the equator (Martin-Torres et al, 2015)
Jezero crater is further from the equator at 18.45°N (NASA, n.d.WiP) compared to Curiosity’s landing site at 4.589°S (NASA, n.d.WiC). Although Curiosity's landing site was lower in elevation at -4,400 meters below Martian “sea level” (NASA, n.d.cls), compared to -2,700 meters for Perseverance (DLR, n.d.), Jezero crater is more humid. 
Calcium perchlorate brines are likely to be stable on the surface for five hours in the morning in Jezero crater compared to three hours for Gale crater. The relative humidity in the atmosphere is expected to reach ~100% an hour or so before dawn, compared to ~90% for Gale crater (Chevrier et al, 2020: figure 7).
[bookmark: _Toc122657677][bookmark: _Toc122890743]How Martian life could make perchlorate brines habitable when they only have enough water activity for life at -70 °C – biofilms retaining water at higher temperatures - chaotropic agents permitting normal life processes at lower temperatures – and novel biochemistry for ultra low temperatures
The inferred temperature and water activity for the brines found by Curiosity are well outside the normal habitability minima of 0.6 a.w. (water activity) and -20°C for terrestrial life (Rummel et al , 2014). However terrestrial life never encounters these conditions of extreme cold and high concentrations of perchlorates. Any Martian life would have evolved to live in these conditions, so it may be able to inhabit microclimates outside the known range of terrestrial life.

There are several factors that Martial life could exploit that may make these brines more habitable for Martian life, and possibly for terrestrial life too.

Microbes can create and modify microclimates, so the microclimate inferred by REMS from the surface humidity may not be identical to the microclimate experienced by microbes in the sand.

[bookmark: _Hlk120695654][bookmark: _Hlk121420171]Nilton Renno, who runs the REMS weather station on Curiosity and who previously showed habitable salty brines could form briefly in polar conditions (Renno, 2014):, remarked that biofilms could modify the habitability of the brines Curiosity found, by retaining moisture through to daytime. (Nilton Renno cited in Pires, 2015) He said: 
“We had made simulations that imitated the conditions of Mars in my laboratory and the results showed us how small amounts of liquid water can exist on the surface of the polar region of Mars,” he said. “Now we have the proof that liquid water is possible even in tropical region. It is an important discovery.”
Life as we know it needs liquid water to survive. While the new study interprets Curiosity’s results to show that microorganisms from Earth would not be able to survive and replicate in the subsurface of Mars, Rennó sees the findings as inconclusive. He points to biofilms—colonies of tiny organisms that can make their own microenvironment.
Rettberg et al. raised this as a question in 2016, to paraphrase (Rettberg et al, 2016: section 2.1), 
:
· Can multispecies colonies form biofilms to help them tolerate environments they couldn't survive in individually?

· Can organisms replicate there if the temperature and water activity separately reach levels suitable for life, but not both at once, for instance by storing water when it is cold and then using it to replicate as the brines warm up?

Nilton Renno’s biofilms can be one way to store water from conditions of lower temperatures through to warmer times in the night - day cycle.

Let’s try to expand on the idea. If Mars did develop biofilms, perhaps originally in more habitable brines, parts of the biofilms could be blown around in the dust storms. It’s possible that given billions of years of evolution, Martian life in the brines would develop spores, or multicellular propagules similarly to fungal hyphal fragments.

In the low Martian gravity, even with the thin atmosphere, a half millimeter diameter propagule could contain as many as 40 million viable cells, assuming each cell is 1 micron in diameter. Martian life could then evolve adaptations to survive in dust storms. This paper proposes that perhaps they could use the extraordinarily hard substance chitin which is produced by lichens, but use it to protect from the impacts of saltation (bouncing dust grains). For details see

· Could Martian life be transported in dust storms or dust devils, and if so, could any of it still be viable when it reaches Perseverance?
 
· 

· Martian life could also use iron oxides from the dust for protection from the impact stresses of the saltation bounces - or it might use chitin - a biomaterial which is extremely hard and also elastic and is found in terrestrial fungi and lichens


These propagules might perhaps be able to modify the local microclimate immediately as soon as they encounter it, as they take up water from the brines around them at night and then use this water at warmer temperatures in day-time. Ground temperatures in Gale crater frequently rise above 0 °C in the daytime. 

[image: ]
Figure 27: Ground temperatures on Mars as measured using REMS for the first 200 days of the Curiosity mission (NASA, 2013stmgc)

The ground temperatures in Jezero Crater may rise to 10°C or more at midday in mid summer (solar longitude Ls180) and a near surface biofilm exploiting the liquid perchlorates found by Curiosity could potentially retain liquid water through to these temperatures.
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Figure 28: Mid-summer predicted ground temperature for Jezero Crater using the Mars Regional Atmospheric Modeling System (and the Mars Weather Research and Forecasting model. From (Pla-García, 2020: Fig. 3)

A biofilm then need not ever need to replicate at the low temperatures of the brines in their natural state unmodified by life.

If the brines can’t be modified in this way, the low temperature is a significant barrier to terrestrial life. But the usual -20 C lowest limit for replication isn’t well determined even for terrestrial life (paraphrase) (Rettberg et al, 2016: section 2.1), 

· How strict is the lowest temperature for replication for Earth life? Have the experiments exploring the lower temperature limits of replication been carried out over long enough timescales to study extremely slowly replicating organisms?

It is hard to study replication at such low temperatures because of the long generation times. Experiments with yeast show doubling at -18 °C, with a doubling time of 30 days. One experiment showed ammonia oxidation at -32 °C sustained for 300 days, the duration of the experiment. Since cell division would be so very slow at those temperatures, the researchers couldn’t tell whether this is just maintenance metabolism, or whether it actually did support very slow cell division (Rummel et al , 2014) 

Chaotropic agents can help microbes be active at lower temperatures by disrupting the hydrogen bonding of water molecules with each other. Common examples include ethanol, urea, butanol etc. The Mars surface has many chaotropic agents which could reduce the minimum temperatures for cell division, including MgCl2, CaCl2, FeCl3, FeCl2, FeCl, LiCl, chlorate, and perchlorate salts (Rummel et al , 2014). 

Typically, these chaotropic agents reduce the lowest temperatures for cell division for many microbial species by 10 °C to 20 °C. However Rummel et al couldn't find any experiments testing their action at temperatures low enough to reduce the lowest temperature limit for cell division for life (Rummel et al , 2014:897). The lower the temperature, the harder it is to do the experiments to test the effect on cell division, due to the longer replication time of life at such low temperatures. 

Even -40 °C (i.e. a 20 °C reduction below -20 °C ) is a long way from the inferred temperature of -73 °C for the brines unmodified by biofilms with water activity 0.525  (Martin-Torres et al, 2015).  

Could Martian life could exploit lower temperatures than terrestrial life?

One study did find that chaotropic agents can increase the ability of microbes to survive freezing to -80 °C with no loss of viability, when frozen for 24 hours, compared with 60% loss of viability without. The test used the microbial propagules of xerophilic fungi (low water activity) (Chin et al, 2010) but didn’t test for cell division at low temperatures. 

Some microbes are known to release ice-binding proteins (IBPs) slowly into the surrounding environment which prevent the formation of ice. Garcia-Descalzo et al have proposed that these could act as cold-brine shock proteins’’ that could help to make the microenvironment around the microbes more habitable. They also wonder whether bacteria unable to achieve cell division in cold and salty conditions could, without reproducing, slowly modify them to become more habitable (Garcia-Descalzo et al, 2020:1072). They have not yet confirmed this experimentally but so far have only studied one species of terrestrial microbe, Rhodococcus sp. JG3 (Garcia-Descalzo et al, 2020). 

More radically, Dirk Schulze Makuch et al suggested that native life on Mars might have evolved to use the cold brines on Mars with a novel cold adapted biochemistry, using perchlorates or hydrogen peroxide internally, in place of the chloride salts in our cells (Schulze-Makuch et al, 2010a). 

First, with a H₂O - H₂O₂ intercellular fluid, metabolic activity could continue down to -56°C (217°K). A mix of two salts typically has a lower freezing point than either individually. If the cells used perchlorates internally, the limit might be reduc`ed further, to -70°C which is similar to the temperature inferred for the brines observed by Curiosity (Schulze-Makuch et al, 2010a).

Houtkooper et al suggest this novel biochemistry as a possible explanation for some of the puzzling Viking results. The organics might react with the hydrogen peroxide and decompose easily, when heated or even when hydrated with too much water, making the discovery of life-originated organics challenging (Houtkooper et al, 2006).

Also, the water activity may not be such a fixed limit. Microbes in a deep-sea hypersaline anoxic basin (DHAB) can flourish at a water activity as low as 0.4, well below the inferred value for Curiosity of 0. 525  (Martin-Torres et al, 2015), or the usual limit of 0.6 (Steinle et al, 2018) (Merino et al, 2019: Salinity and Water Activity)

The low temperature brines found by Curiosity remain liquid because of a high concentration of perchlorates. So, could Martian life make use of perchlorates in such high concentrations? These concentrations aren’t found on Earth and Heinz et al, say that there has been little by way of studies to find the limits for concentrations for terrestrial life  (Heinz et al, 2020) . They report the discovery of fungi that can grow in a 23% weight by weight solution of sodium perchlorate, or 2.4 M (Heinz et al, 2020) which corresponds to a water activity of about 0.8 (from figure 5 of (Toner et al, 2016)).

Heinz et al suggest  (Heinz et al, 2020):

It is plausible to assume that putative Martian microbes could adapt to even higher perchlorate concentrations due to their long exposure to these environments occurring naturally on Mars, which also increases the likelihood of microbial life thriving in the Martian brines.

The brines in Gale crater, and probably also in Jezero crater pose a major challenge to life and it would be hard for terrestrial life to exploit them. They are likely safe from contamination with our current Mars rovers that are not likely to be able to contaminate them with terrestrial biofilms.

But it’s possible that native life has learnt to live in them, either through biofilms, or by adaptations to ultra low temperatures or both. 
[bookmark: h_some_brines_could][bookmark: _Toc122657678][bookmark: _Toc122890744]Some Martian brines could be oxygen-rich, permitting aerobes or even primitive sponges or other forms of multicellularity - Stamenković‘s oxygen-rich briny seeps model 
 
[bookmark: _Hlk121311010]Mars may have oxygen in the brines even with the low levels of oxygen in the Martian atmosphere. Colder water takes up more oxygen from the atmosphere, and concentrations may reach high levels in the coldest brines (Stamenković et al, 2018)
 
The lowest oxygen level they found with their modelling was 2.5 millionths of a mole per cubic meter (0.0008 mg per liter) in the tropical southern uplands where temperatures are high, the atmospheric pressure is low, and based on their worst case scenario for uptake of water in their brine with lowest solubility, sodium perchlorate. This is already enough to support some aerobic microbes. However, they give reasons for believing that their more optimistic best case calculations are close to the true situation. 
 
With their best case, extremely cold brines in polar regions can potentially reach oxygen saturation levels similar to those needed for primitive sponges (Stamenković et al, 2018)
 
Indeed, in principle, extremely cold calcium perchlorate brines in polar regions could reach oxygen saturation levels of up to 0.2 mole per liter (6.4 mg per liter) at -133 °C. This is similar to oxygen levels typical of warm sea water on Earth. Magnesium chlorates could reach concentrations ten times larger (Stamenković et al, 2018)

These findings show that in the extremely cold conditions of the Martian brines, even with the low levels of oxygen in the Martian atmosphere, the oxygen concentrations in brines may in best case be similar to the warmest seas on Earth.

Speculatively, some of the higher levels of oxygen might be accessible to Martian life with a greater range of tolerance to temperature than terrestrial life. Or the very coldest brines might act as a reservoir of oxygen rich brines accessed by deeper and warmer layers. Stamenković put it like this in an interview (Walker, 2019): 
 
The options are both:

·  first, cool oxygen-rich environments do not need to be habitats. They could be reservoirs packed with a necessary nutrient that can be accessed from a deeper and warmer region.

· Second, the major reason for limiting life at low temperature is ice nucleation, which would not occur in the type of brines that we study. 

Whether or not such high levels of oxygen are useful to Martian life, there may well be oxygen levels suitable for aerobic microbes. The research doesn’t investigate the timescale for uptake of oxygen, for instance whether the temporary brines found by Curiosity could take up oxygen overnight (Walker, 2019). 
[bookmark: h_life_coudl_also_salt_micropores][bookmark: _Toc122657679][bookmark: _Toc122890745]Life could also exploit enhanced humidity in micropores in salt deposits - but these may be rare in Jezero crater
[bookmark: _Hlk121312101]Humidity is also increased by spontaneous capillary condensation of water vapour in micropores in salt deposits. This process enables communities of cyanobacteria and heterotrophic microorganisms to thrive in the hyperarid core of the Atacama desert (Vítek et al, 2010). Cassie Conley and, separately, Paul Davies have suggested these micropores as potential habitats on present day Mars (Conley, 2016) (Davies, 2014). 
[bookmark: _Hlk121312174]Salt deposits however may be rare in Jezero crater. The deposits of most interest to astrobiology in Jezero crater consist mainly of clays and carbonates, and it doesn’t have the large bright salt deposits of Mount Sharp (Lerner, 2019).
[bookmark: h_Melting_frosts][bookmark: _Toc122657680][bookmark: _Toc122890746]Melting frosts - and potential for a temperature inversion to trap a near surface cool humid layer at dawn as the air warms, perhaps permitting thin films of water to form briefly
Gilbert Levin and his son Ron Levin suggest that a cool humid layer could be trapped near the surface as dawn approaches, in a temperature inversion, overlain by a layer of warm air. This might lead to thin films of water that form briefly in the early morning then evaporate. Chris McKay, agrees that this process could form a layer of liquid though it may not last long (Abe, 2001). 

The Viking 2 lander (NASA, 1997) and Phoenix lander (NASA, 2008mfosm) both imaged frosts on the surface. The other rovers haven't photographed them but there are estimates that a few tens of microns of frost could have formed in Gale crater at night (Martínez et al., 2016). That's enough to be useful water for a microbe as it melts. There is possible direct detection of frosts in Gale crater a few microns thick (Gough et al., 2020).
[bookmark: h_experiments_black_yeasts][bookmark: _Toc122657681][bookmark: _Toc122890747]Experiments with black yeasts, fungi and lichens in Mars simulation conditions suggest life could use the night time humidity directly without liquid water
Then it’s also possible that life on Mars is able to make use of the night time humidity without any liquid water present on the surface

Rettberg et al ask, to paraphrase (Rettberg et al, 2016: section 3.1), 
:
· Is water vapour alone sufficient for replication? 

Some terrestrial lichens and microbes in desert regions and frozen regions are known to use the humidity of the air directly to grow, without the presence of water. 

[bookmark: _Hlk121311609]Some experiments have suggested that this may also be possible on Mars. Some lichens (de Vera et al, 2014) , cyanobacteria, a black yeast and microcolonial fungi (Zakharova et al, 2014) have been shown to be able to use the humidity of the air directly in Mars simulation conditions. 

For Zakharova et al’s experiments they used the black yeast Exophiala jeanselmei, and the black fungi Cryomyces antarcticus and Knufia perforans. The temperature was varied between −55°C (218°K) at night and 15°C (288°K) in day time and humidity from very low levels in daytime to 70% at night at a pressure of 0.7% standard atmosphere (700 Pa), The fungi showed no sign of stress (no heat shock proteins) however they showed less metabolic activity to start with, recovering normal levels after 7 days. All the fungi grew in biomass showing the ability to survive and reproduce. The researchers speculated that this might involve some new unknown metabolic pathway. 

The black yeast they studied in this experiment, Exophiala jeanselmei, normally inhabits rocks. However it is closely related to opportunistic human pathogens (Zakharova et al, 2014) and is occasionally an opportunistic pathogen itself (Urbaniakt al, 2019). This leads to the question of whether a Martian black yeast could be a pathogen of humans. See Could present day Martian life harm terrestrial organisms? below

The black fungi and black yeast they studied have stress resistant proteins that are so effective that similar black yeasts and fungi are able to survive in reactor cooling ponds, indeed the high doses of ionizing radiation in this habitat enhance their growth capacity. Those proteins may help explain why they were able to withstand Martian surface levels of UV (Zakharova et al, 2014).

De Vera et al’s lichen experiment simulated temperature changes of 294°K (21°C) in the daytime to 223°K (-50°C), at night and humidity changes from 75% at night to 0.1% in daytime. This experiment used a constant pressure of 1% reducing to 0.8% by day 6.
 
When the lichen was exposed to full surface Martian UV levels the fungal component of the lichen deteriorated and the algal component had reduced photosynthesis (de Vera et al, 2014). 

However it was a different story when the lichen was exposed to the lower levels of UV expected in fissures and cracks. After an initial shock response, with reduced photosynthesis, the lichen adapted to the experimental conditions, with increasing yields for as long as the experiment continued. It was able to photosynthesize at rates higher than for wild lichens in Antarctica (de Vera et al, 2014). 

The pressure of 0.7% to 0.8% was above the triple point of water and matched pressures measured by Curiosity in Gale crater. One surprise from this experiment is that the fungal component, which is an aerobe, was able to maintain its viability in the semi shade protected condition, suggesting that the algae may have been able to provide enough oxygen for the closely connected fungus (de Vera et al, 2014). 

In another experiment, twenty species of microbe from soil and permafrost samples were able to grow at Mars surface pressure conditions (Schuerger et al, 2016) but no fungi were able to grow in these experiments. This only tested anoxic low pressure conditions, the microbes were grown on agar mixed with their soil, in 0.1% agar/soil mixtures
[Figure needs permission]
Figure 29: colony forming units showing growth in conditions of Martian surface atmospheric pressure.

[figure 1 from (Schuerger et al, 2016)]
Schwender’s comprehensive review in 2020 (Schwendner, 2020) doesn’t mention any newer experiments testing growth of microbes or lichens in Mars surface simulation conditions. Presumably there hasn’t been anything more published from 2014 through to 2020, or it would have been mentioned.
These suggestive early experiments leave many questions open about whether terrestrial life could survive Mars surface conditions using just the humidity of the atmosphere. More research is needed on these topics.


[bookmark: h_surface_conditions][bookmark: _Toc122657682][bookmark: _Toc122890748]Surface conditions of ionizing radiation, UV radiation, cold and chemical conditions don’t rule out the presence of life 
Curiosity measured levels of ionizing radiation similar to the interior of the ISS. This is only sterilizing on timescales of millions of years. Radiodurans is able to withstand 65,000 years of Mars surface ionizing radiation with no loss of viability. None of the microbes die and they have a remarkable capability to repair even double strand breaks in the DNA, and without forming a new organism. Radiodurans can repair 100 double strand breaks per chromosome without any loss of viability or mutation of its genome (Minton, 1994).
Radiodurans can do this despite never encountering such conditions in the wild. It even responds to ionizing radiation with increased growth and it's possible that some microbes are radiotrophic, able to use melanin to get energy for growth from ionizing radiation (Dadachova et al, 2008). Martian microbes are likely to be even better able to cope with ionizing radiation than this since they evolved in conditions where high levels of ionizing radiation resistance is a major evolutionary advantage. 
Rummel et al concluded that levels of ionizing radiation are not used to distinguish the special regions on Mars (where terrestrial life potentially could flourish) (Rummel et al , 2014).
Finding 3-8: From MSL RAD measurements [Curiosity’s Mars Science Laboratory Radiation Assessment Detector], ionizing radiation from GCRs [Galactic Cosmic Rays] at Mars is so low as to be negligible. Intermittent SPEs {Solar Particle Events] can increase the atmospheric ionization down to ground level and increase the total dose, but these events are sporadic and last at most a few (2–5) days. These facts are not used to distinguish Special Regions on Mars.
UV radiation can be blocked by a shadow, even a shadow of a pebble, or a few millimeters of dirt can protect life from UV. Also some lichens and cyanobacteria are able to withstand the levels of UV found in partial shade on Mars using protective pigments used to protect them against UV in high mountains and in Antarctica. Again these are not used to distinguish the special regions (Rummel et al , 2014).
Finding 3-7: The martian UV radiation environment is rapidly lethal to unshielded microbes but can be attenuated by global dust storms and shielded completely by < 1 mm of regolith or by other organisms. 
As for the low temperatures of the Martian surface, many microbes can survive extreme cold by cooling in a glassy state without forming the damaging crystals of water ice. (Rummel et al , 2014).
Perchlorates are much less reactive in colder conditions and they are used by some microbes as oxidants, as a source of energy. (Rummel et al , 2014).
It's a similar situation for other challenges life would face on the surface of Mars. None of the surface conditions are such as to make it impossible, at least with current knowledge, that present day life may survive on the surface of Mars in some niches (Rummel et al , 2014).
[bookmark: _Toc122657683][bookmark: _Toc122890749]Sources of nitrogen on Mars as a potential limiting factor – potential for Martian life to fix nitrogen at 0.2 mbar – and “follow the nitrogen”
Nitrogen may be the main limiting factor for life on Mars after liquid water. There are many sources for the other necessities of life.

There are many sources of energy on Mars. The blue-green algae chroococcidiopsis is one of the main candidates for a Mars analogue terrestrial microbe (Billi et al, 2019a). It can use light as a source of energy, and as a prime producer, could survive almost anywhere on Mars with access to liquid water, sunlight, and some protection from UV (Billi et al, 2019b), and access to trace elements and nitrogen.
 
Alternatively, non photosynthetic life can use chemical redox gradients as a source of energy, for instance surface layers of sand dunes are superoxygenated while the slowly moving sand dunes constantly bring subsurface reducing layers to the surface (Fisk et al, 2013)

Basalt is a good source for trace elements for life and is common on Mars (McMahon, 2013)

Liquid water is available in the temporary brines, or as night time humidity. 

This leaves nitrogen. There is 0.2 mbar of nitrogen in the Mars atmosphere, which is far less than the 780.90 mbar in Earth’s atmosphere. This makes nitrogen fixation a major challenge.

If life on Mars can't fix nitrogen, any life there may depend on naturally occurring nitrates, which may be a limiting factor for life. See:

· Possibility that past life in Jezero crater or even modern Martian life never developed nitrogen fixation – or that microbes in oxygen rich surface layers never developed nitrogen fixation

Curiosity has discovered surface nitrates in low concentrations (~0.01–0.1 wt % NO₃) in Yellowknife bay drill sites. This overlaps the lowest end of the range for nitrates in the Atacama desert (~ 0.1 to greater than 1 wt% NO₃) (Stern et al, 2015). These concentrations are consistent with impact generated nitrates from early Mars (Stern et al, 2015). 

Mars could also have an abiotic nitrogen cycle with photochemically produced HNO₃ fixed in thin (0.2 to 5 nm) pure water metastable interfacial films, potentially supporting up to one kilogram of fixed nitrogen per square meter (Boxe et al, 2012) 

There may also be a possibility that Martian life could fix nitrogen even at these low pressures. In laboratory experiments, some cold tolerant microbes from Antarctica are able to fix nitrogen at a partial pressure of 0.2 mbar similarly to the partial pressures on modern Mars, as reported in unpublished research (Mancinelli, 1993) following (Klingler et al, 1989). Sakon et al also found that some cold tolerant life (psychrophiles) can still fix nitrogen at these low partial pressures when the temperature and UV flux of Mars is simulated (Sakon et al, 2005) (Sakon et al, 2006).

These experiments involve a partial pressure of nitrogen, in an atmosphere of other gases at normal terrestrial atmospheric pressures. Follow up experiments are needed to duplicate the Martian atmospheric pressure in a Mars simulation chamber and find out if these microbes from Antarctica can still fixate nitrogen at the same partial pressure of 0.2% at a total pressure of 0.6% (Sakon et al, 2006).

More experimentation is needed on the possibility of nitrogen fixation in Mars conditions. 

Nitrogen might or might not be a limiting factor for life.

On Earth nitrogen is returned to the atmosphere by denitrification, the opposite of nitrogen fixation. Later in this current paper we explore a possible feedback process that could keep nitrogen levels on Mars at low levels, with just enough nitrogen for nitrogen fixation but so little nitrogen that it proceeds only slowly.
· Interactions of nitrogen cycle with swansong Gaia - if life returns more nitrogen to the atmosphere when Mars is wetter, the Swansong Gaia cycle is reinforced
If life on Mars can fix nitrogen it could be found anywhere not limited by the presence of nitrates or other forms of fixed nitrogen, but if it can fix nitrogen only slowly, it may be present in low concentrations in regions where there is no fixed nitrogen available already.

Or Martian life might be limited to habitats that already have nitrates or other sources of nitrogen. Nitrogen can also be a clue to the presence of traces of life organics, for instance, in amino acids. In that case, a preliminary detection of nitrogen in a potential habitat could be a clue to follow up to look for biosignatures. With all these scenarios, nitrogen is an interesting element to look for on Mars.

Several authors have suggested variations on a “follow the nitrogen” strategy to look for life. Capone et al. say that in a planet with both land and oceans, the presence of nitrogen in any form on the land is hard to explain without life supplied chemistry, because nitrates tend to dissolve in the presence of small amounts of water, and nitrogen has few geological reservoirs, apart from a few clays with ammonium substituted for potassium. Except for nitrates in very dry places, most would end up in the oceans (Capone et al., 2006).

The presence of nitrogen in any form should be a signal to planetary scientists to take notice. It may well be that the form and amount of nitrogen could constitute a roadmap for understanding whether chemical or biological processes were involved in its deposition. At least on a body that has had a separation of continental and oceanic components, the existence of nitrogen on continents is not easy to explain without special life-supplied chemistry.
…
Thus, our recommended approach might be to search for the nitrogen; characterize and quantify it; if its abundance and chemistry cannot be explained by abiotic processes, do not leave until it is explained; and when it comes to sample return—bring back anything that is enriched in nitrogen!

Shannon put’s it like this (Shannon, 2006)

An oasis of liquid water on Mars would still be presumed sterile if no nitrogen—and therefore no nitrogen containing organic compounds—were detected. In this way, nitrogen might be a better target than the water itself.

Bada et al suggested a “follow the nitrogen” strategy to look for biosignatures such as chirality by first looking for specific nitrogenous compounds used by life such as amino acids which may be preserved as components of stable fatty acids (such as lipids), sugars, and peptidoglycans (mureins, constituents of cell walls) (Bada et al, 2009). 
All life on Earth requires nitrogen. Also, there are theoretical reasons for expecting alien organic life to use nitrogen, as the weaker nitrogen based amide bonds are essential for the processes by which DNA is replicated. Mars, compared with Earth, has little nitrogen, either in the air or in the soil.
Jeff Bada explained it like this, interviewed for an article for NASA’s Astrobiology Magazine (Schirber, 2013).
“Organic nitrogen compounds are central for biology as we know it. No other class of compounds plays a more important role.” 

“Nitrogen atoms in nucleobases and amino acids form hydrogen bonds that stabilize the structure of both nucleic acids and proteins. Without these hydrogen bonds there would be no helical structure to DNA and RNA and no alpha-helix structure for proteins.” 
[Also the nitrogen-hydrogen bonds are easy to break helping enable the chemical processes of life]

“No other atom than nitrogen can form the diverse set of hydrogen-bonded compounds found to be fundamental in the biologically central processes of replication and catalysis 
[bookmark: _Toc122657684][bookmark: _Toc122890750]Could Martian life be transported in dust storms or dust devils, and if so, could any of it still be viable when it reaches Perseverance?
Life on Mars might be adapted to spread in the dust using spores and other propagules. Hardy propagules could be transported over shorter distances by dust devils and over longer distances by the Martian dust storms. These would be of astrobiological interest even if they are only viable after transport for short distances. Propagules damaged by UV or UV radiated perchlorates in the dust could still give a method to detect life in remote regions of Mars. They may also be a backwards contamination issue if viable Martian life can be transported over great distances.
NASA has the survival of terrestrial microbes in the dust as one of their many knowledge gaps for human missions to Mars (Race et al, 2015: 34). Then as we’ll see, Martian life could be better adapted to transport in Martian dust than terrestrial life.

One experiment by Wadsworth et al, suggests that survival of terrestrial microbes would be challenging. When perchlorates on Mars are irradiated by UV, this reduces survival, probably because it produces the more toxic chlorites and hypochlorites. Perchlorates are widespread in the dust (Wadsworth et al, 2017). 

However they only studied one species, bacillus subtilis. They commented:
“The bacterial model we tested wasn’t an extremophile so it’s not out of the question that hardier life forms would find a way to survive.”

Also their result only applies to dust irradiated by UV. A microbial spore imbedded in a dust grain would be shielded from UV by iron oxides in the dust (Sagan et al, 1968). Research with simulated wind blown Martian dust suggests microbes can indeed get attached to a dust particle and get blown in the winds (van Heereveld et al, 2017) (Osman et al 2008).

Martian life could also be protected within fragments of biofilms blown in the wind.. Dried Chroococcidiopsis biofilms can withstand three years of desiccation and the equivalent of several hours of UV radiation in equatorial conditions on Mars. Mosca et al suggest that such biofilms could be transported from niches that have become unfavourable to more favourable niches on Mars, if such a biofilm ever evolved in Mars history. (Mosca et al, 2019)

Billi et al, suggest that a biofilm of chroococcidiopsis could withstand up to 8 hours of full sunlight on Mars. This is enough time to be transported 100 km at 5 km/sec in a dust storm. (Billi et al, 2019a). This is based on experiments in the BIOMEX experiment on the outside of the ISS. They found that a dried biofilm of chroococcidiopsis could survive 469 days of Mars surface UV in a layer of about 15–30 microns (0.015 to 0.03 mm) when mixed with regolith and with the UV attenuated to conditions of partial shade on Mars (Billi et al, 2019b). 

Then dust storms cut down the UV radiation giving additional protection to any spores. Native Martian life might be adapted to spread in dust storms, as this may be the best time to spread. Dust could travel hundreds of miles per day during a dust storm.

Since Curiosity is not solar powered, it was able to operate during dust storms and gave a direct observation of UV from the surface during the 2018 global dust storm. Curiosity found that the UV radiation fell by 97% and remained low for several weeks (Smith, 2019).
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Figure 30: UV measurements by upward pointing photodiodes on the REMS instrument suite on Curiosity. At the height of the 2018 dust storm, the UV fell by 97% at the onset of the dust storm. 

Simultaneous with these measurements, Curiosity's mastcam used direct imaging to measure an increase in dust optical depth at 880 nm of 𝜏 =8.5, which works out at 0.02% of normal light levels (Figure 5 of Smith, 2019)

These occasional global dust storms can cover much of the planet (Shirley, 2015). They typically start in the south, in the southern spring or summer, encircle the planet in southern latitudes then extend north across the equator. These could transport spores to the location of the rover from almost anywhere on Mars. 


[bookmark: h_Native_Martian_propagules][bookmark: _Toc122657685][bookmark: _Toc122890751]Native Martian propagules of up to half a millimeter in diameter (including spore aggregates and hyphal fragments) could travel long distances with repeated bounces (saltation) - if they can withstand the impacts of the bounces

The sand dunes have typical grain sizes of 0.5 mm, or 500 microns. The Martian winds, though far to weak in the thin atmosphere to lift an autumn leaf, can pick up a grain of 500 microns size in bouncing motion, saltation, with each bounce in a strong wind taking the grain a distance of order a few meters and lifting it to a height of order a few 10s of cms (Kok, 2010:fig.3b). This refines the calculations of which (Almeida et al, 2020) which gave larger estimates but didn’t include splashing of the surface particles by the impacting saltating particles.

Typically on Earth the fluid threshold to initiate saltation is only slightly more than the impact threshold to keep it going (ratio 0.82 for loose sand). However on Mars the low gravity and lower vertical drag leads the particles to travel higher and longer.

Because of this effect, the impact threshold on Mars is approximately an order of magnitude lower than the fluid threshold (Kok, 2010:fig.1). This means that once a particle is detached from the surface due to the fluid threshold, perhaps in a local gust of wind, it will then continue to bounce across the dunes until the wind speed drops to below the much lower impact threshold.

As an example, saltation occurs in Proctor crater with wind speeds at only a third of the fluid threshold, however the instantaneous wind speed will occasionally exceed the fluid threshold and then the dust grains will keep going until the wind speed falls to below the impact threshold (Kok, 2010:4).

A propagule of 500 microns, typical in size for saltation on Mars(Kok, 2010:fig.3b) can contain many spores. At a maximal packing density of , which is the densest packing density possible for congruent spheres (Hales, 1998) (Hales et al, 2017), a single grain of 500 microns diameter can contain = = 24. 2 million spherical spores or microbes in dormant state at 1 micron diameter. 
[image: ]

Figure 32: Bouncing dust grains or propagules would travel 250 to 850 kilometers per day in a dust storm (at typical saltation speed of 3 to 10 meters per sec).

Dust grains on Mars of 500 microns diameter can bounce up to several meters with each bounce with a height of tens of cms. A biofilm propagule this size covered in iron oxide microparticles for protection from UV could contain over 24 million microbes at 1 micron diameter.

Artist’s impression of a typical bounce based on figure 2b from (Almeida et al, 2020) superimposed on photograph of the top of a large sand dune taken by Curiosity on December 23, 2015 (NASA, 2016rssys)


These saltation simulations assume the propagule has the same density as the Martian sand, or 3.2 kg / . A Martian biofilm propagule at the same size of 500 microns diameter would be likely to have a third of the density and so could be carried further in the winds. However, covered in iron oxides to protect it from the UV radiation, It might look similar to a dust grain to our rovers on Mars. 

Propagules transported in this way would need to be able to resist the mechanical stress of saltation, which can damage the viability of the spores. In one Mars simulation experiment, with spores of b. subtilis, in grains of Icelandic granite to simulate Martian granite, half of the spores were killed in a minute and these spores were completely destroyed (Bak et al., 2019). 

However this is for unprotected spores. In Bak et al.’s experiment, there was a long tail of spores that remained viable for days. These may be spores that were protected in cavities in the dust grains (Bak et al., 2019). 

The number of viable spores was reduced by more than three orders of magnitude after 5 days of the experiment (Bak et al., 2019:4). 

However at a saltation particle speed of 3 to 10 meters per second for a particle of 400 microns in diameter (Kok, 2010:fig.3a), a propagule can travel 250 to 850 kilometers a day. So a similar spore on Mars could travel 1,300 - 2150 km in 5 days (rounded to nearest 50 km) before the numbers of viable spores are reduced a thousand-fold.

This suggests that a small proportion of spores of b. subtilis can be transported great distances on Mars in dust storms and remain viable. Also, though b. subtilis is highly resistant to radiation and oxidizing chemicals, only one terrestrial species was tested, and spores on Mars would have evolved to resist Mars saltation and might survive for more than 5 days in these conditions.

[bookmark: _Toc122657686][bookmark: _Toc122890752]Martian propagules could evolve extra protection such as a shell of agglutinated iron oxide particles to protect themselves from UV
Terrestrial spores are already adapted for protection from UV which they encounter especially high in Earth’s atmosphere and in mountainous and polar regions. Spores are protected from reactive chemicals by multiple coat and crust layers (Cortesão et al, 2019).. This makes them far more resistant to oxidizing agents, bactericidal agents, chlorites, hypochlorites etc than vegetative cells (Sella et al, 2014). 

Spores are also more UV resistant than vegetative cells. Some terrestrial spores can withstand many hours of UV radiation on Mars, including one strain still viable after 28 hours of simulated direct UV radiation in Mars simulation surface conditions (Galletta et al, 2010). 

If there is wind dispersed life on Mars it would be likely to have evolved similar levels of protection from UV or be even more hardy than these terrestrial spores. Adapted to such extreme conditions, Martian spores could have more layers of protection than terrestrial spores. 

Martian spores, and other propagules, like terrestrial microbial spores, could be protected from UV in cracks in the dust - but might they evolve to take that strategy a step further and somehow utilize the UV radiation blocking properties of the dust more directly?

Some agglutinated foraminifera accumulate grains to protect themselves, but external rather than internal to the cell wall. Some foraminifera also form external cysts at other stages in their life cycle, for feeding, prior to reproduction, during growth phases and protection from mechanical and chemical disturbances. 

Foraminifera can build agglutinated external sediment cysts quickly, within hours, fixed by organic material produced by the foraminifera. 

This suggests that a Martian microbe could also potentially build an agglutinated external cyst rapidly if the conditions require it (Heinz et al, 2005). 

[Figure needs permission]

Figure 31 Cyst (left) and free species (right) of Ammonia beccariiin a Petri dish (Atlantic Coast, YeuIsland, intertidal zone). From plate 1 of (Heinz et al, 2005). 

Perhaps (a suggestion) native microbial Martian life might evolve the ability to cover itself with a layer of fine iron oxide dust cemented together with organics to protect itself from the UV and the reactive chemicals during wind dispersal in dust storms. This could be in addition to the normal cyst which is formed by thickening a cell wall, or it could be a replacement for it.

The suggestion is that in the unusual conditions on Mars with the UV, the reactive chemicals in the dust and the abundant iron oxide dust, perhaps a Martian microbe might develop an external agglutinated cyst from the dust grains and then for further protection develop an endospore within it. In this way it could combine the protection of endospore and exospore in the same resting state.

Then Martian life might develop colonial ways of surviving in dust storms. The particles in storms are large enough so that the winds could transport larger clusters or aggregates of microbes (Board, 2015 :12). Martian microbial life could have evolved larger bacterial fruiting bodies similarly to those of the myxobacteria with some bacteria altruistically developing into non reproductive cells to protect the spores inside (Muñoz-Dorado et al, 2016). 

Multicellular life could reproduce by fragmentation in dust storms, similarly to fungi reproducing through hyphal fragments or red macroalgae (rhodophyta) which often propagate using multicellular propagules.

These propagules would be fragments of the parent plant, a vegetative multicellular structure, that breaks off from the parent thallus and gives rise to a new individual (Cecere et al, 2011). 

Perhaps bacteria that form Martian biofilms could use similar strategies. The evolution could begin with fragments of a biofilm accidentally broken off in winds due to the impact splashes of sand grains bouncing on the dunes (a process known as “saltation”) and the natural movements of the dunes. The bacteria might then evolve strategies to create propagules extended above the surface that then detach in response to the stronger winds in dust storms or dust devils.

[bookmark: martin_life_could_use_iron_oxides_chitin][bookmark: _Toc122657687][bookmark: _Toc122890753][bookmark: h_martin_life_could_use_iron_oxides_chit]Martian life could also use iron oxides from the dust for protection from the impact stresses of the saltation bounces - or it might use chitin - a biomaterial which is extremely hard and also elastic and is found in terrestrial fungi and lichens
Then, perhaps (a suggestion), Martian dust grain sized propagules could evolve to be better able to resist saltation than a terrestrial spore that has never encountered these conditions. It might have a strong outer crust of non-reproductive cells or iron oxide nanoparticles glued together with organic secretions. 

The hematite (iron oxide) has a Mohs hardness of 5 to 6.5, similar to steel, compared to 3.5 to 4.5 for siderite (iron carbonate), and 3 for calcite (calcium carbonate) (King, n.d.).

Martian life might have evolved biomaterials with much stronger protective layers than iron oxide. Chitin, or some similar material, is a likely biomaterial to find on Mars if it followed a similar pattern of evolution, as it is an essential component of the cell walls of fungi and the fungal component of lichens (Lenardon et al, 2010). The same material is also used in insect exoskeletons and jaws. Chitin could add to the strength of the outer layer of a propagule of Martian life, such as a fungus. 

Chitin has a Mohs hardness of 7 - 7.5 (Zhang et al, 2020) similar to quartz (King, n.d.). Chitin nanofibers have a Young’s modulus of elasticity of more than 150 GPa (Vincent et al, 2004), higher than copper or titanium alloy and not far below wrought iron or steel (Engineering ToolBox, 2003).

Saltation is a major challenge for terrestrial spores on Mars. However, on the basis of current knowledge, a small proportion of terrestrial spores could potentially remain viable after they are carried thousands of kilometers imbedded in a crack in a dust particle, and we can’t rule out the possibility that returned Martian dust could potentially contain viable spores or larger propagules of Martian life shielded from the UV and resistant to the stress of saltation. 

There would be great evolutionary advantages for any Martian life that developed the ability to spread in dust storms perhaps using organics like chitin combined with nanoparticles of iron oxides. Potentially these could be transported from almost anywhere in Mars in the global dust storms that occur every few years.

[bookmark: _Toc122657688][bookmark: _Toc122890754]Potential for spores and other propagules transferred from distant regions of Mars similarly to transfer of spores from the Gobi desert to Japan – if little dust from a nearby habitat with of order 1000 viable spores per gram is blown to Perseverance’s site during a dust storm, this could still return several cells per gram
If the Viking results were the result of life, they may not indicate life actually growing in the dirt sampled by the landers. They could be explained by spores transported from other parts of Mars. 

Even if the brines found by Curiosity are potentially habitable in microhabitats due to biofilms - still many may in actuality be uninhabited. Repeating what Cockell et al said about terrestrial basalt samples (Cockell et al, 2019)

Every sample Is a ‘microbial island’

He was referring to the heterogeneity of the habitability of an individual rock sample due to natural features including cracks and cavities. However, in a rather similar way, every sample of the salty brines might also be a microbial island because it needs a biofilm to make it habitable. It might depend on the chance of whether a sufficiently large biofilm propagule has encountered that particular salty brine patch in the sand - especially if they need a biofilm to spread before they become easily inhabitable by single microbes.

Terrestrial life in extreme cold conditions in the McMurdo dry valleys can take thousands of years to colonize a habitat (Fraser et al, 2014). Martian life might also grow slowly, propagating in brines below the usual terrestrial cold limits for life. Martian life might also take millennia to colonize a new microhabitat.

New habitats would form as the sand dunes migrate bringing new materials to the surface (Fisk et al, 2013). In the very hostile conditions on Mars, perhaps potential microhabitats might remain uninhabited not just for thousands but even for millions of years after they first form. In this way some of the brines may be inhabited by biofilms and some not, as happens with endoliths in deserts. 

Even so, we can hope to find viable propagules in the dirt, so long as the nearby life does spread through spores or propagules, which could be transported in the Martian dust storms or by the dust devils. There may be many viable spores in the dust for each one that encounters a habitat it can grow in.

Even soils near the cold - arid limits of life have a few thousand cells per gram of desert soil. In one example, direct microscopic cell counts using a fluorescent stain (DTAF) found between 1,400 and 5,700 cells per gram in dry soil in the McMurdo dry valleys in Antarctica. This was in University Valley, so cold and dry that most of the microbes were either dormant or not viable (Goordial et al, 2016). If a little dust from a nearby habitat even with as little as a few thousand cells per gram as this is blown over the surface of Mars there could still be many cells in each gram of surface dirt.

[bookmark: _Toc122657689][bookmark: _Toc122890755]Proposed surface microhabitats on Mars outside Jezero crater – droplets on the legs of the Phoenix lander, brines that form rapidly when salt overlays ice at high latitudes, caves that vent to the surface, fumaroles, and fresh water melting around heated grains of dust trapped in polar ice layers through the solid state greenhouse effect – these could achieve higher densities of life and be a source for propagules in the dust 

We have already looked at several ways that life might be possible even in Jezero crater in Could Perseverance’s samples from Jezero crater in the equatorial regions of Mars contain viable or well preserved present day life? 

These include:

· Detection by Curiosity rover of liquid water with enough water activity for life though too cold for terrestrial life - as ephemeral perchlorate brines in the Gale crater sand dunes - similar conditions are predicted in Jezero crater dunes

· How Martian life could make perchlorate brines habitable when they only have enough water activity at -70 °C – biofilms retaining water at higher temperatures - chaotropic agents permitting normal life processes at lower temperatures – and novel biochemistry for ultra-low temperatures

· Life could also exploit enhanced humidity in micropores in salt deposits - but these may be rare in Jezero crater

· Melting frosts - and potential for a temperature inversion to trap a near surface cool humid layer at dawn as the air warms, perhaps permitting thin films of water to form briefly

· Experiments with black yeasts, fungi and lichens in Mars simulation conditions suggest life could use the night time humidity directly without liquid water

Also there could be recurring slope lineae in Jezero crater as these can be hard to detect from orbit. See:

· Could local RSL’s be habitable and a source of wind dispersed microbial spores? Both dry and wet mechanisms leave unanswered questions - may be a combination of both or some wet and some dry

However if there is Martian life in any of these potential microhabitats it may be in low concentrations, in only some of them, or not easily dislodged by the dust storms.

The dust storms on Earth transport microbes considerable distances, such as from the Gobi desert to Japan (Maki et al, 2019). Some of the more distant habitats on Mars might be more productive of spores than the ones local to the equatorial regions. 

[bookmark: _Hlk120696193][bookmark: _Hlk121310709]The higher latitudes with surface ice may be more habitable than equatorial regions and may be a promising location for microhabitats for present day life. This includes salt lying on ice (Fischer et al., 2014) which can form liquid brines within hours, and could lead to microhabitats throughout the higher latitudes of Mars. This could be an explanation of the droplets seen on the legs of the Phoenix lander which grew, merged, and eventually vanished, believed to have fallen off the leg (Gronstall, 2014)
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Figure 33 Possible droplets on the legs of the Phoenix lander - they appeared to merge and sometimes fall off. In this sequence of frames, the rightmost of the two droplets - highlighted in green on this black and white image - grows and seems to do so by taking up the water from its companion to the left, which shrinks (Gronstall, 2014)

[bookmark: _Hlk121420350][bookmark: _Hlk121310728]In December 2013, Nilton Renno and his team used the Michigan Mars Environmental Chamber (Fischer et al., 2013) to simulate the conditions at the Phoenix landing site. They were able to trigger formation of droplets similar to the ones on the Phoenix lander’s legs. In their experiment, salty brines formed within a few tens of minutes when salt overlaid ice (Fischer et al., 2014). The team concluded that suitable conditions for brine droplets may be widespread in the polar regions

Nilton Renno, talking about these droplets, said (Renno, 2014):

"This is a small amount of liquid water. But for a bacteria, that would be a huge swimming pool - a little droplet of water is a huge amount of water for a bacteria. So, a small amount of water is enough for you to be able to create conditions for Mars to be habitable today'. And we believe this is possible in the shallow subsurface, and even the surface of the Mars polar region for a few hours per day during the spring."

There are many other potential sources of liquid water on or near the surface of Mars once we expand the potential origin of a spore to anywhere on Mars. This includes some possibilities even for fresh liquid water. 

Fresh water is stable against freezing and boiling over 29% of the surface of Mars, but it is not stable against evaporation because the partial pressure of water vapour in the Martian atmosphere is two orders of magnitude too low (Martinez et al., 2013:2). However fresh water could form temporarily in special conditions, if there is some buffering of the water vapour. 

This could happen after rapid melting of ice, faster than the evaporation rate, which may be possible, on: (Martinez et al., 2013:2.1). 

“slopes facing the sun, under clear sky and calm wind conditions, at locations with low surface albedo and low soil conductivity” 

Fresh liquid water is also possible through the solid state greenhouse effect at a depth of about 5 cms below the surface of optically transparent ice or snow.

This process can melt a layer 1 mm thick, at surface temperatures on Mars as low as 180 K (-93 C), and remain liquid through to the next day and gradually increase to a depth of centimeters and decimeters (Möhlmann et al, 2009) (Martinez et al., 2013:2.2.2) (Martinez et al., 2013:3.1.2).

This solid state greenhouse effect has been suggested as one possible cause for the southern hemisphere dune streaks in Richardson crater. These form in the debris of the Martian CO₂ geysers in early spring and then extend down slopes at a rate of up to several meters a day, and then fade away in autumn, not unlike the RSLs. (Martinez et al., 2013:3.1.2). 

There are two types of these flow-like features. The ones which form in Richardson crater in the southern hemisphere are particularly promising because both the current models involve liquid water in some form and what's more, in the models, these features start off as fresh water trapped under ice (the other possibility is Undercooled Liquid Interfacial water, physisorbed monolayers of unfrozen water on the surface of pebbles and rocks, (Martinez et al., 2013:2.2.1)). 

The similar looking Northern hemisphere flow-like features have an alternative dry formation mechanism involving dust and dry ice, and form at (Martinez et al., 2013:3.1.2).

This solid state greenhouse effect should occur not only in the flow-like features, but anywhere on Mars with optically clear snow or ice. This would not be easy to spot from orbit, it’s essentially a cryptic habitat. It could also potentially be a widespread habitat as a source for spores and propagules.

There are many other potential surface and near surface habitats that could perhaps be a source for propagules from distant habitats transported in the dust (Martinez et al., 2013).
There could also be warm habitable subsurface caves filled with water or sulfuric acid (Boston, 2010) and these might be connected to the surface. Mars could also have volcanic vents that vent water rich gases (fumaroles). Though no active fumaroles have been detected, there may be ones that were recently active and these could have been a habitat for life in the past and may still be more habitable due to the chemical gradients and other alterations such as leached chemicals and minerals from the basalt (Cockell et al, 2019a).

Another suggestion is that in colder regions of Mars, the humid air from the fumaroles might form ice towers, like the ice fumaroles on mount Erebus in Antarctica. These ice towers would hide the thermal signature of the fumarole and would be at a temperature of only a few degrees above the surrounding surface. 

The proposed ice fumarole habitats for life are in dark caves beneath the towers. The terrestrial analogue caves are dark and most microbes use chemical redox gradients for energy. With terrestrial fumaroles, the air inside has 80% to 100% humidity. Hoffmann has suggested searching for these ice towers on Mars. The suggestion is to look for circular hot spots a few degrees warmer than the surroundings and up to 100 meters in diameter. In the low Martian gravity these towers could be up to 30 meters high. The terrestrial towers often collapse and then reform over a timescale of decades (Cousins et al, 2011), (Hoffmann et al, 2003).


[bookmark: _Toc122657690][bookmark: _Toc122890756]Searching for distant inhabited habitats on Mars through presence or absence of one originally living cell per gram – a rough first estimate assuming uniform mixing throughout Mars for a first estimate requires life to cover between 114,000 and 1,140 square kilometers with densities of life in the dust similar to an Antarctic RSL analogue in cell count, but less than a tenth of a square kilometer if any reach a billion cells per gram – these figures can be higher if any source habitats with high densities of cells are closer to the rover with uneven mixing
For a very rough estimate to get started, let's suppose that the Martian dust storms achieve a thorough mixing of the surface layers of dust over most of the surface of Mars. Here we are assuming that the dust mixes with surface life and has similar cell counts to it.

These are very crude estimates but it’s going to be hard to do better than this without good understanding of Martian life and its capabilities. For instance Martian life might be adapted to sporulate or form propagules during dust storms which might increase these numbers. Or it might be adapted to live as endoliths or in sub-surface layers a few mms below the surface that don’t get disturbed by dust storms in which case these would be over estimates..

This is original to this paper as I have been unable to find a source for anyone who has attempted to estimate numbers of  cells, spores, orand propagules in Martian dust storms, assuming native Martian life.  

Let’s suppose uniform mixing over the surface of Mars, which has a total surface area of 114 million square kilometers (NASA, n.d. mbtn).

The calculation here is simple. Assuming uniform mixing then we can achieve one cell per gram over the whole of Mars if a thousandth of the Martian surface is colonized by cells with 1000 cells per gram, or if a millionth of the surface is colonized at a million cells per gram, or a billionth with a billion cells per gram and so on.

To achieve at least 1 spore per gram of dust after uniform mixing it would be enough to have

· 100,000 square kilometers of distant habitat similar in cell counts to the University valley soils of between 1,400 and 5,700 cells per gram (Goordial et al, 2016). 
· Between 114,000 and 1,140 square kilometers for RSLs based on measurements of a Mars analogue of the RSLs, an Antarctic dry valley water track, found of the order of 1,000 to 100,000 cells per gram by direct visual count, again using fluorescence based staining with DTAF (Chan-Yam et al, 2019: Fig. 4). 
Some of these proposed habitats could be more habitable than the RSLs, especially if made more habitable through biofilms.
· less than a tenth of a square kilometer of the Martian surface, if any areas reach a billion cells per gram - exposed to the dust storms and after uniform mixing. 
More productive distant habitats, nearby habitats or larger areas of habitat might lead to larger cell counts.

If there are enough viable cells in the dust, these might be enough to explain the Viking measurements without the need for any nearby habitat.

These are just ballpark figures and a crude estimate. The mixing would surely be non uniform. 

· Cell counts depend on the direction of the winds and distance of the habitat, as for Earth (Fisk et al, 2013). 
· spore counts might vary seasonally as for Earth (Fisk et al, 2013) 
· also differ for each dust storm depending on where the dust comes from. 
However it seems not impossible that distant habitats on Mars could be sources of viable as well as non viable spores in the dust globally, as for Earth (Fisk et al, 2013). 

A dust sample could also help with non detection of life on Mars. If there we don’t detect any spores or propagules in a sample of a few grams of the dust or the surface soil, this might be useful to provide preliminary limits on the habitability of the surface dusts and salts on Mars.
Non detection of spores in the dust wouldn’t be enough to prove that there is no life in these surface layers anywhere on Mars.
However, non detection can give preliminary data. Some possible reasons for non detection could be:
· any inhabited area is small or far away or both
· propagules are easily destroyed, for instance by saltation or UV, or the reactive chlorites and hydrogen peroxide
· any extant life or protolife exposed to the surface is at an early stage of development and doesn’t yet have viable spores
· extant life is in habitats rarely exposed to the winds e.g. beneath the surface of rocks or at the poles just below the surface of the ice.
· The winds for the dust storms didn’t blow spores in the direction of the sample collector (even if the habitat is local to Jezero crater)
· Spores form rarely, seasonally or even synchronized on multi-year periods
We couldn’t deduce which of these or other hypotheses is the reason, immediately from non detection of spores in the dust, together with study of the dust itself. 
However, it would be a useful first step narrowing down possibilities, towards designing future experiments to find out whether there are any inhabited surface habitats on Mars and how extensive they are, if they exist.
[bookmark: _Toc122657691][bookmark: _Toc122890757]Could local RSL’s be habitable and a source of wind dispersed microbial spores? Both dry and wet mechanisms leave unanswered questions - may be a combination of both or some wet and some dry
The Recurring Slope Lineae (RSL’s) remain a leading candidate for potentially habitable brines. Some may be explained as dry granular flows but this explanation has some difficulties and liquid water is still likely to play a role. They are characterized in planetary discussions as “an Uncertain Region that is to be treated as a Special Region until proven” (Rettberg et al, 2016).

Many RSLs are known in the equatorial regions. No papers were found reporting RSLs from Jezero crater, but they can be hard to spot from orbit.

[bookmark: _Hlk121362157][bookmark: _Hlk121310858]In the case of Gale Crater, one site with RSLs was discovered after the rover landed. It was close enough for Curiosity to reach, but Curiosity is not sufficiently sterilized to study them close up, leading to debates about how close is safe to go (JPL, 2016). 

Perseverance is also not sufficiently sterilized to approach an RSL. Could spores be transported to Perseverance’s location from a nearby RSL in the winds?

These dark features extend down sun-facing slopes when local temperatures rise above 0 °C in spring, broaden during the summer, and fade away in autumn (McEwen, 2011). Hydrated salts are detected as the features broaden, suggesting that thin layers of liquid brines may flow below the surface (Ojha et al, 2015). 

In the wet-formation mechanism, the features themselves are an indirect effect of the presence of shallow subsurface brines. The amounts of water involved are small but not zero in this model. Soil thermal responses limit unbound water in RSLs to 30 grams of water per kilogram of soil (Edwards et al, 2016). 

The dry granular flow mechanism arose from a study of RSLs in Eos Chasma. These RSL’s terminate at slopes that match the stopping angle for granular flows of cohesionless dust. Even these RSLs still have hydrated salts, and the seasonal patterns still suggest some role for water in their formation though the research ruled out substantial quantities of crust‐forming evaporitic salt deposits (Dundas et al, 2017). 

Difficulties with the dry granular flow mechanism include the seasonality and especially the rapid fading away of streaks at the end of the season, Dust streaks usually fade over decades. Also there is no explanation in this model of how dust is resupplied year after year. 

Resupply is also a major difficulty for the wet formation mechanism. RSLs in the Valles Marineris seem to traverse bedrock rather than the regolith usual for other RSLs, and if water is involved in their formation, substantial amounts must be resupplied to sustain lengthening throughout the season (Stillman, cited in David, 2017).

[bookmark: _Hlk121310933]Stillman in 2018, suggests some of these features may be caused by dry granular flow, and others by a wet-dominated mechanism (Stillman, E., 2018:81). So it remains possible that some RSLs are habitable, and if so, perhaps life could get to Perseverance from any nearby RSLs though at present it seems an unlikely scenario.

Another suggestion is that the darkening of the soil is the result of deliquescence of salts in perchlorate and chloride containing soils. Their association with gullies could be the result of earlier flows during a wetter period on Mars leading to precipitation of salts that now darken seasonally. There would then be no need for a salt recharge mechanism, and some salts like calcium perchlorate could deliquesce rapidly in less than 3.5 hours, a similar process to the deliquescence observed by Curiosity but on a larger scale with more of the salts (Heinz et al, 2016).

More distant RSLs could be a source of propagules for the sand dunes, transported by the Martian dust storms from almost anywhere on Mars.
[bookmark: _Toc122657692][bookmark: _Toc122890758]Could Perseverance find recognizable well preserved past life? 
The three main possibilities here are 
· macrofossils,
· microfossils (which might or might not be associated with organics), and 
· biosignatures of past life. 
[bookmark: _Toc122657693][bookmark: _Toc122890759]Searches for macrofossils of microbial mats or multicellular life - Knoll criterion and difficulties of recognizing life by its structures 
 
A complex multicellular animal or plant would most likely be easy to recognize, but Martian life may never have developed as far as multicellularity. Even if there is multicellular life now, Jezero crater corresponds to a time on Mars long before development of multicellularity on Earth. 

There is a case for Martian multicellularity however, even as early as the deposits in Jezero crater. On Earth, oxygen may have triggered the explosion of terrestrial multicellular life (Parfrey et al, 2011). Curiosity’s Chemcam instrument found manganese oxides which suggest that at the time of Gale crater lake, three billion years ago (NASA, 2017), the water was oxygen rich (Lanza et al, 2014).

Present day Mars may also have conditions for oxygen rich brines anywhere on the surface, by taking up oxygen from the atmosphere, a process that happens most easily in cold conditions. Extremely cold brines in polar regions could reach oxygen saturation levels similar to those needed for primitive sponges (Stamenković et al, 2018) as we saw in

· Some Martian brines could be oxygen rich permitting aerobes or even primitive sponges or other forms of multicellularity - Stamenković‘s oxygen-rich briny seeps model
(below)
 
The case can be argued both ways, that the harsh conditions of early Mars could have slowed down evolution, or that the ionizing radiation and the frequent “snowball Mars” phases, combined with the oxygen rich atmosphere, could have triggered a more rapid evolution on Mars, and possibly even complex multicellular life billions of years before it became common on Earth. So, we shouldn’t rule out the possibility of complex life on Mars quite yet.

It’s important to realize how limited our exploration has been.

· Two stationary landers, Viking I and II,
· One stationary lander with a rover of limited range, Pathfinder + Sojourner
· Three rovers, Opportunity, Spirit and Curiosity with maximum travel distance of 45.16 km for Opportunity (NASA, 2019merm)
· Perseverance, travel distance over 10 km in 2022 (NASA, 2020wip)

The surface area of Mars is the same as the total land area of Earth. If we explored Earth with the same capabilities looking just for fossils using remotely controlled rovers, landed in deserts perhaps, we probably wouldn’t have found any macro fossils of past life yet. To find anything, we would need to know where to go or what to look for. 

Detection of early microscopic life on Earth and even macrofossils such as stromatolites is often controversial and requires multiple lines of evidence before it is accepted. Sometimes features in terrestrial geology that were previously accepted as the result of life processes become proven to be abiogenic (Javaux, 2019).

So far there has been no clear evidence of multicellularity on Mars. But we may have found ambiguous evidence.

If there was life in Jezero crater then it is possible that Perseverance finds macrofossil evidence in the form of microbial mats, maybe even stromatolites. Curiosity, Opportunity and Spirit may already have found microbial fossils on Mars. 

This is a potential microbial mat or more generally, MISS (microbially induced sedimentary structures) found by the geobiologist Nora Noffk in a careful analysis of Curiosity photos based on her expertise studying the corresponding structures on Earth:

 [Figure needs permission]
Figure 34 the geobiologist Nora Noffke says these look like trace fossils of microbial mats. (Bontemps, 2015) (Nofke, 2015).

They resemble structures associated with microbes on Earth as the terrestrial structures change with time as the mats after growing, dry up, and crack and then grow again. Indeed they resemble a MISS that she discovered in Australia, from 3.48 billion years ago (Nofke et al, 2013).

These structures could be the result of other processes, for instance some of them could be the result of erosion by the wind, by salt, or water, but interviewed by NASA Astrobiology Magazine she says (Bontemps, 2015)

“But if the Martian structures aren’t of biological origin, then the similarities in morphology, but also in distribution patterns with regards to MISS on Earth would be an extraordinary coincidence.”

She says (Bontemps, 2015)

“All I can say is, here’s my hypothesis and here’s all the evidence that I have, although I do think that this evidence is a lot.”

She suggests a four step process of confirmation similar to the methods used to confirm terrestrial microbial mats (Nofke, 2015:21-2).

1. Detection of past aquatic environments suitable for microbial mats and where they could also be preserved to the present. The waves and currents need to be not too weak or too strong, which she refers to as the "hydraulic window for mat development". She suggests searching for rock bed thicknesses between 2 and 20 cm with evidence of currents, e.g. ripple marks of less than 12 cm crest to crest distance, and for exposed rock surfaces not littered by loose sediment, suggesting recent wind erosion. When a structure is found that resembles a fossil mat, then we move to the next stage. 
2. Identification - using many photographs taken in different lighting conditions and from all sides to bring out the 3D structure of the surface. Then close up images, and measurement of the thicknesses of potential features (e.g. mat chips and roll up structures).
3. Confirmation - to look for microstructures such as aligned grains and seven other mat layer textures. Then to look for minerals that may be due to microbial mineral activity, distributed in ways that may mirror ancient textures of the mats themselves, and section the structures and examine the mineralogy of sections.
4. Differentiation, to differentiate from other structures formed in the same conditions that aren’t microbial mats. 
Differentiation won’t be easy. Terrestrial sedimentary structures are well understood ,but for Mars this would require better understanding of how Martian sediments are deposited and altered, and so is something that can only be accomplished in the future. She puts it like this (Nofke, 2015:22).:

Because much of Mars’ early history and the former depositional and diagenetic processes are still unknown, this last step clearly can only be ac-complished in the future

This is an example of a striking fossil of early life from Earth which is now confirmed (a stromatolite not a microbial mat):

[Figure needs permission]
Figure 35: These unusual cone shaped structures are now known to be very early stromatolites from 3.4 billion years ago. (Allwood, 2009) 

However, it took a great deal of work and evidence, particularly the evidence of organics caught up in the material of the stromatolite fossil itself, before they were accepted as such.

There are many suggestions for Martian fossils from enthusiasts after examining the photographs, and perhaps some of them are indeed fossils (Davidson, 2004). 

However, as for Nofke’s potential microbial mats, interpreting them needs caution, until we understand the physical processes on Mars much better. We have to use the Knoll criterion named after Andrew Knoll who is on the Curiosity mission science team (Knoll, 2013).
Andy explains how the “Knoll Criterion” came about like this: whenever scientists pick metrics to identify life that are based on the life we find on Earth, some hopeful people insist that life may be different on another planet, and so those metrics may not apply. However, Andy counters, “modern Mars exploration is geological principles and practices exported to another planet.” 
So, he inverted the approach to identifying fossils, explaining “we should really understand what chemical and physical patterns can be generated by physical processes alone.” Then, using process of elimination, anything that can not be explained by chemistry and physics is likely to be biological, whether on Earth, Mars or elsewhere. 
If it can’t be explained by chemistry or physics it is likely to be biological. Sadly though, this means that our rovers may be discarding many actual fossils because a genuine fossil might look identical to a feature that can be formed by physical processes, or we might just not know the limits of what physical processes can do on Mars and err in the direction of caution.
[bookmark: h_difficulties_ALH84001][bookmark: _Toc122657694][bookmark: _Toc122890760]Difficulties of recognizing microfossils even with associated organics – example of ALH84001
It’s the same situation with microfossils, as astrobiologists found with the minute structures in ALH840
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Figure 36: The structures in these photos are  between 20 and 100 nm in diameter (Treiman, n.d.), well below the resolution of a diffraction limited optical microscope of 200 nm and the smaller structures are too small for DNA based life.
The jury is still out on whether the structures in ALH84001 were the result of life or not. The strongest argument in favour of life originally was the presence of pure crystals of magnetite which are used by many ancient microbes to sense the direction of up or down through magnetic field dip. However it was soon discovered that similarly pure magnetite can be produced abiotically (Schwandt et al, 2004). This led to questions about some of the supposed ancient terrestrial magnetite biosignatures. Some of these could be abiotic too (Till et al, 2017).

But this doesn’t prove that the magnetite crystals are abiotic. Just that they could be. There are several other apparent biosignatures in this meteorite, but they could all be biotic.

Steven Benner and Paul Davies think the structures in ALH84001 just might be fossils, because, though too small for terrestrial life, they are just the right size for simpler RNA world cells from an earlier form of life without the large ribosomes and without proteins (Benner et al, 2010:37).

"The most frequently cited arguments against McKay's cell-like structures as the remnants of life compared their size to the size of the ribosome, the molecular machine used by terran life to make proteins. The ribosome is approximately 25 nanometers across. This means that the "cells" in Alan Hills 84001 can hold only about four ribosomes - too few ... for a viable organism.

"Why should proteins be universally necessary components of life? Could it be that Martian life has no proteins?

... Life forms in the putative RNA world (by definition) survived without encoded proteins and the ribosomes needed to assemble them. ... If those structures represent a trace of an ancient RNA world on Mars, they would not need to be large enough to accommodate ribosomes. The shapes in meteorite ALH84001 just might be fossil organisms from a Martian "RNA world".
The structures and organics in this meteorite give us the closest we've ever got to something that could be extraterrestrial life, in a real world situation, and actually accessible to study in our laboratories. This controversy made it clear to astrobiologists how difficult it is likely to be to prove that an ancient structure resembling microbes is life. 
As Harry McSween put it in 1997 (McSween, 1997)
"this controversy continues to help define strategies and sharpen tools that will be required for a Mars exploration program focused on the search for life."
Since we already have these structures in a Martian meteorite, they may well occur in some of the returned samples. It is possible that more samples will help resolve the question, but they may well leave it as undecided as before.

There are many ways that structures like this can form. For instance there are natural organic amphiphiles (like soap bubbles) that naturally self-assemble into cell-like vesicles when placed in water which might well create structures that look like fossils of life on Mars (Lerman, 2004). 

If Martian life has never developed multicellularity, it is not likely that we will find life through structure alone. Even the presence of organics, and even if the structures are associated with organics, it won’t prove that they are life.
[bookmark: h_perseverance_could_detect_chlorophyll][bookmark: _Toc122657695][bookmark: _Toc122890761]Perseverance could detect distinctive biosignatures like chlorophyll and carotenoids - but only for exceptionally well preserved present day life, and chiral excesses and C12 / 13 ratios also occur in meteorites
The instruments that Perseverance bring to Mars with Raman spectroscopy and fluorescence spectrometers are able to distinguish aromatic from aliphatic organics. These spectrometers could detect the characteristic signatures of some distinctive biomolecules like chlorophyll and carotene. These are preserved for some time in Martian surface conditions of ionizing radiation and UV. The biosignatures of chlorophyll and carotene are detectable even half a year after being directly exposed to the UV, in samples mixed with regolith (Baqué et al, 2020), so could be detected if freshly exposed, perhaps by the rock abrasion tool (Stromberg et al, 2019). This is a possible method for detecting present day Martian life if it uses the same biomolecules for photosynthesis as terrestrial life 

However, apart from such easily recognized organics as chlorophyll, Perseverance’s in situ instruments are not reliably able to distinguish biotic from abiotic organics (Hays et al, 2017) (Fox et al, 2017)

It is the same issue with returned samples. Even with all the capabilities of terrestrial labs, detecting biosignatures will not be easy, especially if the samples are degraded or mixed with abiotic organics.

Exceptionally well preserved past life might be recognizable, for instance, degradation products of carotenoids have been detected in 1.54 billion year old rock samples on earth (Fox et al, 2017)

A clear signature of chirality would help, but that’s easily erased in past organics through racemization (flipping of a molecule into the opposite sense) as the past conditions are likely to be warm, and the racemic signature is not preserved for long except in very cold conditions. To avoid this racemization, the life would need to encounter cold conditions soon after burial and then remain cold until soon before it is sampled.

Also although modern life is strongly chiral, early life could be chirality indifferent, “ambidextrous”. In 2014, Joyce found an RNA enzyme consisting of 83 nucleotides that lets “left handed” L-RNA catalyze the replication of right handed D-RNA and vice versa which would permit replication of RNA world life in a chirality indifferent organism (Joyce, 2007) (Sczepanski, 2014) (Singer, 2014). Also modern life often produces some organics of opposite chirality (Fox et al, 2017).

Also, though this is never known to happen in terrestrial conditions, potentially extraterrestrial processes could produce natural abiotic compounds nearly all of one chirality (enantiopure). In one experiment a small excess of serine near its solid - liquid eutectic point in water was amplified to a 99% excess (Fox et al, 2017). The authors suggest that similar chiral amplifications may have occurred before the origin of terrestrial life (Klussmann et al, 2006) - if so such processes might operate with prebiotic chemistry on Mars.

So, an absence of any chiral signature doesn’t need to mean an absence of life. If native Martian life is “ambidextrous” then it might have no chiral signature, but have roughly equal amounts of ordinary and mirror organics.

Also to confuse things in the other direction, many meteorites have a chiral excess resembling life, sometimes a strong one. This figure shows one of many chiral imbalances from water modified carbonaceous chondrite meteorites, in this case for isovaline. This amino acid has excesss of 10% to 15% in these meteorites and it doesn’t occur naturally in terrestrial biology so is not likely to be due to contamination:

[Figure needs permission]

Figure 37: Chiral imbalances in meteorites, in this case for isovaline in carbonaceous chondrites. Type 1 chondrites and some type 2 chondrites show excesses of 10% to 15%

Liquid water may play a role in amplifying the excess, since the Type 1 meteorites are most altered by water and the Type 3 ones are least altered.

[From: Fig. 11 Enantiomeric excesses (in percent) of isovaline measured in CI, CM, and CR carbonaceous chondrites correlate with the degree of aqueous alteration of the samples” (Burton et al, 2012:5468)]

Another study found large chiral excesses of sugars in the Murchison meteorite, including a D excess of nearly 100% of the rare sugar Arabinonic acid which typically has an L excess in soil (Cooper et al, 2016).
[image: ]

Figure 38: chiral imbalances in five carbon sugar molecules in the Murchison meteorite, the imbalance favours arabinonic D, so is in the opposite direction from soil samples.

[From: Figure 4, The 5C sugar acid enantiomer analysis of the Murchison meteorite (Cooper et al, 2016)]


Combine this with deracemization and mixture of any organics of past life with the large amount of meteorite infall organics expected on Mars (Goetz et al, 2016:247) (Frantseva et al, 2018), and any chiral excess in a Martian sample due to past life is likely to be weak and not by itself a particularly clear biosignature. 

The same is true for the carbon 12 / 13 ratio. Carbon 12 is preferentially taken up by biological processes through kinetic fractionation. Carbon 13 is also stable but incurs more energy costs and so, a C12 excess is a possible signal for life.

However we already have a Martian meteorite with a C12/13 ratio resembling life, the Tissint meteorite, and this was not considered conclusive despite multiple apparent biosignatures (Lin et al, 2014). The problem is that ratios resembling biotic processes are produced naturally, for instance in hydrothermal vents (Westall et al, 2015:1006) (McDermott et al, 2015).

There are other biosignatures to look out for, for instance, a large excess of an amino acid that on Earth anyway is typically only found as the result of life processes. Another potential biosignature is the relative abundance of the more complex amino acids compared with the simplest one, glycine. Abiotic samples normally have a much higher abundance of the simpler and easiest to synthesize molecules. An abundance of more complex amino acids, would suggest the organics are a result of life rather than abiotic chemistry (Creamer et al, 2017:1331). 

There are many possible signatures to look out for. However, definite proof of past life is likely to take a while and require relatively good quality undegraded samples and the use of multiple biosignatures (Westall et al, 2015).

If there is a significant possibility of such exceptionally well preserved past organics, or past life, then that’s a reason to hold back from sterilizing the returned sample, if possible.
[bookmark: _Toc122657696][bookmark: _Toc122890762]Modern miniaturized instruments designed to detect life in situ on Mars - could also be used to examine returned samples in an orbital telerobotic laboratory
There are many astrobiological instruments we can send to Mars. These in situ instruments can also be of interest for studying a sample returned to an orbital laboratory in the Earth Moon system, as we explore in: If life is found, preliminary studies can continue telerobotically in orbit above GEO using instruments designed for in situ life detection on Mars

To date, the only life detection instruments sent to Mars were the instruments on board the two Viking landers in the 1970s. Since then a couple of life detection instruments got close to being accepted on the manifest of ExoMars but sadly never got into the final mission (now renamed as the Rosalind Franklin rover). Many more are at an advanced stage and could be flight ready soon. 

If some time in the near future there is a call for instruments to send to Mars to search for life in situ, there will be many responses from astrobiologists. The new instruments are low mass, have low power consumption, and could be sent in a suite of many astrobiological instruments in one unit. 

[bookmark: _Hlk122536227][bookmark: _Hlk122536087][bookmark: _Hlk122536124]Two of these instruments were nearly sent to Mars. UREY (Bada et al, 2008), one of the instruments proposed by astrobiologists, was selected for ExoMars and then descoped when NASA withdrew from the project, which reduced the launch mass. The Life Marker Chip which uses polyclonal antibodies to find life organics (Davila et al, 2010), had a target mass of less than 1 kg (ESA, n.d.LFM), and was also selected for ExoMars and then descoped. Another version of it, LDChip300 was tested in the very dry core of the Atacama desert and was able to detect a previously unknown layer of microbial life at a depth of 2 meters below the surface. It is able to detect proteins and peptides at parts per billion, or at a concentration of between 10,000 and 100,000 cells per millilitre (Parro et al, 2011).

[bookmark: _Hlk122536172]UREY has now been updated as Astrobionibbler, a “lab on a chip” with microfluidic supercritical water extraction, able to detect a single amino acid in a one gram sample. This has a target mass of 2.5 kg (Schirber, 2013) (Noell et al, 2016). 

[bookmark: _Hlk122536316]The Viking labeled release experiment was able to detect microbial respiration from a few cells, for instance in Antarctic soils, even when unable to reproduce or form colony forming units (Levin et al, 1981). A proposed update would detect whether the emitted carbon 14 in emitted methane or carbon dioxide depends on the chirality of the organics added to the sample (Anbar et al, 2012). 

Another proposed experiment to detect extraterrestrial life would use microbial fuel cells. These can check for redox reactions directly by measuring the electrons and protons they liberate. This is sensitive to small numbers of microbes and has the advantage that it could detect life even if not based on carbon or any form of conventional chemistry we know of (Abrevaya et al, 2010)).

[bookmark: _Hlk122536373]We can also use fluorescence imaging. Aromatic amino acids (incorporating a ring of six carbons) fluoresce when stimulated with deep UV at wavelengths less than 250 nm. Chlorophyll and some other biological organics also autofluoresce. We could also use fluorescent dyes that bond to specific macromolecules such as lipids, proteins and nucleic acids (Hand et al, 2017), 

We can also use this autofluorescence to directly search for the activity of swimming microbes (Hand et al, 2017). Then it would be useful to send an off-axis holographic microscope to let the focus be adjusted after the image is taken making it easier to image individual microbes in a liquid medium (Lindensmith et al, 2016), Raman microspectroscopy synchronized with visible light can do a chemical analysis of the microbes directly (Hand et al, 2017), and superresolution optical microscopy can go beyond the usual optical resolution limit of 200 nm to observe nanobacteria (Hand et al, 2017). 

[bookmark: _Hlk122537745]Then there’s the possibility of a miniature variable pressure electron microscope that combines imaging with in situ chemical analysis (Gaskin et al, 2012) and SETG, a complete end to end gene sequencer small enough to hold in the palm of your hand (Mojarro et al, 2016). 

A suite of several instruments would be needed as often multiple biosignatures are required simultaneously to detect life with confidence (Westall et al, 2015). This is feasible because of the miniaturization of these instruments. The mass set aside for Moxie, at 17.1 kilograms, the experiment to generate oxygen on Mars (NASA, n.d.MOXIE), would be enough mass for six or seven in situ life detection instruments similar in mass to the Astrobionibbler. Moxie is a useful experiment, also of interest for robotic missions, especially to generate oxygen for fuel on the surface to use for surface operations and return to orbit. But the comparison is interesting, the mass could be found for in situ life detection if that was the priority for a future mission.

In some future astrobiological mission to the surface we can do in situ testing using a suite of instruments such as these. In this way, we will be able to make informed decisions about which samples are of most interest to astrobiology. See

· 

Without these preliminary measurements, it is inevitable that it will be a matter of luck whether the selected samples are of astrobiological significance. We may however be able to increase the odds of returning life. 
[bookmark: _Toc122657697][bookmark: _Toc122890763]Sampling recommendations to improve chances of returning present day life, unambiguous past life, and material of astrobiological interest - including air / dust / dirt sampling additions to ESA’s Sample Fetch Rover and modifications of Perseverance's caching strategies
There may be ways the mission planners can increase the probability of returning present day life, and also past life in a well preserved state. This could also impact on decisions about whether to sterilize all the samples on the return journey or to return unsterilized samples initially to above GEO. See:
· Recommendation to return a sample for teleoperated ‘in situ’ study above Geosynchronous Equatorial Orbit (GEO)	

ESA’s next Mars rover, the Rosalind Franklin rover, is scheduled to launch to Mars in 2022, arriving in 2023, and has the ability to drill to a depth of two meters, to find layers more likely to contain well preserved past life (Callaghan, 2020). Sadly, Perseverance is not able to do this.
However, both missions bring new instruments to Mars and new capabilities. Both the ESA rover with its drill and Perseverance itself may make discoveries over the next several years that may help Perseverance to select its rock samples more intelligently, and increase the possibility of returning present day life.
Perseverance is optimized to cache surface rock samples and samples of regolith (NASA, n.d. WISO) (NASA, 2020tesgs). Perseverance is now on Mars and can’t be modified. 
However, ESA’s Sample Return Orbiter for Mars won’t launch until the late 2020s, and is still at the concept stage, along with is Sample Fetch Rover, and NASA’s Orbiting Sample Container and Mars Ascent Vehicle, so these spacecraft could all potentially still be modified. See: 
· 

This article recommends Martian dust as an interesting target for both astrobiology and geology. The dust consists of small geological rock samples from random locations on Mars.
A dust sample can help with studies of spore dispersal in dust storms and habitability of the dust, and variation in habitability during dust storms which shield from UV light. A dust sample might even return wind dispersed spores if such exist on Mars.
The original Decadal review in 2012 recommended one dust sample (Board et al., 2012:159) but this was dropped. The Perseverance mission is likely to have some adventitious dust samples especially on the outside of the sample tubes left on the surface for some years before collection (Grady, 2020). However it would be of great interest to preserve a larger sample of dust, and to be able to study how the dust varies during dust storms and seasonally, and to search for spores in the dust. 
This article proposes as one way to do this that the ESA fetch rover could take a couple of spare sample tubes and leave them open on the surface during dust storms to capture airfall dust. For a more elaborate proposal, it could take a rotary air pump spore collector adapted to Martian conditions to collect dust into a sample tube. See:
· Recommendation: Extra sample of air and airfall dust to search for Martian life, assess forward contamination issues for terrestrial microbes, dust dangers for astronauts, and to return a random sample of wind-eroded rock from distant parts of Mars 
Although Jezero crater is of great interest for past life (NASA, n.d. PRLS), Perseverance is not likely to return rocks with past organics preserved as well as the Mars meteorites we already have. Our Martian meteorites are known to come from at least 3 meters below the surface protected from cosmic radiation before they were ejected from Mars (Head et al, 2002). 
The organics in Mars meteorites have been controversial despite multiple apparent biosignatures. Astrobiologists warn that if Perseverance returns samples as ambiguous as these meteorites, they are not likely to resolve central questions in the field of astrobiology (Bada et al, 2009). 
Surface organics preserved from past life are likely to be too degraded to have recognizable biosignatures. See
· The processes on Mars expected to destroy most surface organics from past life

Also

· Perseverance could detect distinctive biosignatures like chlorophyll and carotenoids - but only for exceptionally well preserved present day life, and chiral excesses and C12 / 13 ratios also occur in meteorites

Past life organics would be degraded quickly by surface processes, with a ten-fold reduction of the number of amino acids in the sample for every ~200 million years of exposure to surface levels of ionizing radiation, see calculation in:

· Level of sterilization needed similar to ~100 million years of Martian surface ionizing radiation - and would leave present day life and past life still recognizable - if recognizable without sterilization	

Perseverance could however take rock samples with potential for greater astrobiological interest from freshly excavated craters or wind eroded features. We will see that some of those could have very young surface exposure ages. These might potentially be significantly more interesting than the Martian meteorites if they contain relatively undamaged samples of organics from habitable environments of early Mars with the geological context well understood. See:
· Recommendation: use of Marscopter and Perseverance to help identify young craters with sharp rims to help sample subsurface organics excavated by meteorites	

Also

· Exposure of organics through wind erosion - for samples of less degraded past life	

It would also be of great interest to attempt to sample the brines detected by Curiosity. Faster moving sections of sand dunes may also be of astrobiological interest in a search for redox gradients that life in the dunes might use, as the winds mix lower reducing layers into surface oxidising layers (Fisk et al, 2013).
These samples would be of interest for the search for present day life. See:
· Recommendation: modify ESA's sample fetch rover to grab a sample of the near surface temporary brine layers from sand dunes - perhaps Perseverance may be able to do this too with its regolith bit
[bookmark: _Toc122657698][bookmark: _Toc122890764]Near certainty of a young crater of 16 to 32 meters in diameter less than 50,000 years old within 90 days travel of the landing site - to sample for past life less damaged by cosmic radiation
In the section Level of sterilization needed similar to ~100 million years of Martian surface ionizing radiation - and would leave present day life and past life still recognizable - if recognizable without sterilization we found that a dose equivalent to 100 million years of surface radiation would be needed to sterilize a hypothetical surface organism ten times more hardy than radiodurans, which would reduce the amino acids three fold. After 200 million years of radiation the amino acids would be reduced ten-fold. Many biosignatures would be much harder to recognize.

The biosignatures are also likely to be mixed with abiotic organics and degraded by other processes such as the surface chemistry.

A young crater a few millions or tens of millions of years old could expose organics with much less deterioration by cosmic radiation than this sterilization dose, and than normal surface samples. Some of the youngest craters on Mars are only a few years or decades old. Mars Reconnaissance orbiter frequently detects new craters from orbit that weren’t present in earlier photographs. 
It would be useful to find a crater that can excavate to at least the two meters drill depth of the ESA’s Rosalin Franklin rover (Callaghan, 2020).
A typical small crater of 16 to 32 meters in diameter can excavate the surface of Mars to more than 2 meters. A study by Daubar et al, of new craters that formed in the last few decades (from before and after images) found that this size of crater excavated the surface to depths of between 2 and 9 meters (based on seven newly formed craters at this size in Figure 4 of Daubar et al, 2014). 
This is deep enough to find organics not significantly damaged by cosmic radiation even after three billion years. It may also be able to penetrate below the average depth of impact gardening by meteorites. The fines dominated regolith in Jezero crater is estimated as 2 to 5 meters thick, and the Jezero mafic unit (likely volcanic in origin) has no noticeable regolith (Schuyler et al, 2020). 
In the size range 16 to 32 meters the crater rate is about 2.57 craters per square kilometer every ten million years (1.9 + 0.67 for first two rows in table 1 of Hartmann et al, 2017). 

Perseverance is expected to travel an average of 200 meters per day (NASA, 2020plpk). So the total number of craters accessible to it in n days is:

In 25 days of travel, or 50 days round trip, Perseverance can travel 5 km and access on average 202 craters less than 10 million years old. There is a 64% chance one of those is less than 50,000 years old
If Perseverance spends half the time on direct travel to a destination and the other half of the time on science and diversions to scientifically interesting targets, then in 360 days it can access any site within 90 days travel or 180 days round trip. In 90 days, it can travel 18 km and access 2616 craters in this size range on average.
We can calculate the probability that there is at least one crater of this size younger than a given age x as

where n is the number of craters accessible to Perseverance, in this case n=2616.
We find that there is a 50% chance of finding a crater less than 2,650 years old within 90 days travel, a 2.6% chance of finding one less than 100 years old and a half percent chance of finding one less than 20 years old in this size range. 
With this same limit of 90 days travel, or 180 days round trip, there is a 99.96% chance of finding at least one crater in this size range less than 30,000 years old. There is a 99.9998% chance of finding a crater less than 50,000 years old in the size range 16 to 32 meters.
[image: ]
Figure 39: Probability of crater size 16 to 32 meters within 90 days of travel for Perseverance - graph available online from Desmos here
Larger craters are also possible. Hartmann et al say to use table 2 of (Hartmann, 2004) for crater sizes above 32 meters, which adds 0.44 for craters in the range 31.2 to 500 meters to the previous figure of 2.57. There is an overlap due to differing bins in the tables from 31.2 to 32 meters which would contribute less than 0.06 so 2.95 is a reasonable estimate. That would put Perseverance within reach of 3,003 craters in the range 16 to 500 meters that formed in the last 10 million years
Using the 0.44 craters per square kilometer and 18 kilometers travel distance in 90 days, Perseverance is potentially within range of 448 craters of 31.2 to 500 meters that would likely have excavated the surface to well over 5 meters depth (see Figure 4 of Daubar et al, 2014). .
[bookmark: _Toc122657699][bookmark: _Toc122890765]Probability of a new crater within reach of Perseverance forming during the mission to sample newly exposed subsurface organics
 The probability of a newly formed crater during the mission is low. Based on our calculation in the last section of 3,0003 craters of 16 meters in diameter or more within 18 kilometers distance, or 90 days travel, there is only one chance in a thousand that a new crater of 16 meters or larger size forms in the next 4 years, within 90 days' travel of Perseverance. However, if we consider craters smaller than 16 meters in diameter, it may be useful to monitor for newly formed craters in the vicinity of the rover. 
Even a 4 meter diameter crater can excavate to a depth of half a meter or more (Daubar et al, 2014: Fig. 4), and may be of interest especially if it impacts on a deposit of interest for the search for past life. 
Adding craters of 8 - 16 meters, some of which may excavate the surface to over a meter depth, adds an extra 22 craters per km² every ten million years to the previous 2.57 (6 + 16 from third and fourth rows of table 1 of Hartmann et al, 2017) for a total cratering density of 24.95.
Using the same calculation as before, this brings 25396 craters () within reach of 90 days travel (18 km) and a 1% chance that a crater of this size forms in the next 4 years within 90 days travel of Perseverance. That’s calculated as before as

where x is the desired age range and n the number of craters of this size accessible to Perseverance.
If the search is expanded to a 360 day round trip non-stop, or two years travel, assuming half the time spent on science, there are 101,584 available above 8 meters in diameter and a 4% chance of a crater within reach forming within 4 years.
Adding craters of 4 - 8 meters, likely to excavate to a depth of half a meter, adds an extra 152 (110+42) to the crater count for a total of 155 craters per km². That puts 631083 craters in reach with a 22% chance of one forming in the next 4 years within 180 days travel of Perseverance and a 47% chance of one forming at the same distance in the next decade. 
Adding 2 - 4 meters adds an extra 690 (240+450) for a total of 845 craters / km² which puts 3440420 in reach and there is then a 75% chance of a crater forming in the next 4 years at this size. and a 97% chance for the next decade.
In short, there is a significant chance that a new crater of interest forms during the mission. However, Perseverance would most likely need a large detour to visit such a new crater.
This approach could also be of interest for planning future missions. Of the hundreds of newly formed craters discovered from orbit, some are likely to be within other regions of astrobiological interest such as deltas, lake beds and the large northern hemisphere salt flats explored by the Phoenix rover. Even a mission such as ExoMars (ESA, 2019edu), with the ability to drill 2 meters could benefit from the serendipitous exposure of new material accessible without drilling, and with low surface exposure ages.

[bookmark: _Toc122657700][bookmark: _Toc122890766]Dating young craters from orbit through fresh appearance with sharp rim - and absence of interior craterlets or few craterlets
Unless we are lucky enough to spot a crater form during the mission, we need to use other methods to attempt to locate the youngest nearby craters. Dating such young craters from orbit would be hard. We can’t use crater counts from orbit, as most would show no other craters within them. But a crater with a sharp rim showing little evidence of erosion is likely to be at most a few tens of millions of years old.
[image: ]
Figure 40: Two styles of degradation of small craters on Mars. The central one is relatively fresh with a sharp crater wall, the one on the left has been filled in and the one on the right has been eroded. (Kite et al, 2017) Images: NASA/JPL/University of Arizona
There are fewer small craters in the HiRISE images than expected, suggesting significant erosion or coverage by wind blown deposits (Shahrzad et al, 2019:2413) so an uneroded uncovered crater may be very young.
Another way to date craters would be through counting small craterlets within them, however sadly numbers of craterlets would be small. Opportunity discovered two small craterlets at 20 cm and 10 cm in diameter but these are rare (NASA, 2005odt). 
At one meter size only 1000 craterlets form per square kilometer every 10 million years though this may be undercounted (Hartmann et al, 2017: Figure 2). This makes it only a 5% chance of a one meter diameter craterlet within a 32 meter diameter crater formed in the last 10 million years. The isochrons don’t go below 1 meter but if they continue at a similar slope, then we can expect a little under 10,000 at 10 cm size per square kilometer. But there may be far less than that, as many at this size would burn up in the atmosphere and because the craterlets would be easily eroded in dust storms.
Given the large numbers of craters within reach, some of the craters at 16 to 32 meter size might have one or two craterlets within them but this could just be chance and doesn't seem likely to be useful for dating them as older than the other craters. It’s also possible that multiple craterlets could be related, due to the break up of a larger meteoroid in the atmosphere. Also since most craters this young would have no craterlets within them this is unlikely to be useful to rule out any cases of much older craters that have an otherwise young appearance.

[bookmark: h_rec_marscopter][bookmark: _Toc122657701][bookmark: _Toc122890767]Recommendation: use of Marscopter and Perseverance to help identify young craters with sharp rims to help sample subsurface organics excavated by meteorites

In future missions, or even this one, the Mars helicopter could perhaps help date floors of young craters within reach of its panoramic camera and its 12+ meters flight elevation (JPL, 2021). The nearest uneroded young crater with the sharpest features is likely to be a good target. Although from the previous section, it’s not likely we can use absence craterlets to recognize the youngest craters, if it has many craterlets this would be a contraindication; it is likely older than it looks.

The Marscopter is designed to fly to a height of 5 meters and fly a distance of 300 meters in a single flight (NASA, 2020mhts). It takes 3D high resolution images in flight, using a 13 megapixel colour camera. These are intermediate in resolution between orbital images and the images taken with the rovers at ground level (Golombek et al, 2020). 
After the test flights the duration of a single flight was estimated at 600 meters and the height anywhere between 10 meters (Bob Balaram) and 600 to 700 meters (MiMi Aung) and due to the extremely good signal to noise ratio the maximum separation from the rover is at least a kilometer (NASA, 2021mpb). On July 24 2021, it reached an elevation of 12 meters (JPL, 2021) 
The Marscopter can see further if it can fly step by step to the top of a local elevation first to add extra height before the launch. 
Perseverance can also assist with these age estimates of nearby craters by climbing local elevations and taking high resolution photographs of the landscape below it.
As of May 6, 2022, the marscopter is still functioning though it is facing challenges with the cold of the approaching Martian winter (Agle, 2022)
[bookmark: _Toc122890768]Proposal: send a presterilized marscopter with the ESA fetch rover to pick up pebbles of astrobiological interest if any are found and return to a new sterile container brought to Mars – MID EDIT
[bookmark: _Hlk122815539]The latest idea is to send marscopters to help collect the sample tubes.zzz

Given the amount of forward contamination it wouldn't help much for astrobiology to send Perseverance to collect rock samples from recently exposed crater materials.

But a marscopter picking up one pebble at a time and returning it to a STERILE container on the ESA fetch rover would be another matter. Perhaps we could have a special pre-sterilized Marscopter inside a sterile container which could be released on Mars?

It wouldn't be mission critical if we have more than one marscopter and only the astrobiologists' marscopeter is in a container that has to be opened on Mars. If so it could introduce no contamination at all. 

A robot as small as the marscopter can probably be 100% sterilized at reasonable expense.

First, all external surfaces can be sterilized using carbon dioxide snow and heat treatment made of components that can withstand heating to 300C. 

There are plans for a Venus rover that would function at 300 C which uses only off the shelf commercial components that are designed for high temperature applications

That suggests that they could modify the design specs for a marscopter so even the internals also function just as well after pre-heating to 300 C for a few days.

For details see below:
· Suggestion to develop design specifications for 100% sterile rovers for fast safe astrobiological surveys throughout the solar system based on research for Venus surface rovers


Then use carbon dioxide snow for external surfaces. It would be very clean after that.

[bookmark: Agle2022][bookmark: h_exposure_organics_wind_erosion][bookmark: _Toc122657702]Then pick up a few interesting pebbles that by the geology seem to be recently exposed and organics. Perseverance could even analyse the organics in the exposure so long as it doesn't actually handle the pebble the marscopter returns.
[bookmark: _Toc122890769]Exposure of organics through wind erosion - for samples of less degraded past life
Since the delta deposits are of clay materials, they may erode easily. Rapid wind erosion of soft rock could expose ancient organics. Light coloured sedimentary rocks on Mars typically erode at around 100 nm a year, or about a meter every 10 million years, though some areas have slower rates and some faster, up to of the order of 1000 nm a year or one meter every million years (Kite et al, 2017). This could lead to preservation of relatively intact organics. This graph shows possible survival fractions for amino acids in surface samples of soft rocks on Mars currently at a depth of 3 cms:
[Figure needs permission]
Figure 41: Dashed lines show estimated radiolysis survival for organics currently at 3 cms depth, for organics of atomic mass 117, 200 and 500, while the solid line shows the limit of preservation for isovaline in SiO2 (Kite et al, 2017).
This graph is based on (Kminek et al, 2006:4). who assume a dose of 200 mGy / yr. Since Curiosity measured a lower 76 mGy / yr (Hassler, 2014). the percentage surviving may well be greater than this
Jezero crater has many wind-formed features. Everywhere is within a few hundred meters of a wind streak or a transverse aeolian feature (miniature sand dune). The wind streaks vary from 35 meters to 3 km and these streaks formed originally within a year (Day et al, 2019:3103). 

The delta deposit is 6 km long and around 50 meters deep. However, three kilometers of the deposit has been eroded since formation (Day et al, 2019:3104). Depending on the age of the delta deposit, if it is three billion years old, this averages out at a meter or so of erosion every million years. The rate of erosion has probably fluctuated over time, and it is not known how fast it is eroding today. 

Chojnacki et al estimate present day abrasion rates of 0.01 to 0.3 m/Myr for Jezero crater (Chojnacki et al:483). At the lower end it would take 300 million years for the deposit to erode by 3 meters but at the upper end the delta deposit could erode by over three meters in 10 million years.

Based on these erosion figures, it is possible that Perseverance could recover wind eroded material from the delta deposit, with a surface exposure age of only a few tens of millions of years, or even a few million years. If so then there’s an opportunity to return relatively pristine past organics, depending on how well preserved they were when buried - and if they are relatively undisturbed by chemical processes since then.

Such recently eroded samples might in principle be so pristine that sterilizing the sample would make a difference to its geological / astrobiological interest - based on a sterilizing dose of over 100 million years worth of X-ray radiation. See Level of sterilization needed similar to ~100 million years of Martian surface ionizing radiation - and would leave present day life and past life still recognizable - if recognizable without sterilization (above)
[bookmark: _Toc122657703][bookmark: _Toc122890770]Recommendation: Extra sample of air and airfall dust to search for Martian life, assess forward contamination issues for terrestrial microbes, dust dangers for astronauts, and to return a random sample of wind-eroded rock from distant parts of Mars
The Decadal review in 2012 recommended one dust sample and two gas samples, along with 4 regolith and 28 rock samples (Board et al., 2012:159). . However the dust and gas samples were dropped from the final design. Grady writes that the sample tubes will almost certainly be covered in dust after 10 years on the Martian surface but it's not scheduled to collect airfall dust (Grady, 2020). It’s the same situation for the gas, the only samples will be any of the atmosphere that gets returned in the sample tubes along with the samples.
However, there is a lot of interest in the dust and in the gas. We’ve seen that dust could carry propagules from distant regions from Mars, see Could Martian life be transported in dust storms or dust devils, and if so, could any of it still be viable when it reaches Perseverance? and the following sections. 

One of the biggest knowledge gaps for forward contamination is the potential for transport of terrestrial spores in the dust storms. See: 2015 review: maps can only represent the current incomplete state of knowledge for a specific time – with knowledge gaps on survival of terrestrial life in dust storms and potential for life to survive in habitats hard to detect from orbit - so can’t yet be used to identify which areas of Mars are of planetary protection concern in the forwards direction

Also Martian dust contains perchlorates that can be changed through UV radiation into chlorates and chlorites, which are potentially harmful to astronauts. So, a sample of dust will be useful if we send astronauts to Mars in the future, see Dust as one of the greatest inhibitors to nominal operation on the Moon - and likely on Mars too
Finally, a dust sample is a random geological sample of distant parts of Mars that can be eroded by the wind and may be geologically more diverse than the regolith sample Perseverance can access. This is similar to the motivation for SCIM the proposed mission to use aerogel collectors to skim the Martian atmosphere and return micron sized dust particles (Leshing, 2002). Laurie Leshing, one interviewed by Space.com, describes it like this (Tillman, 2014)
"Think of it as a microscopic average rock collection from Mars"
For more about SCIM see Sample return as a valuable technology demo for astrobiology – and proposals to keep the first sample returns simple, a scoop of dirt or skimming the atmosphere to return micron sized dust samples (below)

It would help with all these studies to return a larger and more representative sample of dust and a cleaner dedicated gas sample. 

So can anything be done to return more dust?
Our first thought might be that instead of just relying on dust to stick to the outside of the tubes, perhaps the Perseverance rover could leave one of the sample tubes open on the surface for the duration of a Martian dust storm, or several tubes at different stages in the dust storm and also at different times in the Martian year. 
Perseverance could leave an open sample tube at one of the sample cache locations while it explores to find more rock samples to add to it  (NASA, n.d. WISO). 
However, Perseverance’s sample collection system seems to be designed with automatic sample capping. It might not be able to leave a sample tube open on the surface (NASA, 2020esgs)
If Perseverance can't do this, the ESA fetch rover could take an extra sample tube or a couple of extra sample tubes, uncapped, and place those on the surface of Mars to collect dust while it fetches the Perseverance samples.
So, how much dust could be captured in a sample tube just through infall?
The deposition rate on Mars is typically 20–45 μm per Earth year (Johnson et al, 2003). The details vary depending on the location on Mars and also vary seasonally (NASA, n.d.monm) with periods of deposition and periods of removal. 
For Curiosity’s seasonal variations, the dust accumulation rate decreases towards aphelion and the northern summer when the Martian dust devils clean the sensors (through to Ls ~ 300° (NASA, n.d. MSASL)). Dust accumulation increases through to the perihelion and northern winter and dust storm season as dust suspended in the air by the dust storms settles on the sensors (from Ls ~ 300° through to 180°) (Vicente-Retortillo et al, 2018). 
For Opportunity, closer to the equator than either Spirit or Curiosity, there were two periods of gradual deposition and removal a year. Meanwhile,Spirit had steady deposition through the colder periods and sudden sharp removal events in the warmer months (Kinch et al, 2015). 
Spirit is 14.57°S, Opportunity 1.5°S (NASA, 2004) and Curiosity 4.589°S (NASA, n.d.WiC). Perseverance is 18.45°N (NASA, n.d.WiP)
These three rovers all had times when the dust was cleared by dust devils, but the frequent dust devils would not be able to clear the dust from a sample tube. Indeed, dust devils could deposit dust into a sample tube, so a sample tube would accumulate dust year round.
If it’s possible to gather dust at different times in the year, this could help give information about how the dust composition, particle size, and amount of dust deposited varies during the Martian year. 
Supposing there is life on Mars and it is wind dispersed, it may do so seasonal. Or perhaps the dust storms themselves could provide a trigger, for instance, the reduced UV levels during dust storms might trigger spore formation, as an optimal time to spread viable spores. 
Capturing wind blown dust throughout the year would increase the chance of finding viable spores. 
The dust would accumulate in layers in the tube. This could tell us how the size of particles and chemistry of the dust varies, especially at the height of a storm when some of the transported dust may have had little or no exposure to UV. This would be important information to assess dust transport of spores and life. This also increases the chance of finding viable propagules, or spores in the dust. 
Another possibility is to send a rotary air pump sampler such as is used to collect microbial samples in terrestrial environments. 
[Figure needs permission or another source]
Figure 42: Rotary air sampler used to collect microbial spores in the Wright Valley, McMurdo Dry Valleys, Antarctica, from: Supplementary information for (Archer et al, 2019) Could the ESA fetch rover be equipped with a similar sampler for the Martian dust? If not, it could just use an open sample tube held vertically with a magnet to collect dust.

The tubes or rotary sampler could be placed at a height of just 10 cm above the surface to catch saltating spores traveling in low bounces across the surface. If no spores are found this can begin to provide limits to the amount of life on Mars, at least able to create spores that spread in the dust.
[bookmark: h_proposal_magnets][bookmark: _Toc122657704][bookmark: _Toc122890771]Proposal: magnets could be used to enhance dust collection
Any magnets used in the construction of Perseverance instruments would concentrate the dust and such magnets may provide a good location for a sample tube left temporarily to collect dust during a dust storm, to maximize the amount of dust collected.
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Figure 43: MAHLI images of the REMS UV Sensor on sols 36 (left) and 1314 (right) of the MSL mission. The circular patterns of dust are caused by circular magnets around the UV sensors which attract the dust. The magnets help to keep the sensors free of dust.

This shows the result of 1278 days of accumulation of dust, but this includes dust clearing events by dust devils. A vertical uncapped sample tube on Mars would only accumulate and not lose dust so would collect more dust than this.

Vicente-Retortillo et al’s measurements of the deposited dust were done by measuring the opacity added by dust accumulated on the sensors themselves.
Source: figure 1 from Vicente-Retortillo et al (2018)
If instead the extra sample tubes are taken to Mars by the ESA Sample Fetch Rover, magnets could be added inside the neck of the sample tubes to attract the dust.
[bookmark: h_proposal_sample_returjn_capsule_dust][bookmark: _Toc122657705][bookmark: _Toc122890772]Proposal: to use the sample return capsule as a dust collector – keep it open to the atmosphere before adding the sample tubes
Another alternative would be for the ESA Sample Fetch Rover to leave the entire sample return capsule itself open to the atmosphere for the duration of the surface mission, the capsule that contains the sample tube for the return journey. 
This capsule will need to be sealed before placing it in the Mars Ascent Vehicle, and perhaps if it is left open first for a long time, it could retain the accumulated dust and Martian air in the base of the return capsule at the time of sealing. This would be an additional bonus sample with materials from all the dust storms and dust sprites that passed over the container for the duration of the mission. 
This might cause problems if it fills with too much dust to leave room for the sample tubes. Perhaps it could be designed with extra depth for the dust and then if necessary, close the container when that depth is reached. 
At an expected dust deposition rate of 20–45 μm per Earth year (Johnson et al, 2003), less than 0.05 mm a year, the container wouldn’t need to be much larger to allow extra depth for this bonus sample. A few extra mms of depth could allow for this bonus dust sample and allow for off nominal events of more dust than expected – though this proposal would need to be studied carefully to make sure there is no risk of impact on mission objectives.
[bookmark: Proposal_Jakovsky][bookmark: h_Proposal_Jakovsky][bookmark: _Toc122657706][bookmark: _Toc122890773]Proposal: by Jakosky et al from the 2020 NASA decadal survey to combine a dust sample with a compressed sample of the Martian atmosphere
[bookmark: _Hlk120797704]One of the proposals submitted to the 2020 NASA decadal survey is to could combine a dust sample with a sample of the atmosphere. 
[bookmark: _Hlk120798267]Jakosky et al suggested sampling the Martian atmosphere in a 100 cc container containing 10 liters of the Martian atmosphere compressed 100 fold with a compressor similar to the one mounted on Moxie on Perseverance. 
Alternatively a compressor could compress the Martian air more than for Moxie, all the way to Earth's atmospheric pressure. They assume a sampling pressure of 7.36 mbar, see table 1 (Jakosky et al, 2021:S-167). So if fully compressed, a 1 liter container can return return 136 litres of martian atmosphere at Earth’s atmospheric pressure. 
At Earth's atmospheric pressure and 0 C, the density of CO2 is 1.977 kg / cubic meter or grams per liter (Engineering ToolBox, 2003). So this would return a little under two grams of Mars atmosphere.
This experiment could return enough atmosphere to detect trace amounts of methane and ethane with accuracies of parts per trillion and would also return enough atmosphere for carbon isotope measurements (Jakosky et al, 2021).
Jakosky et al say that it is not possible to analyze the Martian atmosphere with this sensitivity using gas incidentally collected in Perseverance's sample tubes, because Perseverance doesn't have a getter to remove material outgassed from the walls of the tubes before the sample collection.
So, this proposal adds significantly to the science return for the ESA fetch rover.
Jakosky et al suggest that their experiment could be used to collect dust as well, by running the gas through a filter as it is compressed. The result is a combined dust collection device and atmospheric sample return.
A sample of Martian dust would also help with understanding the atmospheric chemistry. 
They propose that large quantities of dust can be returned to Earth for analysis by adding an extra exit valve with a second dust filter to continue collecting dust after the primary gas sample is collected (Jakosky et al, 2021).
Airborne dust also could be collected with addition of 3 valves and a dust filter [their figure 6]. After gas reservoir is filled and reservoir valves closed, large volumes of Mars air would be pumped through filter to collect and trap dust and its valves closed.
This is how it works. First it uses the getter to remove evolved gases from the container wall. Then it closes one microvalve and opens another to get an atmospheric sample. Finally it closes both microvalves to the gas container and opens the vent to run more atmosphere through the compressor to collect dust in the filter (Jakosky et al, 2021)
[image: ]a.
Figure ??

1. To clean the chamber, the outside vent is kept closed, other microvalves kept open, and this vents materials from the walls of the gas reservoir into the getter. 
.2. the microvalve to the getter is closed and air from the Martian atmosphere is compressed into the gas reservoir. .
3. finally, the microvalve leading into the gas reservoir is also closed (once it is full) and the vent is opened.

Martian air continues to flow out of the vent – and dust continues to accumulate in the input dust filter
- at this point it works like an air sampler sampling the dust which gets collected in the input dust filter. 

(Jakosky et al, 2021: Fig 6)

[bookmark: _Hlk120803950]Assuming a volume of, say, 50 cc of dust, and a dust density of 0.5 grams per cc that could return up to 25 grams of dust.
This is enough to detect life at around one cell per gram or less. This is also a useful first upper bound of the amount of life in the dust if none is returned. 
See:
· Searching for distant inhabited habitats on Mars through presence or absence of one originally living cell per gram – a rough first estimate assuming uniform mixing throughout Mars for a first estimate requires life to cover between 114,000 and 1,140 square kilometers with densities of life in the dust similar to an Antarctic RSL analogue in cell count, but less than a tenth of a square kilometer if any reach a billion cells per gram – these figures can be higher if any source habitats with high densities of cells are closer to the rover with uneven mixing

[bookmark: _Hlk120804029]They present four options (Swindle et al, 2021).:
(1) Having Perseverance collect a gas sample in an empty sample tube, 
(2) Collecting gas in a newly-designed, valved, sample-tube-sized vessel that is flown on either the Sample Fetch Rover (SFR) or the Sample Retrieval Lander (SRL),
(3) Adding a larger (50-100 cc) dedicated gas sampling volume to the Orbiting Sample container (OS),
(4) Adding a larger (50-100 cc) dedicated gas sampling volume to the OS that can be filled with compressed martian atmosphere.
[bookmark: _Hlk120804046]Of their four options, two are of special interest here which I’ll label A and B to avoid confusion (Swindle et al, 2021):
A. Collecting gas in a newly-designed, valved, sample-tube-sized vessel 

They propose flying this customized sample-tube-sized vessel to Mars on the sample fetch rover.

B. Adding a larger (50-100 cc) dedicated gas sampling volume to the Orbiting Sample container (OS) that can be filled with compressed martian atmosphere.
These are of special interest since the sample-tube-sized vessel or the dedicated gas sampling volume can be 100% sterilized in advance making it possible to return a dust sample of far greater interest for astrobiology than one with large amounts of permitted biosignatures.
Swindle et al also suggest two atmospheric samples a couple of months apart to see how the Krypton / Xenon ratio varies during the year which would help with understanding intriguing anomalies in these gas concentrations in the Martian meteorites. Two samples would also help to measure variations in atmospheric nitrogen isotopes and the isotope ratios for oxygen in CO, CO2, H2O and CO would also help to understand Martian atmospheric photochemistry (Swindle et al, 2021).
Suggestion: In the dust collection phase this dust collector could be switched on for a few minutes several times in each season of the year. It could also be switched on for a short while at the start, in the middle and at the end of a dust storm for the best chance to collect any spores that may be generated seasonally or in response to the storms.
[bookmark: _Toc122657707][bookmark: _Toc122890774]Value to astrobiology of returning the temporary brine layers found by Curiosity at depths of 0 to 15 cms in sand dunes
Perseverance has one regolith bit which it will use to return a single sample of 10 grams of regolith (Boeder et al, 2020). (NASA, n.d. WISO) (NASA, 2020tesgs).
For astrobiology, it would be of great interest if it can return additional samples from any sand area, and attempt to collect part of the brine layer detected by Curiosity (Martin-Torres et al, 2015). This could help resolve questions about what Viking detected in the 1970s. 
Jezero crater has eleven dune fields, eight of them active, and five migrating with a high sediment flux rate of an average of 11.6 cubic meters per meter per year (table 1 of Chojnacki, 2018). 
The most rapidly migrating sand dunes would be of special interest for a sample return, as surface layers of the dunes are superoxygenated but lower layers are reducing, leading to a redox gradient that life can use as a source of energy. 
Migrating sand dunes will bring reducing layers to the surface (Fisk et al, 2013). It is a challenge to try to anticipate the best place to look without the necessary ultrasensitive in situ biosignature capabilities, but a search for life might use the regolith bit to sample the sand near the crest of a rapidly migrating sand dune.
[bookmark: h_Recommendation_modify_ESA][bookmark: _Toc122657708][bookmark: _Toc122890775]Recommendation: modify ESA’s sample fetch rover to grab a sample of the near surface temporary brine layers from sand dunes - Perseverance may be able to do this too

This suggestion to grab some dirt and load it onto the sample container at the end is similar to a suggestion for a minimal sample return mission once made by Chris McKay to just “grab a sample of dirt” (McKay, 2015).
Perseverance’s samples are sealed with a small plug after collection which gives an opportunity to preserve the conditions present at the time of sampling such as the water content of the sample. (NASA, 2020tesgs).
Perhaps the regolith bit could take these samples? Apart from the issue of contamination. See 
· Permitted levels of contamination could make it impossible to prove absence of Martian life in Perseverance’s sample tubes – leading to an unnecessary requirement to sterilize Perseverance’s samples indefinitely
It would be of especial interest if a sample from the sand areas could be taken in the early morning around sunrise, between 4 a.m. and 9 a.m. local time, during the Martian winter through to mid summer, and sealed as soon as possible after collection, so that there is a possibility of gathering a sample of the brine itself at the time of day when brines form in the dune surface layers.
It would also be of interest to gather and seal a sample later in the day to see how much of the water is retained in the soil later in the day by any biofilm.
In this way we could directly test Nilton Renno’s hypothesis of biofilms retaining water through to the warmer parts of the day, increasing habitability (Nilton Renno cited in Pires, 2015). Non detection wouldn’t refute the hypothesis because of the patchy nature of life in extreme environments but detection would confirm it.
The oxygen content of surface brines is also of interest, since there is a possibility that the brines take up significant amounts of oxygen in Mars surface conditions even at the trace levels present in the Martian atmosphere (Stamenković et al., 2018). See
· Some Martian brines could be oxygen rich permitting aerobes or even primitive sponges or other forms of multicellularity - Stamenković‘s oxygen-rich briny seeps model
(below)

A sealed sample of the Martian brines could also capture any waste gases developed from Martian life in the sample either from outgassing or from microbial activity post collection on the return mission to Earth.
In short, now that Curiosity has discovered the presence of brines in the near subsurface of Mars, it seems an astrobiological priority to find out more about it. We need to know whether it is habitable or not, and whether it has native Martian life or not. This is of astrobiological significance, and answers to those questions may also help us understand potential habitability of other proposed microhabitats.
We might also find other near surface microclimate effects in the sample such as Levin’s proposed trapped near surface high humidity layer in the early morning mentioned above (Abe, 2001). 
Perseverance is likely to sample the Martian rock varnish. In terrestrial deserts this can be used by cyanobacteria for shelter from UV radiation and may be involved in its formation. It’s possible that these samples return viable life if the near surface humidity is higher than expected (Yeager et al, 2019) (Kuhlman et al, 2008).
Although there don’t seem to be large salt deposits in the Jezero crater from the preliminary studies, if salt deposits are found it might be of interest to get a sample of those too, to search for microbial life which might take advantage of the enhanced humidity in micropores in the salt (Conley, 2016) (Davies, 2014).
In all these cases then the chance of returning life without sufficiently sensitive detectors to spot the presence of microbes in the dust or salt is low. However if life is ubiquitous then the chance is higher and it also helps to learn more about potential habitats for life for future sample returns and in situ searches.
If Perseverance can’t take these samples, perhaps the ESA rover could be adapted like the Viking landers to use its arm to dig a trench into the sand. This could also be useful as an additional sample even if Perseverance does take samples from sand dunes.
Perhaps the arm it uses to pick up the sample tubes could be designed in such a way as to be dual purpose, so that it can also dig into the soil, similarly to the trench dug by Viking.
[image: ]
Figure 44: The digging tool, lower center, was used by Viking to scoop up material from the surface soil for the Viking experiments (NASA, 2015).
Inset: Frame at 17 seconds from video of an artist’s impression of the ESA fetch rover collecting a sample left on the surface by Perseverance (ESA, 2020)
[bookmark: _Hlk120797550]If this is feasible, then ESA’s Sample Fetch Rover could grab a small amount of dirt from the region around the Mars Ascent Vehicle (ESA, 2018), to a depth of five or ten centimeters or so and load it into the return container after adding the samples from Perseverance’s cache.
The sample tubes are sealed, so the dirt could just be poured directly into the capsule container on top of them and around them. Another possibility might be to place a horizontal plate on top of the container after inserting the sample tubes, then place a small scoop of dirt in the center of it before adding the enclosing lid.
[image: ]
Figure 45: Added proposal for extra dust sample to concept design for the Orbiting Sample Container 

- there seems to be space between the top of the sample tubes and the cover. Perhaps an extra circular plate could be added.

Then a sample of dirt dug from the nearby soil loaded onto the center of the plate before enclosing the capsule for launch.

Analysing this extra sample may help resolve questions about the Viking results and if Viking did find life, it could return that life for study.
Image combines the NASA graphic (NASA, 2020msros) with an photograph of a small pile of Martian regolith simulant JSC MARS-1A (ZZ2, 2014), and a clipart image of a CD (OpenClipArt, n.d.)
However it would need to be loaded into a 100% sterile container to be of astrobiological interest.

So perhaps there can be room for a small 100% sterile container between the sample tubes and the lid of the sample return container.
These capabilities are of immediate science value, of some astrobiological interest, and may increase the chance of returning life.
These modifications would be of especial interest if Mars is thought to have a high chance of hosting life
[bookmark: _Toc122657709][bookmark: _Toc122890776]Evidence of past seas with deltas, while modeling suggests habitability of Mars frequently changes in brief episodes of warmer conditions
Mars may have a higher chance of hosting surface or near surface life if there is a way for it to survive on the surface for billions of years. However the constantly changing habitability of Mars is a major challenge for life on Mars.
Although Mars, further from the sun, gets half the sunlight of Earth, its orbit is much more variable than Earth's, through the influence of the other planets. Its axial tilt also varies far more without the stabilizing influence of our Moon.
Currently Mars’s orbit is close to circular and cold all the year round. When its orbit is at its most eccentric, it gets moderately warm every two Earth years when it is closest to the Sun. 
Mars would be too cold for seas and lakes and open water surviving long term with a CO₂ atmosphere. Even its salty seas would be solid ice year round if the atmosphere consisted only of CO₂ , even for early Mars at several times Earth’s atmospheric pressure.
However, there is plenty of evidence Mars had liquid water in the early solar system, especially since the discovery of features such as deltas feeding into the ancient oceans.
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Figure ??
Confirmed ancient delta on Mars, left ,compared with delta on Earth to the right. This is amongst the strongest evidence that Mars had an ocean in the Northern Hemisphere. We can trace a shoreline all the way around the Northern Lowlands, with rivers and deltas flowing into it. How it managed to have an ocean, is still something of a mystery as it would seem to be too far from the sun to be warm enough for this, even with a thick atmosphere.
From: (DiBiase et al, 2013:Fig7)
Later, as Mars lost its thick atmosphere, it continued to be far warmer than expected from a CO₂ only atmosphere. This evidence comes from the lake in Gale Crater. This seems to have been liquid when Mars had at most a few tens of millibars of carbon dioxide – or Curiosity would have spotted much more by way of carbonates (JPL, 2017ncr). 

That's even more of a challenge to explain, especially since Gale crater doesn't show any sign of features you'd expect from an ice covered lake such as ice wedges, polygonal features in the landscape which we’d be able to detect. 
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Figure ?? Ice wedges, which form in thawing permafrost and should penetrate the lake bed of a shallow frozen lake on Mars as it thaws and freezes (USFWS, n.d.)

It seems to have been not only liquid, but warm enough to be ice free most of the time. How could that be?
Carl Sagan suggested a mix of greenhouse gases, including hydrogen or ammonia as a way to warm up early Mars or Earth in a letter to Nature in 1977 (Sagan, 1977). However both of those suggestions have drawbacks. Hydrogen is lost rapidly. Ammonia gets decomposed by UV light, and we don't know of a way that Mars could have made large enough quantities of ammonia to keep it warm.
Another solution is sulfur dioxide, another greenhouse gas produced by volcanoes. A study of the sulfur content of our Mars meteorites suggests that early Mars might sometimes have had enough sulfur dioxide to keep it warm (Franz et al, 2014). 
Mars has had many episodes of volcanic activity in the past. Though it would normally be far too cold for liquid water, perhaps it warmed up from time to time after those episodes. 
Another greenhouse gas Mars could produce from volcanoes is hydrogen sulfide, but this is much less effective as a greenhouse gas, with a third of the temperature change for the same partial pressure. Also, sulfur dioxide's effect is amplified by water vapour, especially in a dense atmosphere, while water vapour reduces the greenhouse effect for hydrogen sulfide (Johnson et al, 2008:table 3) 
Another proposal is a thick carbon dioxide atmosphere mixed with a small amount of both hydrogen and methane. Collisions of carbon dioxide with the methane and hydrogen jostle the molecules, temporarily changing their state in a way that makes them more absorbing of some frequencies of light. The resulting mixture has a much greater warming effect than any of these three gases separately (Jacob, 1999:7.3.1)
Most greenhouse gases like sulfur dioxide and water vapour have molecules which are asymmetrical. This lets them interact with electromagnetic radiation through a permanent "dipole moment", a charge separation as a result of their asymmetry, in just the right way to trap photons in the far infrared (Jacob, 1999:7.3.1).
Carbon dioxide is symmetrical (carbon atom in the middle and oxygen atoms to either side in a straight line), but it can also bend and stretch in a way that makes it sometimes asymmetrical which leads to the charge separation needed to absorb photons in the far infrared, ideal for trapping heat (Jacob, 1999:7.3.1).
Hydrogen, and nitrogen consist of only two identical atoms joined together by a single bond and so, can't bend or stretch to become asymmetrical, not in a gas consisting all of the same type of molecule (Jacob, 1999:7.3.1). 
However, when a heavier molecule such as nitrogen hits a hydrogen molecule it distorts it momentarily in a way that lets it absorb light over a broad part of the spectrum, so it can absorb heat also, more easily. It does this by giving it a "dipole moment", an uneven charge distribution. The hydrogen in Titan's atmosphere keeps it warmer than it would be otherwise through this process. Titan is especially interesting because it has both a "greenhouse effect" because of the hydrogen mixed with nitrogen, and an "anti greenhouse effect" - because of its smog layer which reflects heat away (McKay et al., 1991).
Similarly, when two nitrogen atoms collide and stick together momentarily to make a temporary "super molecule" which can be asymmetrical and absorb light (Karman et al, 2015). This nitrogen collisions processes has a significant warming effect in the far infrared for Earth, Titan and early Mars. 
Methane on its own is a slightly "anti-greenhouse" gas because it absorbs incoming light in the near infrared before it reaches the surface (Wordsworth et al, 2017:section 3) while it is transparent in the far infrared so lets the heat out (Wordsworth et al, 2017). However collisions with CO₂ change its absorption peak to the window region of 250 to 500 waves per centimeter which turns it from an anti-greenhouse gas to a greenhouse gas.
Wordsworth et al showed that when you add in these collision effects to a CO₂ atmosphere with a small amount of hydrogen and methane, the greenhouse effect can be strong enough for liquid water on early Mars (Wordsworth et al, 2017).
This graph shows how the collisions help fill in the gap in the carbon dioxide absorption spectrum. 
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Figure ??
Here the grey curve shows how carbon dioxide traps sunlight. It's got a window in the the infrared, which lets heat out and cools the planet. The red and blue lines show the optical depth for collisions of carbon dioxide with methane and hydrogen which are both strong in the gap. The dotted lines show the effects of collisions of methane and hydrogen with nitrogen. Visible light extends from around wavenumbers 14,000 to 25,000. So this figure shows a region in the far infrared. (Wordsworth et al, 2017:figure 1)
The authors of the paper found that adding 3.5% of hydrogen and 3.5% of methane (molar concentration) to a carbon dioxide atmosphere at 1.5 atmosphere raises the global average surface temperature by a rather surprising 43 °C from 230°C to 273°C.
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Figure ?? The effect of adding in equal amounts of methane and hydrogen to a CO₂ atmosphere for early Mars at 0.5 bar, 1 bar, 1.5 bar and 2 bar for the total atmospheric pressure (Earth’s atmosphere = 1 bar).

From (Wordsworth et al, 2017:figure 2)
That's enough to reach a temperature of zero degrees centigrade, averaged over the Mars surface. Since that’s an average of zero, many regions will have temperatures above zero. 
This is more than enough to permit liquid water in the form of lakes and seas, given local variations in climate depending on latitude and altitude and other factors. 
It's an interesting proposal, but there are quite a few problems with this model which they cover in the discussion section (Wordsworth et al, 2017).
Here is a summary of potential problems Wordsworth et al. found with their own model. 
· Their model can't work for present day Mars as its surface is highly oxidizing today. The methane and hydrogen would soon be removed from the atmosphere. 

· It could work for the early Mars surface, but its surface would need to be reducing, rather than oxidizing. (A reducing atmosphere is one with methane or hydrogen etc which removes oxygen and reactive oxidized materials). 
Titan as an example of a moon with a reducing atmosphere, with high levels of methane, in a nitrogen atmosphere (Wordsworth et al, 2017)
However, even with an early Mars compatible with their model, with a reducing surface, and reducing atmosphere, they still need:
· a continuous source of hydrogen to keep the atmosphere hydrogen rich. 
That then is their puzzle, where does the hydrogen come from in a planet with a CO₂ atmosphere?
· Could the Martian mantle be reducing? This doesn’t really work. Volcanoes normally produce carbon dioxide as the main gas, both on present day Earth and on Mars. However, that depends on whether the mantle is oxidising or reducing. One way the early Mars could have a hydrogen rich atmosphere is if the mantle is also reducing, so that volcanoes produced hydrogen instead of carbon dioxide (Wordsworth et al, 2017)
However, hydrogen is not warming by itself. It needs the carbon dioxide in the atmosphere to collide with. 
A reducing mantle solves the hydrogen problem, but then, how does the carbon dioxide get into the atmosphere, to collide with the hydrogen? It is hard to get volcanoes that produce both carbon dioxide and hydrogen in large quantities at the same time. 
If the mantle was reducing enough to outgas hydrogen it would tend to retain carbon in the melt, and so wouldn't produce carbon dioxide in any quantity. How can you get enough hydrogen into a carbon dioxide rich atmosphere to act as a greenhouse gas, with these high percentages of 3.5% each of hydrogen and methane (molar concentrations)? 
· Hydrogen could be added to the atmosphere is through serpentization
Even with a non reducing mantle, with volcanoes producing carbon dioxide as they do on Earth, a planet can still produce hydrogen by the reaction of the rock olivine with water to produce hydrogen. This happens on Earth locally in hydrothermal vents (Wordsworth et al, 2017).
On Earth this happens only over small parts of its surface. However, if 5% of the Mars surface was rich enough in olivine for serpentization it might create enough hydrogen to keep the surface warm enough for liquid water, for as long as it stayed like that. That would work, but that's a large amount of serpentization. 
· Hydrogen and methane could be created by huge meteorite impacts
The hydrogen and methane could also be created during huge meteorite impacts, through the heating of the atmosphere and reactions caused by the impact itself. 
Of all their ideas about how it could happen, perhaps this impact generated hydrogen has most in its favour. Mars had numerous really huge impacts in the early solar system at just the same time that it had its oceans and lakes. 
If this is right, the picture is one of episodes of warmth after and during a time of massive impacts, or high levels of serpentization, rather than a continuously warm climate in early Mars. This is similar to the sulfur dioxide and the volcanic eruptions idea.
So, in short, either sulfur dioxide or a small amount of hydrogen and methane could warm up early Mars enough for liquid water and explain the deltas and Curiosity’s discoveries about the lake in Gale crater. But we don't have proof yet that either of these things happened. If Mars did have strong greenhouse gases like that, in both cases the effects are likely to have been temporary. 
[bookmark: part_time_liquid_oceans]These greenhouse gases might have kept Mars warm enough for liquid water for short periods of time, perhaps after volcanic activity (for the sulfur dioxide) or large meteorite impacts or times of widespread serpentization (for the hydrogen and methane), or maybe both were factors (Wordsworth et al, 2017).
Another idea is that perhaps
· Mars had only a "part time liquid" sea in every two year orbital cycle, when Mars was closest to the Sun.
This would let Mars have liquid seas mainly when its orbit was at its most eccentric. The details of its climate would also depend on its tilt, which would change which hemisphere gets warmest when Mars is close to the Sun, and by how much. The tilt varies a lot - Earth's hardly at all. Earth's orbit stays close to circular, for billions of years, while Mars' orbit constantly changes in eccentricity too. 
I will summarize the “part time liquid” suggestion based on a summary in a proposal for research by Kite et al from 2014 (Kite et al, 2014).. 
We know (high confidence) that Mars supported widespread areas of liquid water in lakes and seas at least episodically. What we don’t know are the details of what caused these liquid water conditions.
The early seas always formed in the northern hemisphere, because most of the low lying land is there. So, the best times for liquid water seas might be when Mars is closest to the sun during its northern summer. Mars' axis precesses, just like Earth's axis, sometimes with the northern hemisphere tilted towards the sun when it is closest to the sun and sometimes with the southern hemisphere tilted towards the sun, so the northern oceans would be liquid only at times when the northern hemisphere is tilted to the sun. 
The tilt of its axis varies greatly also, sometimes almost vertical, sometimes tilted so far that it is coldest at its equator instead of its poles. 
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Figure ??
Variations in the tilt of Mars' axis (NASA, 2011cit). At present it is tilted by 25 degrees, similar to Earth. But with no stabilizing Moon, its tilt varies much more than for Earth. Sometimes it tilts so far that its equator is colder than its poles with ice sheets at the equator, as shown at top right. Other times it is almost vertical. When it is almost vertical, ice migrates to its poles creating large ice sheets that trap it there,

When Mars’ axis is almost vertical with the larger ice sheets, it probably never gets warm enough for the ice to melt. 
To find out when Mars is most habitable, Kite et al. look at how the tilt of its axis varies. The tilt of the axis of Mars is chaotic in the mathematical sense of "chaos theory". This means you can't predict it exactly over long timescales. This also means we can't retrodict - work out what it must have been in the past based only what we know about Mars' orbit and spin axis in the present. 
Perhaps we may get ground data to sort out the past history, but meanwhile, we have no way to retrodict precisely. Instead, we have to try out different possible past histories and compare possibilities to see what sorts of things could have happened in Mars' past. 
At present, Mars' axis is tilted by 25 degrees. When the tilt is at least 40 degrees it may get warm enough for water to stay liquid. Early Mars with a thicker atmosphere could have had liquid seas at those times (Kite et al, 2014).. 
[bookmark: _Hlk104318428][Figure needs permission]
Figure ?? Three different random runs showing possible past histories for the chaotic changes of Mars’ axial tilt. (Kite et al, 2014).
They also needed to take account of the eccentricity of its orbit, as it needs to be reasonably eccentric to have liquid water. When they took account the eccentricity of its orbit as well, they got this, showing different runs, with different possible past histories.
[Figure needs permission]
Figure ??
These show three equally likely possible pasts for Mars. The blue peaks show availability of liquid water. The black line shows the atmospheric pressure, and the red line shows the variation in the tilt. (Kite et al, 2014).
During the times shown with liquid water in these diagrams, Mars doesn’t have liquid water on its surface all year round. It would still be frozen with no liquid water, and so largely dry, every two years, when furthest from the sun. 
They count Mars as continuously habitable if it has liquid water for at least part of every Mars year (two Earth years). In their simulations, the longest continuous reasonably habitable period was 60 thousand Earth years. 
[bookmark: _Toc122657710][bookmark: _Toc122890777]Evidence of temporarily more habitable Mars backs up the modelling including evidence from the Zharong rover of substantial amounts of water in Utopia Planitia about 700 million years ago – would life survive in a planet with these frequent changes of habitability or does it go extinct easily, and if so does it re-evolve?
Study of sediments on present day Mars back up these conclusions of temporarily more habitable Mars.
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Figure ??
Sedimentary layers in in an unnamed crater in Arabia Terra, Mars which formed due to variation the tilt of Mars’ axis over a 100,000 year cycle (Lewis et al, 2008)
Caltech researchers studying these layers in a 3D stereographic projection found evidence of variation in climate with each layer formed over a period of about 100,000 years when conditions were favourable for forming them. Though they can't say in detail how they formed, there's clear evidence that they formed due to variation in the climate of Mars which would also correspond to variations in habitability (Lewis et al, 2008).
This suggests Mars could have changed in habitability frequently, sometimes more habitable, and sometimes less habitable, in two year periods during the Martian year when it was closer or further from the sun, and also over longer timescales because of varying tilt (every 150,000 years or so) and varying orbital eccentricity (over tens of millions of years).
Mars might have been almost completely dry for most of the time, alternating with periods of a few tens of thousands of years when it had liquid water every two years. Impacts also might have made a big difference to habitability, both by creating liquid water and also in the early solar system with the larger impacts, by destroying life. Especially in the very early solar system, when Mars was most habitable, it would have had many large impacts.
Mars is still changing in habitability frequently. An analysis of boulders at the terminal end of glaciers, which survive, buried by dust, found between 2 and 22 boulder bands per glacier with a median of 6. Based on this they estimated that Mars had between 6 and 20 ice ages in the last 300 to 800 million years (Levy et al, 2021). They concluded that the glaciations are triggered by orbital forcing rather than the changes in the tilt of Mars’s axis (Levy et al, 2021).
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Example of variation in boulder count on the debris apron of a Martian glacier. These may correspond to distinct ice ages on Mars with between 6 and 20 ice ages in a time period of 300 to 800 million years. Extract from Figure 1 of (Levy et al, 2021)
The Chinese Zharong rover landed in the Utopia Planitia region of Mars, the same low lying region of the northern hemisphere explored by Viking 2. The site is flat with no evidence of channels for running water and they found evidence of layers of duricrust, flat plate like layers of hydrated minerals, thick enough to form cliffs. The duricrust is too thick to be explained by water diffusion from the atmosphere, requiring substantial amounts of water (Liu et al, 2022)..
Their conclusion is that the region of Utopia Planitia explored by the rover had substantial layers of briny subsurface liquid during the modern Amazonian period. The region explored by Zhurong could be as young as 700 million years old by crater counts (Liu et al, 2022).
So, could Martian life survive these frequent changes of habitability?
Some life might be able to survive through all the changes, surviving through dormancy or below the ground. That could perhaps lead to Mars having life as evolved as on Earth. The current paper suggests it could even lead to life of greater genomic complexity on Mars than terrestrial life.
· Scenario: evolution on Mars evolves faster than on Earth because of an oxygen rich atmosphere and frequent freeze / thaws of oceans, leading to life of the same genomic complexity as Earth or even greater, and with multicellularity evolving early

Or in another scenario, life frequently goes extinct on Mars and then evolves again from scratch. In this scenario potential habitats might be uninhabited, or may have newly evolved early life. 

· Possibility of early discovery of extraterrestrial microbes of no risk to Earth such as pre-Darwinian life as suggested by Weiss – if microbial challenge experiments show they are quickly destroyed by pervasive terrestrial microbes 

If parts of Mars are uninhabited, there may still be prebiotic biology of great interest for understanding the origins of life.

· Examples of what we might find on a pre-biotic uncontaminated Mars - microhabitats with autopoetic cells, Ostwald crystals breaking the mirror symmetry of organics, or naked genes, adsorbed on mineral particles with impenetrable membrane caps, but not yet quite life
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However, the great advantage provided by oxygenesis was its capacity to liberate life from the need to find rare electron donors such as sulphide, hydrogen or Fe(II) to support the reduction of carbon dioxide, giving oxygenic photosynthesisers an advantage over all other forms of life ...
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802: Future missions would therefore benefit from the development of instruments capable of direct and unambiguous detection of extant life in situ, and improvements are needed in capabilities for sample preparation to optimize biosignature detection. Spacecraft resources should support a sufficient number of sample analyses to support replicate analyses, positive and negative controls. Contamination control should be coupled with contamination knowledge so that Earth-sourced material can be eliminated as a possible source of any biological material discovered in Martian samples.
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“Only recently, with the reality of a Mars Sample Return project, have we started to revisit and think in depth about implementation of backwards planetary protection,” said Lisa Pratt, NASA’s planetary protection officer. The last time NASA seriously thought about backwards planetary protection, she noted at the MEPAG meeting, was during the Apollo program a half century ago.
...
A concept review and development milestone known as Key Decision Point (KDP) A are scheduled before the end of the current fiscal year.
“We’re not prepared to discuss that at this point in time,” Watzin said when asked at the MEPAG meeting for the cost of the overall program. “As we go forward into KDP-A, we’ll have to start talking about that. Towards the end of this fiscal year is when we’ll be ready to have that conversation.”
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That schedule was too aggressive for the independent panel. “The schedules required to support launches in 2026 were substantially shorter than the actual experience from recent, somewhat similar programs,” like Mars 2020 and Curiosity, Thompson said.

Under a revised schedule recommended by the panel, the lander mission would launch in 2028. The orbiter could launch in either 2027 or 2028, since its use of electric propulsion gives it the flexibility to pursue alternative trajectories. That revised schedule would delay the return of the samples until 2033.

At the same time, the study warned about delaying the missions beyond 2028 [because of risk of landing before a global dust storm with solar power issues]
...
It also recommended looking at adding a radioisotope thermoelectric generator (RTG) to the lander, or at least the lander with the MAV, to ensure sufficient power and to keep the rocket’s propulsion system from getting too cold.

[bookmark: kix.gimct3txcbp2]Fox, S. and Strasdeit, H., 2017. Inhabited or uninhabited? Pitfalls in the interpretation of possible chemical signatures of extraterrestrial life. Frontiers in Microbiology, 8, p.1622

Examples of such “molecular fossils” are 1.64 Ga old carotenoid derivatives (Lee and Brocks, 2011) and degradation products of chlorophylls and hemes (geoporphyrins; Callot and Ocampo, 2000) which have been reported, for example, from ∼500 Ma old oil shales (Serebrennikova and Mozzhelina, 1994). Hence, the extraordinary stability of certain molecular fossils opens the prospect of detecting chemical traces of life on other planets and moons even if it became extinct a long time ago.


It is highly unlikely that a natural abiotic process generates long chain molecules that have precisely defined lengths, ordered sequences, and homochiral building blocks. Therefore, proteins and nucleic acids can certainly be regarded as strong chemical biosignatures.

Low to moderate enantiomeric excesses, as they occur, for example, in meteoritic α,α-dialkyl amino acids (Pizzarello and Cronin, 2000), are definitely not indicative of a biological origin.

On the other hand, a lack of enantiopurity can be a false-negative result because the initial enantiopurity could have been lost by racemization, a process well-known for the proteinogenic L-amino acids (Bada and Schroeder, 1975; Bada, 1985). Furthermore, one should not discard the possibility that an extraterrestrial organism synthesizes both enantiomers. In fact, terrestrial bacteria produce diverse D-amino acids (e.g., D-Ala, D-Glu, D-Leu, D-Met, D-Phe, and D-Tyr) which have effects on the peptidoglycan of the cell wall, both directly by incorporation into the polymer and indirectly by regulating enzymes that synthesize and modify peptidoglycan (Höltje, 1998; Lam et al., 2009). Another intriguing example from terrestrial life is the simultaneous presence of L- and D-isovaline in some fungal peptides (Degenkolb et al., 2007).

No natural non-biological processes that generate them have been observed in nature, but there are some indications that, at least in rare instances, natural abiotic compounds might be enantiopure. For example, there is a single case where, under laboratory conditions, a small enantiomeric excess of an amino acid was amplified to near enantiopurity (>99%; Klussmann et al., 2006). This amino acid was serine under solid–liquid equilibrium conditions in water at the eutectic point. However, for all other amino acids tested, enantiopurity was not achieved. Also, this mechanism will not work with chiral compounds that crystallize as conglomerates (i.e., mixtures of pure L and pure D crystals). Because of the special conditions and compounds necessary, it is unclear if this physical process is relevant to the generation of enantiopurity (i.e., enantiomeric excesses near 100%) in extraterrestrial environments.


[bookmark: kix.baatyrbs9k9y][bookmark: _Hlk120986132]Fraeman, A, 2020, Sols 2819-2821: Movin' Right Along in Search of Good Sights and Good Rocks , NASA.
[bookmark: kix.43cshwr9iept]Frantseva, K., Mueller, M., ten Kate, I.L., van der Tak, F.F. and Greenstreet, S., 2018. Delivery of organics to Mars through asteroid and comet impacts. Icarus, 309, pp.125-133.
[bookmark: b_Franz_2014]Franz, H.B., Kim, S.T., Farquhar, J., Day, J., Economos, R.C., McKeegan, K.D., Schmitt, A.K., Irving, A.J. and Hoek, J., 2014. "Isotopic Links between Atmospheric Chemistry and the Deep Sulphur Cycle on Mars. Nature, 508(7496), pp.364-368. Press release: Meteorites Yield Clues to Red Planet’s Early Atmosphere
[bookmark: kix.sakk9guw1dxu]Franz, H.B., Mahaffy, P.R., Webster, C.R., Flesch, G.J., Raaen, E., Freissinet, C., Atreya, S.K., House, C.H., McAdam, A.C., Knudson, C.A. and Archer, P.D., 2020. Indigenous and exogenous organics and surface–atmosphere cycling inferred from carbon and oxygen isotopes at Gale crater. Nature Astronomy, 4(5), pp.526-532.

[bookmark: kix.6g31hz3cb55x]Fraser, C.I., Terauds, A., Smellie, J., Convey, P. and Chown, S.L., 2014. Geothermal activity helps life survive glacial cycles. Proceedings of the National Academy of Sciences, 111(15), pp.5634-5639. Press release Volcanoes provided ice-age refuge for Antarctic biodiversity
G

[bookmark: b_Fraunhaufer_2015]Fraunhaufer, 2015, Space probes: sterile launch into outer space

"The method originates from the USA, and is used to remove paint from aircraft fuselage. A powerful jet of frozen carbon dioxide (CO₂) crystals, about the size of a rice kernel, blasts the paint right off the metal. The researchers made this crude instrument substantially more refined. Instead of CO₂ pellets, they use carbon dioxide snow to work on each individual component – from the highly sophisticated aluminum workbench to the ring washers. Here’s the rub: the beam that the jet emits is additionally accelerated with a blast of CDA (clean dry air) that encases it. This is how it penetrates into every nook and cranny, removing even the minuscule pollutant. As soon as the tiny snowflakes hit the relatively hot surface, they become gaseous, causing their volume to explosively expand 800-fold. The detonation pressure completely sweeps away every single bit of dust, even fingerprints which the cold gas had just turned brittle. “This approach involves a dry process that does not warp surfaces. When cleaning, these can be gently treated with CO₂. That makes it unnecessary to apply heat or chemicals,” Gommel says when explaining the advantages of this method. "
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“RNA is the key to the ribosome, which is what makes proteins. There’s almost no question that RNA, which is a molecule involved in catalysis, arose before proteins arose,” Benner explains. The difficulty is that for RNA to assemble into long strands–which is needed for genetics – you can’t have the assembly taking place in water. “Most people think that water is essential for life. Very few people understand how corrosive water is,” Benner says. For RNA, water is extremely corrosive – bonds cannot be made within water, preventing long-strands from forming.

However, Benner says that these paradoxes can be resolved with the help of two very important groups of minerals. The first are borate minerals. Borate minerals–which contain the element boron–prevent life’s building blocks from devolving into tar if incorporated into organic compounds. Boron, as an element, is seeking electrons to make itself stable. It finds these in oxygen, and together the oxygen and boron form the mineral borate. But if the oxygen boron finds is already bonded to carbohydrates, the carbohydrates linked with boron form a complex organic molecule dotted with borate that’s less resistant to decomposition.

The second group of minerals that come into play involve those that contain molybdate, a compound that consists of molybdenum and oxygen. Molybdenum, more famous for its conspiratorial relation to the Douglas Adams classic A Hitchhiker’s Guide to the Galaxy than for its other properties, is crucial, because it takes the carbohydrates that borate stabilized, bonds to them and catalyzes a reaction which rearranges them into ribose: the R in RNA.
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Fortunately, cells make a variety of antioxidant enzymes to fight the dangerous side-effects of life with oxygen. Two important players are superoxide dismutase, which converts superoxide radicals into hydrogen peroxide, and catalase, which converts hydrogen peroxide into water and oxygen gas. The importance of these enzymes is demonstrated by their prevalence, ranging from about 0.1% of the protein in an Escherichia coli cell to upwards of a quarter of the protein in susceptible cell types. These many catalase molecules patrol the cell, counteracting the steady production of hydrogen peroxide and keeping it at a safe level.
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Soils from the hyper-arid core of the Atacama Desert have cell numbers and culturable counts similar to University Valley permafrost (Supplementary Table S3), but small, viable microbial communities are activated and detected when Atacama soils are wetted (Navarro-González et al., 2003; Crits-Christoph et al., 2013). Our results suggest that microorganisms in the University Valley permafrost soils analysed here are not exposed to sufficiently long and frequent clement conditions to allow for metabolism or growth. Instead, our results suggest that a fundamental threshold may be crossed in some University Valley permafrost soils, where the combination of permanently subfreezing temperatures, low water activity, oligotrophy and age are severely constraining the evolution of functional cold-adapted organisms

Very low microbial biomass was found by direct microscopic cell counts (1.4−5.7 × 10^3 cells per g soil) in both the dry and ice-cemented permafrost using DTAF stain as described by Steven et al. (2008). Comparatively, 2 orders of magnitude higher cell counts (1.2−4.5 × 10^5 cells per g soil) were detected in the active layer and permafrost soils from the Antarctic Peninsula.
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The MSR mission currently being planned will return limited amounts of sample, mainly rocks. It is not scheduled to collect airfall dust, which is the material required in relatively large quantities for testing. However, the returned tubes, which will have been exposed on the Martian surface for around 10 years,will almost certainly be covered in dust - and it is possible that this material might be suitable for the abrasion testing. What is likely to be more useful, though, is that collection and characterization of the airfall dust from the exterior surfaces of the sample tubes will help in production of a high-quality dust simulant. The grain size, shape, angularity, composition and density of the airfall dust will be replicated and large quantities synthesised, enabling large-scale testing of engineering systems to be undertaken.
...
The disadvantages of removing a sample from its environment prior to analysis revolve around changes that might occur because the sample is no longer in thermal or redox equilibrium with its surroundings.
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"Although some observers see value in "bright-line" levels of acceptable risk, history suggests that acceptable risk will ultimately be defined on a case-by-case basis. Key decision factors such as the risk of he exposed population, the resource cost of meeting risk targets, and the scientific quality of risk assessments vary enormously from one decision context to another.

Administrative discretion is necessary to weight these factors on a case-by-case basis. No magic risk number can substitute for informed and thoughtful consideration by accountable officials who work with the public to make balanced decisions.
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The most promising candidate as Ultra Cleaning Technique appears to be the CO2 Snow Cleaning: this process removes micron and submicron particulates and hydrocarbon-based contamination by means of a snow stream confined in a N2 jet, impinging onto the surfaces to be cleaned. It is non-destructive, nonabrasive, residue-free, based upon the expansion of either liquid or gaseous carbon dioxide through an orifice. The contamination layer is removed by means of the synergic effects of the nucleation of small dry ice particles and a high velocity gas carrier stream. Upon impact with a dirty surface, the dry ice media removes particles by  momentum transfer, local sublimation of CO2 snow which traps and carries away the contamination and also thanks to the thermal tension induced by the CO2 snow jet, which freezes the contamination layer. Finally, the high-velocity gas blows the contaminants away.
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A temperature-regulated change in CO2 solubility could at least partially account for the amplitude of the LR oscillation. However, the HT oscillation phase leads the LR oscillation by as much as two hours, an unusual circumstance if this were simply a chemical oscillation driven by thermal fluctuation. 

(Admittedly there is uncertainty concerning the delay between change in temperature at the head end assembly, perhaps one inch over the 0.5 cc soil sample, and soil sample temperature per se. However, a two-hour lag seems quite long for what is presumably a convective and radiative process. Similarly, thermal-induced movement of gas between the soil sample and the beta detector requires only about 20 minutes.)

Furthermore, the LR oscillation does not slavishly follow the thermal variation; rather, it seems that the LR rhythm is extracted from the HT oscillation, while high frequency noise is not. This is very common in terrestrial organisms in which a low frequency periodic stimulus (i.e., a zeitgeber) such as a 12:12 light/dark cycle can entrain a circadian rhythm, while high frequency transients in the same stimulus are ignored (e.g., turning on the light in the bathroom at night for a minute or two does not alter normal entrainment to the light/dark cycle).
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Dried-rewetted biofilms and dried-UV-irradiated-rewetted biofilms were tested for respiration by monitoring the INT reduction by dehydrogenases after 72 h of rehydration. The INT staining revealed 30 and 10% of alive cells with insoluble red formazan spots in the cytoplasm of dried-rewetted biofilms and dried-UV-irradiated-rewetted biofilms, respectively,

After 7 years of air-drying, Chroococcidiopsis not only avoided genome degradation but preserved at least a sub-set of mRNAs and 16S ribosomal RNA.

... In the present work, the occurrence of survivors in dried biofilms and dried-UV-irradiated biofilms was proved by growth after transfer into liquid BG-11 medium (not shown) and by INT reduction after 72 h of rewetting.

Reshaping the boundaries of Chroococcidiopsis desiccation and UV tolerance has implications in the search for extra-terrestrial life since it contributes to defining the habitability of Mars and planets orbiting other stars. In fact, the UV dose used here corresponds to that of a few hours at Mars’s equator (Cockell et al., 2000). Hence, considering that survivors occurred in the bottom layers of the biofilms (Baqué et al., 2013), it might be hypothesized that if a biofilm life form ever appeared during Mars’s climatic history, it might have been transported in a dried state under UV radiation, from niches that had become unfavorable to niches that were inhabitable (Westall et al., 2013). The reported survival also suggests that intense UV radiation fluxes would not prevent the presence of phototrophic biofilms or their colonizing of the landmass of other planets.
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Scientists are interested in returning samples that may reveal what the Martian environment was like billions of years ago, when the planet was wetter and may have supported microbial life.
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Contains:
· A Case for Caution by John Rummel, NASA'S planetary protection officer at the time, and previously, NASA senior scientist for Astrobiology
· Hazardous Until Proven Otherwise, by Margaret Race, a biologist working on planetary protection and Mars sample return for the SETI Institute and specialist in environment impact analysis
· Practical Safe Science by Kenneth Nealson, Director of the Center of Life Detection at NASA's JPL at the time.
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Pages 94-5: Questions about the adequacy of the SRF to maintain the new life form must also be addressed, including the possible need to add equipment, change operations, review emergency plans, or upgrade the facilities because of what has been found.

Concerns about security should also be reconsidered, especially in view of the potential disruptive activities of any terrorists or ‘radical’ groups that may be opposed to sample return. The advisability of allowing distribution of untested sample material outside the SRF2684 may need to be reconsidered, as well.
Plans should be developed well in advance in order to avoid a frenzied, reactive mode of communications between government officials, the scientific community, the mass media, and the public. Any plan that is developed should avoid a NASA-centric focus by including linkages with other government agencies, international partners, and external organizations, as appropriate. It will also be advisable to anticipate the kinds of questions the public might ask, and to disclose information early and often to address their concerns, whether scientific or non-scientific.
...
Evaluations of the proposal should be conducted both internal and external to NASA and Centre National d’Etudes Spatiale (CNES) and the space research communities in the nations participating in the mission. An ethical review should be conducted at least at the level of the Agencies participating and these reviews made public early in the process (in France, the national bioethics committee, Comité Consultatif National d'Ethique pour les Sciences de la Vie et de la Santé, CCNE, is the appropriate organization). The final protocol should be announced broadly to the scientific community with a request for comments and input from scientific societies and other interested organizations. Broad acceptance at both lay public and scientific levels is essential to the overall success of this research effort.
In the long term, the discovery of extraterrestrial life, whether extant or extinct, in situ or within returned sample materials, will also have implications beyond science and the SRF per se. Such a discovery would likely trigger a review of sample return missions, and plans for both robotic and human missions. Legal questions could arise about ownership of the data, or of the entity itself, potentially compounded by differences in laws between the United States and the countries of international partners. In any event, ethical, legal and social issues should be considered seriously. Expertise in these areas should be reflected in the membership on appropriate oversight committee(s).

Page 101: Communications Unusual or unprecedented scientific activities are often subject to extreme scrutiny at both the scientific and political levels. Therefore, a communication plan must be developed as early as possible to ensure timely, and accurate dissemination of information to the public about the sample return mission, and to address concerns and perceptions about associated risks. The communication plan should be pro-active and designed in a manner that allows the public and stakeholders to participate in an open, honest dialogue about all phases of the mission with NASA, policy makers, and international partners. Risk  management and planetary protection information should be balanced with education/outreach from the scientific perspective about the anticipated benefits and uncertainties associated with Mars exploration and sample return. 
The communication plan should also address how the public and scientific community will be informed of results and findings during Life Detection and Biohazard testing, including the potential discovery of extraterrestrial life. Because of the intense interest likely during initial sample receipt, containment, and testing, procedures and criteria should be developed in advance for determining when and how observations or data may be designated as “results suitable for formal announcement.” Details about the release of SRF information, the management of the communication plan, and its relationship to the overall communications effort of the international Mars exploration program should be decided well in advance of the implementation of this protocol.
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Page 23: It is remarkable that the depth at which surviving lunar organic matter is expected to be localized (section II) is just the depth at which temperatures appear to be optimum for familiar organisms (section IV). At such temperatures and depths, some moisture should be expected, arising from meteoritic and organic bound water. Watson, Murray and Brown (1961) have recently pointed out that ice could have been retained on permanently shaded areas of the Moon. These circumstances provide all the survival requirements of many terrestrial organisms - water and their metabolites, appropriate temperature, and negligible radiation. That autochthons evolving with the changing environment could also survive under these conditions is far from inconceivable.
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"The prominent dust storms and high wind velocities previously referred to imply that aerial transport of contaminants will occur on Mars. While it is probably true that a single unshielded terrestrial microorganism on the Martian surface ... would rapidly be enervated and killed by the ultraviolet flux, ... The Martian surface material certainly contains a substantial fraction of ferric oxides, which are extremely strongly absorbing in the near ultraviolet. ... A terrestrial microorganism imbedded in such a particle can be shielded from ultraviolet light and still be transported about the planet."
…
"A single terrestrial microorganism reproducing as slowly as once a month on Mars would, in the absence of other ecological limitations, result in less than a decade in a microbial population of the Martian soil comparable to that of the Earth's. This is an example of heuristic interest only, but it does indicate that the errors in problems of planetary contamination may be extremely serious."
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There are so many examples of human misuse of the Earth that even phrasing this question chills me. If there is life on Mars, I believe we should do nothing with Mars. Mars then belongs to the Martians, even if the Martians are only microbes. The existence of an independent biology on a nearby planet is a treasure beyond assessing, and the preservation of that life must, I think, supersede any other possible use of Mars.
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The most prominent and conclusive organic biosignature observed is the presence of chlorophyll and carotene detected in the UV-VIS-NIR and Raman spectra in samples S3 and S4 … However, apart from the carotene and chlorophyll absorption features below ~800 nm, there are no other indications of organic compounds observed in the reflectance spectra of any of the samples. While this most likely evidence of present endolithic life, the detection of such molecules may have implications for Mars as they have been shown to be somewhat stable under Martian surface conditions. However, this stability and preservation potential is dependent on their endolithic habitat, and so detection requires a fresh surface exposed by abrasion (e.g., RAT (rock abrasion tool)) or sample crushing.
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The triple oxygen isotope composition of atmospheric CO2, O2, H2O, and CO would provide a unique picture of Martian atmospheric photochemistry and allow an understanding of the anomalous signatures in Martian minerals and water.
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The likelihood of detected silica to host biosignatures is highly dependent on the geochemical conditions of its formation environment. We have proposed 9 hypotheses for the origin of hydrated silica in Jezero crater, including primary volcanism,diagenesis via fluid infiltration of the olivine-rich or deltaic units, authigenic formation in a lacustrine environment, detrital transport of material formed authigenically in the Jezero watershed, or transport to Jezero crater via aeolian processes.
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See Bacterial Defense against Phagocytosis
-In L. pneumophila, as with the chlamydia, some structural feature of the bacterial cell surface, already present at the time of entry (ingestion), appears to modify the membranes of the phagosomes, thus preventing their merger with lysosomal granules. In Legionella, it is known that a single gene is responsible for the inhibition of phagosome lysosome fusion.

… Legionella pneumophila enters mononuclear phagocytes by depositing complement C3b on its surfaces and using that host protein to serve as a ligand for binding to macrophage cell surfaces. After ingestion, the bacteria remain in vacuoles that do not fuse with lysosomes, apparently due to the influence of soluble substances produced by the bacteria. 
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Surprisingly, however, we have found that O₂ does not demonstrate the predictable seasonal behavior of the other major components. Surface O₂ measurements by SAM yield abundances that vary between 1300 and 2200 ppmv; when corrected for the annual global mean pressure, O₂ varies from 1300 to 1900 ppmv. Despite large instrument backgrounds, these are the first precise in situ measurements of O2, revealing a surprising seasonal and interannual variation that cannot be accounted for in current chemical models. Though Mars has the potential to generate significant O₂ release due to abundances of oxidants in/at its surface, the mechanisms by which O₂ could be quickly generated and then quickly destroyed are completely unknown. As with all surprising results, we hope that continued in situ, experimental, and theoretical results may shed light on this intriguing observation.
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However, the likelihood of a cold surface scenario does not constitute a serious obstacle for the possible appearance of life, as extensive subglacial, submerged, and emerged volcanic/hydrothermal activity would have resulted in numerous liquid water-rich settings. The right mixture of ingredients, temperature and chemical gradients, organic molecule transport, concentration, and fixation processes could have been found just as well in a plethora of terrestrial submarine vents as in a multitude of vents under (maybe) top-frozen martian bodies of water.
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In essence, all that a potentially infectious human pathogen needs to emerge and persist is to grow and live naturally under conditions that are similar to those that it might later encounter in a human host. On Mars, these conditions might be met in a particular niche within the extracellular environment of a biofilm, or within the intracellular environment of another single-celled Martian organism. It is important to note the numerous biofilms observed aboard the Mir space station, which were found on surfaces and within water plumbing. These films were often multi-species and included bacteria, fungi, and protozoa.
To be sure, the genetic similarity between humans and protozoa is much greater than could be expected between humans and the Martian host of a Martian microbe.
However, the L. pneumophila example does bring into question the rationale of the need for host-pathogen coevolution. Even in the context of a planetary bio-sphere that is limited to single-celled life, and even where there is unlikely to have been a co-evolution between agent and host organism, the possibility of infectious agents, even an invasive type, cannot be ruled out.
[bookmark: kix.zqrftage3yi]Watson, J. and Castro, G., 2012. High-temperature electronics pose design and reliability challenges. Analog Dialogue, 46(2), pp.3-9.

[bookmark: kix.e1aiqy23dfvo]Webster, C.R., Mahaffy, P.R., Flesch, G.J., Niles, P.B., Jones, J.H., Leshin, L.A., Atreya, S.K., Stern, J.C., Christensen, L.E., Owen, T. and Franz, H., 2013. Isotope ratios of H, C, and O in CO₂ and H2O of the Martian atmosphere. Science, 341(6143), pp.260-263.

[bookmark: kix.llk2fnqr853v]Weidmann, J., Schnölzer, M., Dawson, P.E. and Hoheisel, J.D., 2019. Copying life: synthesis of an enzymatically active mirror-image DNA-ligase made of D-amino acids. Cell chemical biology, 26(5), pp.645-651.

[bookmark: kix.kd26vdz6pu1l]Weinmaier, T., Probst, A.J., La Duc, M.T., Ciobanu, D., Cheng, J.F., Ivanova, N., Rattei, T. and Vaishampayan, P., 2015. A viability-linked metagenomic analysis of cleanroom environments: eukarya, prokaryotes, and viruses. Microbiome, 3(1), pp.1-14.


[bookmark: kix.niag7hm91beo] Weiss, I.M., Muth, C., Drumm, R. and Kirchner, H.O., 2018. Thermal decomposition of the amino acids glycine, cysteine, aspartic acid, asparagine, glutamic acid, glutamine, arginine and histidine. BMC biophysics, 11(1), p.2. For the decomposition temperatures see Table 1

[bookmark: Westal2013][bookmark: westall2013][bookmark: _Hlk121423646]Westall , 2013, Habitability of other planets and satellites - Habitability and Survival

[bookmark: b_Westall_2013]Westall, F., Loizeau, D., Foucher, F., Bost, N., Betrand, M., Vago, J. and Kminek, G., 2013. Habitability on Mars from a microbial point of view. Astrobiology, 13(9), pp.887-897.

[bookmark: kix.lndwqsud7oy4]Westall, F., Foucher, F., Bost, N., Bertrand, M., Loizeau, D., Vago, J.L., Kminek, G., Gaboyer, F., Campbell, K.A., Bréhéret, J.G. and Gautret, P., 2015. Biosignatures on Mars: what, where, and how? Implications for the search for Martian life. Astrobiology, 15(11), pp.998-1029.

[bookmark: b_WhiteHouse_1977]WhiteHouse, 1977, NSC-25: Scientific or Technological EXperiments with Possible Large-Scale Adverse Environmental Effects and Launch of Nuclear Systems into Space

[bookmark: kix.o3jz6fyngpuy]WHO, 2007. Legionella and the prevention of legionellosis.
[bookmark: j9g8hs22n8l3][bookmark: _Hlk120901709]WHO, 2019, Leprosy, Key facts, accessed at: https://www.who.int/news-room/fact-sheets/detail/leprosy Accessed on: July 18, 2020
[bookmark: kix.3x5wojoj4q2o]WHO, 2003, Laboratory Biosafety Manual Second Edition (Revised)
[bookmark: kix.vgg0myhws7jo][bookmark: _Hlk120576120]WHO, 2014, Haemophilus influenzae type b (Hib)

[bookmark: ajzu0g99rc64][bookmark: _Hlk120911025]WHO, 2020wic, 1st WHO Infodemiology Conference
[bookmark: xd5bp8s9mcjo][bookmark: _Hlk120985868]WHO, 2020tosi, Transmission of SARS-CoV-2: implications for infection prevention precautions, Science Brief
[bookmark: kix.5nvcz5x2ho6]Wickett, R.R. and Visscher, M.O., 2006. Structure and function of the epidermal barrier. American journal of infection control, 34(10), pp.S98-S110.
In SC [stratum corneum] that is desquamating at its normal rate, corneocytes persist in the SC for approximately 2 weeks, depending on body site, before being shed into the environment. On average, about one layer of corneocytes is shed each day from the surface and replaced by keratinocytes at the SG. The corneocytes that are shed each day can have a significant bacterial load and may be a source of contamination of the environment.
[bookmark: kix.e0kqkji1xvxa]Wierzchos, J., Ríos, A.D.L. and Ascaso, C., 2012. Microorganisms in desert rocks: the edge of life on Earth.

[bookmark: kix.sriwz2vj7dhd]Williams, J.P., Pathare, A.V. and Aharonson, O., 2014. The production of small primary craters on Mars and the Moon. Icarus, 235, pp.23-36.
[bookmark: kix.ubiv50n5r668]Wilcox, B.H., Carlton, J.A., Jenkins, J.M. and Porter, F.A., 2017, March. A deep subsurface ice probe for Europa. In 2017 IEEE Aerospace Conference (pp. 1-13). IEEE.


[bookmark: kix.98rcds3qlcem]Wingo, D., 2004. Moonrush: Improving life on earth with the moon's resources Burlington: Apogee Books.

[bookmark: kix.hv3axcnej6z8]Wingo, D., 2016. Site selection for lunar industrialization, economic development, and settlement. New Space, 4(1), pp.19-39.

[bookmark: kix.61jdj4xeshur]Winn, W.C., 1988. Legionnaires disease: historical perspective. Clinical Microbiology Reviews, 1(1), pp.60-81.
[bookmark: b_Witze_2018][bookmark: kix.3rfttbnyrex5]Witze, A., 2018. There's water on Mars! Signs of buried lake tantalize scientists. Nature, 560(7716), pp.13-15

 Woese, C., 1998. The universal ancestor. Proceedings of the national academy of Sciences, 95(12), pp.6854-6859.
There are different ways of looking at such a community of progenotes. On the one hand, it could have been the loose-knit evolutionary (genetic) community just discussed. On the other, it could have been more like a modern bacterial consortium, with cells cross-feeding one another not only genetically but also metabolically. Cell–cell contacts would have facilitated both processes. In both views of the community, the latter in particular, it is not individual cell lines but the community of progenotes as a whole that survives and evolves. It was such a community of progenotes, not any specific organism, any single lineage, that was our universal ancestor—a genetically rich, distributed, communal ancestor.

[bookmark: kix.gkm9a21o2b9s] Woese, C.R., 2002. On the evolution of cells. Proceedings of the National Academy of Sciences, 99(13), pp.8742-8747.
“Aboriginal cell designs are taken to be simple and loosely organized enough that all cellular componentry can be altered and/or displaced through HGT, making HGT the principal driving force in early cellular evolution. Primitive cells did not carry a stable organismal genealogical trace. Primitive cellular evolution is basically communal. The high level of novelty required to evolve cell designs is a product of communal invention, of the universal HGT field, not intralineage variation. It is the community as a whole, the ecosystem, which evolves. The individual cell designs that evolved in this way are nevertheless fundamentally distinct, because the initial conditions in each case are somewhat different. As a cell design becomes more complex and interconnected a critical point is reached where a more integrated cellular organization emerges, and vertically generated novelty can and does assume greater importance.”

[bookmark: kix.8tsi0n7gu4yg] Wohlforth, C., Hendrix, A.R., 2016a, Let’s Colonize Titan, Scientific American

[bookmark: kix.nod21z7ti8b3] Wohlforth, C., Hendrix, A.R., 2016b, Beyond Earth: Our Path to a New Home in the Planets, Knopf Doubleday Publishing Group

[bookmark: ilkuu861mni]WolfmanSF, 2019, Hachimoji DNA base pairs and Hachimoji RNA base pairs

[bookmark: kix.uaz25v5z0h2f]Wolfram, J., 2018, Apollo 11 Splashdown footage highlighting Navy Frogmen's role,
[bookmark: kix.bhukf4tm3kog]Woods, D., Wheeler, R., Roberts, I., 2018, Day 5 part 20: A surprise at staging, The Apollo 10 Flight Journal
[bookmark: b_Wordsworth_2017]Wordsworth, R., Kalugina, Y., Lokshtanov, S., Vigasin, A., Ehlmann, B., Head, J., Sanders, C. and Wang, H., 2017. Transient reducing greenhouse warming on early Mars. Geophysical Research Letters, 44(2), pp.665-671. Press release Bursts of methane may have warmed early Mars
[bookmark: _Toc122657817][bookmark: _Toc122890884]X
[bookmark: _Hlk120629899]
[bookmark: kix.2o5rxmoxb588]Xu, Z., Chen, Y., Meng, X., Wang, F. and Zheng, Z., 2016. Phytoplankton community diversity is influenced by environmental factors in the coastal East China Sea. European Journal of Phycology, 51(1), pp.107-118.

Abstract: Surface seawater was collected in four different seasons in the coastal East China Sea adjacent to the Yangtze River Estuary and phytoplankton community diversity was analysed using rbc L genetic markers. 

page 111: The cyanobacterium Chroococcidiopsis sp. was widely represented in the tree, accounting for 14%, 7%, 3% and 7% of total clones in spring, summer, autumn and winter, respectively
[bookmark: _Toc122657818][bookmark: _Toc122890885]Y

[bookmark: kix.37lsk2kn5x5f][bookmark: _Hlk121093543]Yan, J., Grantham, M., Pantelic, J., De Mesquita, P.J.B., Albert, B., Liu, F., Ehrman, S., Milton, D.K. and EMIT Consortium, 2018. Infectious virus in exhaled breath of symptomatic seasonal influenza cases from a college community. Proceedings of the National Academy of Sciences, 115(5), pp.1081-1086. Popular account: Paddock, C., 2018, 'Just breathing' is enough to spread flu, Medical news Today

[bookmark: kix.377fdbil9qwa]Yano, H., Chujo, T. JAXA/ISAS, Case Study Planetary Protection Category V Unrestricted Earth Return: Hayabusa-1&2 Japan and the Hayabusa-1 and Hayabusa-2 Teams
[bookmark: kix.2ctbvckyyt7z]Yeager, C.M., Lanza, N.L., Marti-Arbona, R., Teshima, M., Lingappa, U.F. and Fischer, W.W., 2019. Terrestrial Rock Varnish: Implications for Biosignatures on Mars. LPICo, 2108, p.5060.
[bookmark: kix.ti4bmjqvlzh2] Yocum, R.R., Rasmussen, J.R. and Strominger, J.L., 1980. The mechanism of action of penicillin. Penicillin acylates the active site of Bacillus stearothermophilus D-alanine carboxypeptidase. Journal of Biological Chemistry, 255(9), pp.3977-3986.

[bookmark: kix.zgvqx8ni9ruh]Yong, C.Q.Y., Valiyaveetill, S. and Tang, B.L., 2020. Toxicity of microplastics and Nanoplastics in mammalian systems. International Journal of Environmental Research and Public Health, 17(5), p.1509.

[bookmark: b_Yung_2018]Yung, Y.L., Chen, P., Nealson, K., Atreya, S., Beckett, P., Blank, J.G., Ehlmann, B., Eiler, J., Etiope, G., Ferry, J.G. and Forget, F., 2018. Methane on Mars and habitability: challenges and responses. Astrobiology, 18(10), pp.1221-1242.
[bookmark: _Toc122657819][bookmark: _Toc122890886][bookmark: _Hlk121311691]Z

[bookmark: kix.ojnjic4hyuz0] Zakharova, K., Marzban, G., de Vera, J.P., Lorek, A. and Sterflinger, K., 2014. Protein patterns of black fungi under simulated Mars-like conditions. Scientific reports, 4, p.5114.

[bookmark: kix.2eqvvrd63j4p]Zhang, N. and Cao, H., 2020. Enhancement of the antibacterial activity of natural rubber latex foam by blending It with chitin. Materials, 13(5), p.1039.

[bookmark: kix.lv7664c0kd60][bookmark: _Hlk120901721]Zhang, Y., Ptacin, J.L., Fischer, E.C., Aerni, H.R., Caffaro, C.E., San Jose, K., Feldman, A.W., Turner, C.R. and Romesberg, F.E., 2017. A semi-synthetic organism that stores and retrieves increased genetic information. Nature, 551(7682), pp.644-647..
[bookmark: kix.1oliu9i6our2]Zhou, B. and Shen, J., 2007. Comparison Of HEPA/ULPA Filter Test Standards Between America And Europe. In Proceedings of Clima.
[bookmark: kix.s0r7xw2fjr42]Zubrin, R. "Contamination From Mars: No Threat", The Planetary Report July/Aug. 2000, P.4–5

[bookmark: d8nahdu0vku7]Zurbuchen, T.H., 2019. NASA Response to Planetary Protection Independent Review Board Recommendations.

[bookmark: kix.ylqox9zaxele]ZZ2, 2014, A small pile of Martian regolith simulant JSC MARS-1A, Wikimedia commons

[bookmark: _Toc122657820][bookmark: _Toc122890887]Figure permissions
Copyright rules for: NASA

Figure 1: ESA
Figure 2: NASA
Figure 3: Own work, incorporates NASA photograph of Apollo 11 lunar landing module Eagle.
Figure 4: Creative commons
Figure 5: ESF
Figure 6: NASA
figure 7: NASA / FLAD
Figure 8: ESF (screenshot from page circling misquoted number)
Figure 9: ESF

Figure 10: unrestricted research re-use granted for as long as Elsevier COVID-19 resource center remains active.
Figure 11: Free of all copyright restrictions

Figure 12: AAS: Science [Figure needs permission, redraw or new source]

Figure 13: NASA

Figure 14: NASA

Figure 15: NASA

Figure 16: NASA / LAS

Figure 17: ESA
Figure 18: Earth and Planetary Science Letters article [Figure needs permission, redraw or new source]
Figure 19: Science Direct: [Figure needs permission, redraw or new source]

Figure 20: Creative commons cc by 3.0
Figure 21: Nature Astronomy [Figure needs permission, redraw or new source]

Figure 22: Nature [Figure needs permission, redraw or new source]
Figure 23: [Figure needs permission]
Figure 24: [Figure needs permission]

Figure 25: Nature Geoscience [figure needs permission]
Figure 26: Nature Geoscience [figure needs permission]
Figure 27: NASA
Figure 29:Astrobiology [Figure needs permission]

Figure 30: NASA
Figure 31: Marine Biology Research [Figure needs permission]

Figure 32: NASA; the bounce was sketched by hand to approximate the shape of a typical bounce from figure 2b of Almeida et al (Almeida et al, 2020)

Figure 33: NASA

Figure 34 :Astrobiology [Figure needs permission]

Figure 35: PNAS [Figure needs permission]
Figure 36: NASA 

Figure 37: Chemical Society Reviews [Figure needs permission]

Figure 38: PNAS [Figure needs permission]

Figure 39: Own work
Figure 40 HiRISE NASA/JPL/University of Arizona 		
Figure 41: ScienceDirect [Figure needs permission]
Figure 42: Nature microbiology [Figure needs permission or another source]
Figure 43: NASA
Figure 44: NASA
Figure 45: NASA, CC by 3.0, public domain
Figure 46: NASA
Figure 47: NASA

Figure 48: CC by 4.0

Figure 49: ESA
Figure 50: NASA

Figure 51: COSPAR - COSPAR grants permission for reuse

Figure 52: COSPAR - COSPAR grants permission for reuse

Figure 53: COSPAR - COSPAR grants permission for reuse

Figure 54: IEEE [Figure needs permission]

Figure 55: Acta Astronautica [Figure needs permission]
Figure 56: Acta Astronautica [Figure needs permission]

Figure 57: Astrobiology [Figure needs permission, redraw or new source]

Figure 58: CC by 4.0
Figure 59: CC by 4.0
Figure 60: AAS Science [Figure needs permission] - Redrawn CC by 4.0
Figure 61: Nature Chemical Biology [Figure needs permission, redraw or new source]
Figure 62: CC by 4.0

Figure 63: CC by 4.0

Figure 64: Nanoscale [Figure needs permission, or new source]

Figure 65: Elsevier [Figure needs permission]
Figure 66: NASA / USGS (background image), free of all copyright restrictions (DNA spiral)
Figure 67: NASA / Creative Commons

Figure 68: NASA

Figure 69: NASA

Figure 70: NASA


[bookmark: h_whats_new][bookmark: _Toc122657821][bookmark: _Toc122890888]Highlights of what’s new in this article
[needs updating]

The planetary protection literature already covers the issue of the length of quarantine period for an astronaut or technician (Carl Sagan observed that the latency period of leprosy is measured in decades), and the ethical issue of keeping an astronaut or technician in quarantine when they have a sudden life threatening condition potentially caused by extraterrestrial materials.

However I found no previous mention of asymptomatic carriers, like typhoid Mary (Korr, 2020) as an issue for the use of human quarantine to protect Earth from extraterrestrial life. Also I found no mention of the need for quarantine to contain life that is not pathogenic of humans but could cause problems for other terrestrial lifeforms, or the need for quarantine to contain unfamiliar biology such as mirror life that could have adverse effects on the terrestrial ecosystems. This article concludes that there seems to be no way to contain such hazards using human quarantine, unless we know what is in the sample and what its capabilities are. This conclusion seems to be new.

See 
· 

In discussions of worst case scenarios for return of extraterrestrial life, I have seen no previous study of the effects of returning mirror life. 

See 
· Example of mirror life nanobacteria spreading through terrestrial ecosystems	

Several of the other worst case scenarios I look at here seem to be new to the planetary protection literature. See for instance:

· Possibility of extraterrestrial Martian life setting up a “Diminished Gaia” on Earth
· Worst case scenario where terrestrial life has no defences to an alien biology - humans survive by ‘paraterraforming’ a severely diminished Gaia	

I found no previous mention of the observation that NASA would need to know what they need to build before they can start the build process, and that since they won’t be able to overrule objections as they did for Apollo, this won’t be known until they complete the legal process. As a result the timescale for a sample return in this article is longer than in previous studies.
See 
· NASA procedural requirements for mission planners - they need to have a clear vision of the problems and how they can be solved before key point A

Previous work has proposed that the reason that Mars is close to the cold arid limit of life with its atmosphere close to the triple point of water could be due to processes such as abiotic photosynthesis with up to several bars of CO₂ sequestered in the Martian dust alone. However I found no previous mention of the idea that this could be the result of biology and biotic photosynthesis.

Previous work has looked at the possibility of swansong biospheres, also at an anti-gaia where life makes a planet gradually less inhabitable until it makes itself extinct. However I found no previous mention of the idea of combining both of those in a swansong gaia, where life maintains the atmosphere at close to the triple point of water, never making itself extinct, for billions of years. and can do so over a wide range of emissions scenarios for the volcanoes.

See 
· Suggestion of a self perpetuating “Swansong Gaia” maintaining conditions slightly above minimal habitability for billions of years - as a way for early life to continue through to present day Mars

This is relevant to the topic of this article because processes to keep the atmosphere at slightly above minimal habitability for billions of years add to the possibilities for returning viable life in the sample.

Previous articles have suggested returning extraterrestrial life to low Earth orbit or to the Moon, but I found no previous discussion of returning it to the Laplace “ring” plane above GEO. 

See 
· Recommendation to return a sample for teleoperated ‘in situ’ study above Geosynchronous Equatorial Orbit (GEO)	

Previous articles suggest sterilizing extraterrestrial samples with gamma rays. However I found no previous discussion of using nanoscale X-ray emitters for sterilization during the six months return flight from Mars to Earth. 

See:

·  Suggestion to use nanoscale X-ray emitters for sterilization

There are many proposals for sample receiving facilities. However I wasn’t able to find any that correctly cited the ESF 2012 requirement that release of a single particle of 0.05 microns is not permitted under any circumstances. The EURO CARES design cites this study but due to an unfortunate typo, the design is for a one in a million chance of release of a sample of 0.1 microns, per particle, which would not comply. 

See:

· Order of magnitude typo in cite for EURO-CARES sample return facility design - ESF study’s probability < 10⁻⁶ is for unsterilised particles of 0.01 μm not 0.1 μm	

Previous studies all look at HEPA and ULPA filters. This seems to be the first to notice that these filters don’t comply with the ESF recommendations, and that new technology is needed if these recommendations become legal requirements

See 
· Filter technology innovations needed for 0.05 μm standard - HEPA and ULPA filters are not adequate

This seems to be the first study to consider the available technology and observe that even the best experimental filters in laboratories such as an experimental filter to attempt to contain the smallest droplets with individual SARS - CoV2 viruses don’t yet comply with the ESF recommendation 

See 
· 	

Previously Chris McKay suggested grabbing a sample of dirt as a low cost sample return mission. However I found no previous suggestion to modify the ESA sample fetch rover to add a sample of dirt on top of the rock samples from Perseverance.

· Possible use of Perseverance - or modification of ESA’s Sample Fetch Rover to return samples from shallow sand dune subsurface	

Previous articles have looked at the effect of UV on transfer of life in the dust, however I found no discussion of the possibility that native Martian life could evolve to cover itself in nanoparticles of iron oxides to protect its propagules from UV light, in a process similar to the agglutinated external sediment cysts built by some foraminifera in the sea.

See 
· Could Martian life be transported in dust storms or dust devils, and if so, could any of it still be viable when it reaches Perseverance?	

I found no previous suggestion to add empty sample tubes with magnets in the neck to the ESA fetch rover, to be left on the surface to collect dust from dust storms and dust devils while the rover fetches the Perseverance samples..

See 
· Recommendation: Extra sample of air and airfall dust to search for Martian life, assess forward contamination issues for terrestrial microbes, dust dangers for astronauts, and to return a random sample of wind-eroded rock from distant parts of Mars 
· Proposal: magnets could be used to enhance dust collection
· Proposal: to use the sample return capsule as a dust collector – keep it open to the atmosphere before adding the sample tubes

I have found no previous papers on sampling the dust in dust storms to search for traces of distant inhabited habitats perhaps thousands of kilometers away, such as happens on Earth with terrestrial transfer of spores in dust storms from deserts. Also I can’t find any suggestion that spores from such habitats could explain the Viking results. See:

· Searching for distant inhabited habitats on Mars through presence or absence of one originally living cell per gram – a rough first estimate assuming uniform mixing throughout Mars for a first estimate requires life to cover between 114,000 and 1,140 square kilometers with densities of life in the dust similar to an Antarctic RSL analogue in cell count, but less than a tenth of a square kilometer if any reach a billion cells per gram – these figures can be higher if any source habitats with high densities of cells are closer to the rover with uneven mixing	

The idea of using the Marscopter or the Perseverance rover itself to look for young craters within reach of Perseverance excavated to a depth of several meters in the last few thousand years seems to be new to this article.

See 
· Proposal to use Marscopter or observations by Perseverance from a high elevation to search for recently excavated small craters for less degraded organics from early Mars	

Carl Sagan said of a Mars sample return:

The likelihood that such pathogens exist is probably small, but we cannot take even a small risk with a billion lives.
However I can’t find previous studies that elaborate on this and connect it with insights from synthetic biology to suggest that the legal process of a sample return would be likely to consider the need for higher standards of containment than for a normal biosafety laboratory.
See 
· Formulating Sagan’s criterion and variations on the precautionary principle - which one is appropriate for a Mars sample return?	

The suggestion that one possible outcome of the legal process is that the mission can’t go ahead seems to be new to this article.
See 
· A requirement for similar levels of safety to those used for experiments with synthetic life would lead to the Prohibitory version of the Precautionary Principle and make unsterilized sample return impossible with current technology and current understanding of Mars	

The suggestion that Mars could have life that can never make safe contact with Earth’s biosphere is an unstated background to the planetary protection literature, but this article may be first to state this clearly. 
I think this may be the first paper to say explicitly that the worst case scenarios include situations where we can never return life from Mars to Earth, and where quarantine of astronauts can’t protect Earth, for instance if Mars has mirror life. At present we have no way to prove that any unfamiliar biology on Mars would be safe for Earth’s biosphere.
See 
· Similar considerations apply to astronauts returning from Mars - in some scenarios such as mirror Martian life, astronaut quarantine would be insufficient to protect Earth’s biosphere

There have been several proposals to study Mars telerobotically from orbit, but the more detailed suggestion that we need to complete a rapid preliminary astrobiological survey of Mars from orbit first before we can make properly informed decisions about sending humans to the surface seems to be new. 
See 
· Resolving these issues with a rapid astrobiological survey of Mars, tele-operating rovers from orbit	

The proposal to use the technology for a Venus lander to construct heat sterilized 100% sterile rovers to explore Mars is not new to this article but the detailed discussion is new, especially the proposal that we need to develop a specification for 100% sterile rovers before we start large scale exploration of Mars from orbit. Such a specification and designs based on it will greatly simplify planetary protection for exploring Mars and other potential locations for life like Europa and Enceladus.
See 
· Design specifications for 100% sterile rovers for fast safe astrobiological surveys throughout the solar system	

The aim in this article is to try to anticipate some of the issues that will be raised in the future, as experts from disciplines like epidemiology, synthetic biology, the engineering of filters, and ethicists and lawyers examine NASA’s recommendation:s. Many new points in this article come as a result of widening the literature examined to cover these fields.
For details about some of the other points that may be new, see: 
· What is new to the planetary protection literature in this article below.
Do please contact me if you know of previous work on these topics, thanks!
[bookmark: h_Outline][bookmark: _Toc122657822][bookmark: _Toc122890889]Outline - and what’s new in this article
[needs updating]

Much of this paper is an application of material from the wider scientific literature that so far hasn’t been applied to the problems involved in planetary protection. 

“New presentation” means a new take on the literature, organized to make comparisons easier, shed light on connections.

“Summarizes:” means it summarizes the literature

“Expands” means it summarizes the literature but with extra details or suggestions

“Recommendation” means a recommendation for future missions.

“New” means to the best of my knowledge, the material is new to the published literature about planetary protection. To give one example, to my knowledge, the issue of symptomless superspreaders has never previously been discussed in the context of planetary protection but is widely discussed in epidemiology. 

“original” means original research, such as the proposal of a Martian swansong Gaia.

Many of these matters may have been discussed informally and not published previously. If the reader knows of any previous publication of any of these points - including preprints, or video presentations or discussions - do say and I will cite it. Thanks!

This section is primarily to assist reviewers. However it may also be of interest to readers too, as an outline and to show what is new in the article. 

[Mid edit, sections marked (...) need to be written]
No legal precedent for a restricted sample return with “potential for adverse changes to the environment of Earth” (Apollo guidelines had no peer review)

Summarizes: Perseverance has landed on Mars, the legal process hasn’t started yet, and there is no legal precedent. 

 Apollo procedures didn’t protect Earth even according to the Interagency Committee on Back Contamination (ICBC) that advised NASA A

Summarizes:NASA was able to overrule objections in 1969, but would not be able to do so today.

Comet and asteroid sample returns are straightforward - but are unrestricted sample returns - sterilized during collection - or Earth has a similar natural influx

Summarizes: we have already done comet and asteroid sample returns but they were straightforward because there was no back contamination risk.

Controversial 2019 recommendation to classify parts of Mars as category II, similar to the Moon, in forward direction

Summarizes: Stern et al.’s recommendation to classify regions of Mars as Category II like the Moon in the forwards direction, yet restricted category V in the backward direction, similarly to the situation for the Moon in 1969. They base this on the report by Rummel et al. from 2014.

· 2015 review: maps can only represent the current incomplete state of knowledge for a specific time – with knowledge gaps on survival of terrestrial life in dust storms and potential for life to survive in habitats hard to detect from orbit - so can’t yet be used to identify which areas of Mars are of planetary protection concern in the forwards direction

Summarizes: Board (2015) which was not cited by Stern et al. criticises Rummel et al. and concludes that before a Category II classification of parts of Mars we need to complete knowledge gaps on transfer of terrestrial life in the dust storms, and potential for life to survive in microhabitats on Mars not easily detected from orbit.

2015 review: maps can only represent the current incomplete state of knowledge for a specific time – with knowledge gaps on survival of terrestrial life in dust storms and potential for life to survive in habitats hard to detect from orbit - so can’t yet be used to identify which areas of Mars are of planetary protection concern in the forwards direction
	

Summarizes: NAS 2020 review says the category system applies to a mission not a target and makes criticisms similar to Board et al in 2015 of attempts to categorize regions of Mars using maps.
Why we may need to protect Earth from backward contamination even if it turns out that forward contamination is unlikely or impossible - example of Sagan’s proposed habitat on the Moon

New presentation: The Apollo missions attempted to protect Earth from backwards contamination of and didn’t protect the Moon from forward contamination. It’s interesting to look into how this was possible and ask whether such a situation could arise on Mars for future missions

This is possible if
1. Native habitats for Martian life can’t be colonized with terrestrial life (e.g. too cold for terrestrial life), OR
2. Contamination with terrestrial life spreads only with great difficulty over thousands of years from one part to another of the Martian surface.

Comparison of the Moon as understood in 1969 with Mars as we understand it today

New presentation - the idea of comparing the situation in 1969 with Mars as we understand it today in this direct point by point way may be new.
First restricted sample return since Apollo - with proposed microhabitats and no natural way for any life from surface layers to reach Earth

Summarizes: some of the proposed microhabitats such as the RSLs, the puzzling Viking results and discusses Greenberg’s natural contamination principle.

First restricted (potentially life bearing) sample return since Apollo, however, science reviews in 2009 and 2012 have lead to increasing requirements on such a mission – especially as the result of discovery of the very small starvation mode nanobacteria

Summarizes: ESF study found a theoretical minimum size for terrestrial life which also matched the scanning electron micrographs of nanobacteria that passed through a 0.1 micron nanofilter

By European Space Foundation study (2012), particles larger than 0.05 μm in diameter are not to be released under any circumstances

Summarizes: requirements from the 2012 ESF study
The three proposed methods of containing samples in a Mars sample receiving facility, BSL-4 in a clean room, clean room in a BSL-4 and triple wall - with examples for each design

Summarizes: some of the proposed sample receiving facility designs

Order of magnitude typo in cite for EURO-CARES sample return facility design - ESF study’s probability < 10⁻⁶ is for unsterilised particles of 0.01 μm not 0.1 μm while 100% containment is required for particles of 0.05 μm

New: Order of magnitude typo in the EURO-CARES cite of the ESF report - they cite the requirement as a one in a million chance of containing a particle with diameter greater than 0.1 µm. The ESF report discusses a one in a million chance for a particle with diameter greater than 0.01 µm. 

This one in a million figure also refers to the chance of a release of a single particle at this size over the lifetime of the facility, and EURO-CARES treats it as a probability per particle. 

The ESF study has a requirement of 100% containment at 0.05 μm.

The papers on sample receiving facility designs don’t seem to have picked up on this requirement, but it would be brought up in the legal process.

Filter technology innovations needed for 0.05 μm standard - HEPA and ULPA filters are not adequate

New: HEPA and ULPA filters used for biosafety level IV facilities don’t comply with the requirements of the ESF sample return study. 


	
New: discussion of whether a suitable filter can be made with current technology. Experimental nanofilters can filter out 100% of particles at this size for water treatment but have significant maintenance challenges.

For aerosols the best available technology seems to be represented by a proposed filter in development in 2020 capable of filtering out individual SARS-Cov2 particles as small as 0.06 µm. This filter, which is “state of the art” and not yet available commercially, is only able to filter out 88% of particles at 0.05 µm, far short of the 100% requirement of the ESF study.

The technology doesn’t seem to exist yet.
Need for maintenance for future 0.05 μm compliant filters
Summarizes: Equipment needs to be maintained and filters need regular replacement.

New: nanofilters for removing 0.05 μm aerosol particles are likely to be challenging to maintain and replace safely.
ESF study’s recommendation for regular review of the size limits

Expands: - the ESF study said regular review is needed. By 2020, eight years later, another review is certainly required since the minimum size was reduced from 250 nm to 50 nm / 10 nm in just three years from 2009 to 2012. 

Scientific developments since 2012 relevant to review of 0.05 µm / 0.01 µm size limits

Expands: Discussion of the possibility of an RNA world microbe with a diameter of only 0.014 µm. This is mentioned in the 1999 limitations of size report as a possible interpretation of the ALH84001 meteorite nanoscale features, but got little attention since then. 

The new suggestion in this article is that small microbes with a novel biochemistry such as mirror life could be better able to compete with larger terrestrial organisms. New research into synthetic life since the ESF study in 2012 might lead a review to reconsider the possibility of small RNA world microbes in the sample.

Priority early on in legal process to decide on filter requirements and to outline future technology to achieve this standard
(...)

Need for advanced planning and oversight agency set up before start of the legal process
(...)

NASA procedural requirements for mission planners to develop a clear vision of the problems and show how the solution will be feasible and cost-effective before key decision point A because of significant costs involved in modifying designs after the build starts

Summarizes existing literature

Potential changes in requirements as a result of the legal process
(...)
Minimum timeline: 2 years to develop consensus legal position, 6-7 years to file Environmental Impact Statement, 11 years to build sample return facility
(...)

(...)

(...)
Likely legal requirement for facility to be ready to receive samples well before unsterilized samples return to Earth
(...)
Legal process likely to extend well beyond 6 years with involvement of CDC, DOA , NOAA, OSHA etc, legislation of EU and members of ESA, international treaties, and international organizations like the World Health Organization
(...)
Public health challenges responding to release of an extraterrestrial pathogen of unfamiliar biology
Summarizes existing literature
Complexities of quarantine for technicians accidentally exposed to sample materials
(...)
Vexing issue of authorizations to remove technicians from quarantine to treat life threatening medical incidents in hospital
Expands: covers the ethical issues for human quarantine mentioned in Meltzer et al of balancing an uncertain risk of planetary protection against a certainty that an individual's life can be saved. Gives examples and discusses how it is ethically understandable that preventing risk of death or serious injury to an individual has the highest priority - but it then negates most of the value of quarantine.

Example of technician in quarantine with acute respiratory distress and symptoms similar to Legionnaires’ disease
New: This is already in planetary protection discussions - but the suggestion that a Martian pathogen of human lungs could also be symptomless in some individuals like some cases of Legionnaires’ disease may be new.
Arbitrariness of technician’s quarantine period for an unknown pathogen
(...)
How do you quarantine a technician who could be a symptomless super-spreader of an unknown Martian pathogen?
New: Symptomless super-spreader carriers (like Typhoid Mary). This doesn’t seem to be discussed previously in the planetary protection literature.
Martian microbes could participate harmlessly or even beneficially in the human microbiome but harm other terrestrial organisms when the technician exits quarantine - example of wilting Zinnia on the ISS
New: That alien life could become part of the human microbiome, and remain harmless to humans then harm other creatures or the biosphere on leaving quarantine.
The idea of alien life becoming part of the human microbiome in quarantine may be new.

What if mirror life becomes part of the technician’s microbiome?
New: That the human microbiome could support mirror-life nanobacteria - especially if it is pre-adapted to use non mirror organics on Mars.
Survival advantages of mirror life competing with terrestrial life that can’t metabolize mirror organics
New: That mirror-life nanobacteria from Mars may be preadapted to metabolize non mirror organics 

This could be from adaptation to use racemic mixtures of organics from meteoritic and comet infall, or the result of co-existing with non mirror life on Mars. 

Examining advantages of a mirror-life nanobacteria to survive in the wild on Earth even if its biochemistry is simpler than any terrestrial life (similarly to the arguments used in favour of nanobes in a shadow biosphere).
Similar considerations apply to astronauts returning from Mars - in some scenarios such as mirror Martian life, astronaut quarantine would be insufficient to protect Earth’s biosphere
(...)
Telerobotics as a solution to all these human quarantine issues
(...)
Zubrin's arguments in: "Contamination from Mars: No Threat" and the response of planetary protection experts in "No Threat? No Way":
(...)
These complexities arise due to need to contain almost any conceivable exobiology
(...)
Sterilized sample return as aspirational technology demonstration for a future astrobiology mission
 (...)
Level of sterilization needed similar to ~100 million years of Martian surface ionizing radiation - and would leave present day life and past life still recognizable - if recognizable without sterilization
s
(...)
Suggestion to use nanoscale X-ray emitters for sterilization
(...)
Effects of gamma radiation on rock samples - and need to test X-rays
(...)
Why it’s a major challenge to find samples from Jezero crater to help decide central questions in astrobiology until we can send in situ life detection instruments  - most past biosignatures will be degraded beyond recognition – nearly all organics on Mars are expected to be abiotic - past and present day life is expected to be low in concentration and patchy in distribution – and all this is especially challenging if Martian life never developed photosynthesis or nitrogen fixation 
(...)
Perseverance’s target, an ancient delta in Jezero crater - high potential - but need to manage expectations - with limited in situ biosignature detection, samples not likely to resolve central questions in astrobiology
(...)
Limitations on cleanliness of the Mars sample tubes with estimated 0.7 nanograms contamination each for DNA and other biosignatures per gram of returned rock sample, and a roughly 0.02% possibility of a viable microbe in at least one of the tubes
	
(...)
   Modern miniaturized instruments designed to detect life in situ on Mars - could also be used to examine returned samples in an orbital telerobotic laboratory

(...)
Could Perseverance’s samples from Jezero crater in the equatorial regions of Mars contain viable or well preserved present day life?
(...)
Detection by Curiosity rover of liquid water as perchlorate brines in Gale crater sand dunes and similar conditions are predicted in Jezero crater dunes
Expands: Discussion of the brine layer found in sand dunes by Curiosity. Although too cold for terrestrial life, I argue that it is potentially habitable by martian life with lower temperature limits than terrestrial life using chaotropic agents, or biofilms or both. Nilton Renno briefly mentioned the idea of a biofilm making this layer habitable in an interview but it hasn’t had much attention. This increases the potential for returning native life from Jezero crater.
Experiments with black yeasts, fungi and lichens in Mars simulation conditions suggest life could use the night time humidity directly without liquid water
Summarizes: Discussion of experiments in the ability of some fungi and lichens to metabolize in the presence of the high night time humidity but without liquid water, in Mars surface conditions of high UV and low atmospheric pressure and extreme variations in temperature. This possibility again can’t be ruled out, and more experiments are needed. 

Not much seems to have been done by way of published research in the last few years
Surface conditions of ionizing radiation, UV radiation, cold and chemical conditions don’t rule out the presence of life
(...)
Sources of nitrogen on Mars as potential limiting factor – unless Martian life can fix nitrogen at 0.2 mbar

Expands: Discussion of the possibility of nitrogen fixation in the present day Martian atmosphere even with its low levels of nitrogen - which could contribute to habitability for present day life. Experiments so far have shown that this is possible at terrestrial atmospheric pressure and Martian partial pressures of nitrogen. If this is possible it expands habitability of the Martian near subsurface. This possibility can’t be ruled out and needs experiments on low pressure nitrogen fixation in Mars simulation chambers. 

Could Martian life be transported in dust storms or dust devils, and if so, could any of it still be viable when it reaches Perseverance?
(...)
Native Martian propagules (spore aggregates or hyphal fragments) could be up to half a millimeter in diameter, and evolve extra protection such as a shell of agglutinated iron oxide particles or chitin
(...)

Potential for spores and other propagules from nearby or distant regions of Mars similarly to transfer of spores from the Gobi desert to Japan

New: Suggestion that if Martian life is wind dispersed, it may be dispersed seasonally during the dust storm seasons. Spore formation may also be triggered by the low light levels of a dust storm. 

Suggestion for year round sample collection of the dust to search for seasonal wind dispersed spores, e.g. with one sample tube left open to the dust for a Martian year. A null result here would also be significant and it would also help with studies of the survivability of terrestrial microbes as the composition and chemical composition of the dust is also likely to vary seasonally and in dependence on storms.

Searching for distant inhabited habitats on Mars through presence or absence of one originally living cell per gram – a rough first estimate assuming uniform mixing throughout Mars for a first estimate requires life to cover between 114,000 and 1,140 square kilometers with densities of life in the dust similar to an Antarctic RSL analogue in cell count, but less than a tenth of a square kilometer if any reach a billion cells per gram – these figures can be higher if any source habitats with high densities of cells are closer to the rover with uneven mixing
(...)
Could local RSL’s be habitable and a source of wind dispersed microbial spores? Both dry and wet mechanisms leave unanswered questions - may be a combination of both or some wet and some dry
Summarizes: Discussion of the Recurring Slope Lineae (RSLs). Though the dry formation model gets most publicity neither the dry nor the wet models are able to explain all the features, for instance the dry formation model is currently unable to explain seasonality and resupply. There may be elements of both models or some may be formed in one way and some in the other. This makes it an open question whether the RSLs are potentially habitable to present day life.

Could Perseverance find well preserved past life? Knoll criterion and difficulties of recognizing life by its structures
New: Suggestion that early Martian life might lack nitrogen fixation may be new (an obvious suggestion but not mentioned before AFAIK). Previous studies have already suggested it might lack photosynthesis, and might never have evolved it.

 This is relevant for the search for past life in Jezero crater as it would be much less common if there is no nitrogen fixation as well as no photosynthesis

Summarizes:
• issues with recognizing past life as life
• likely ambiguity of returned samples of past life
• abiotic chiral imbalances in some meteorites
• abiotic C13 depletion
• likely presence in returned samples of micron and nanoscale features that resemble microbes and may be associated with organics
• Infall of organics from meteorites, comets and interplanetary dust and indigenous processes such as abiotic photosynthesis making it hard to distinguish abiotic and biotic organics
• Degradation of past life by racemization, reactive chemicals, etc.
Perseverance could detect distinctive biosignatures like chlorophyll and carotene - but only for exceptionally well preserved life
(...)
Recommendations to increase the chance of returning present day life, unambiguous past life, and other samples of astrobiological interest by adapting ESA’s Sample Fetch Rover and Perseverance caching strategies

New: Specific recommendations for additional samples that Perseverance and the ESA fetch rover could take, that could increase the astrobiological interest. 

Young craters within 90 days travel of the landing site - to search for past life less damaged by cosmic radiation - near certainty of a crater of 16 to 32 meters in diameter less than 50,000 years old

New: Recommendation to search for young (< 10 million years old) craters in Jezero crater more than 2 meters deep within the region accessible by Perseverance.

Original research: calculation of the probability of craters of various sizes and ages within reach of Perseverance for drives of various lengths in days

Probability of a new crater within reach of Perseverance forming during the mission

Original research: calculation of probability of craters of various sizes forming in the next 4 or 10 years within reach of Perseverance.

Dating young craters from orbit through fresh appearance with sharp rim
Summarizes: research into how the appearance of a crater changes due to erosion

Original research: there aren’t enough craterlets of 10 cm upwards to use to identify the youngest craters of up to 32 meters.

Recommendation to use Marscopter or observations by Perseverance from a high elevation to search for recently excavated small craters for less degraded organics from early Mars
(...)
Exposure of organics through wind erosion - for samples of less degraded past life
(...)
· Recommendation: Extra sample of air and airfall dust to search for Martian life, assess forward contamination issues for terrestrial microbes, dust dangers for astronauts, and to return a random sample of wind-eroded rock from distant parts of Mars 
New: Leaving a sample tube uncapped during a dust storm or indeed for an entire season before adding rock samples on top, or collect samples using vacuum spore collectors
Value to astrobiology of samples of the brine layers found by Curiosity in sand dunes at depths of 0 to 15 cms - to search for present day life
(...)
Possible use of Perseverance - or modification of ESA’s Sample Fetch Rover to return samples from shallow sand dune subsurface
New: Suggestion to attempt to sample the brine layer found by Curiosity

Placing a pile of regolith or sand dune dust in the sample return capsule on top of a plate placed over the sample tubes before sealing it for return to Earth or in the base of the capsule - which might help resolve the controversies about the Viking labelled release experiment and give us a sample of regolith 
Suggestion of a self perpetuating “Swansong Gaia” maintaining conditions slightly above minimal habitability for billions of years - as a way for early life to continue through to present day Mars
· 
New: Suggestion of a self perpetuating Martian "Swansong Gaia" where feedback processes, unlike those on Earth, keep the planet perpetually at a very low level of habitability, but not quite sterile

Such feedbacks would include photosynthetic life cooling down the planet by removing CO₂ in balance with volcanic emissions keeping it at close to the triple point for water. 

Previous explanations for the atmospheric pressure so close to the triple point have involved abiotic processes for maintaining pressure close to the triple point, including abiotic photosynthesis. 

The new suggestion is that it could also be caused by biology. This suggestion, if true, increases the potential for present day life at low levels, barely detectable but still present. If true it also increases the possibility of present day surface or near surface life that has remained there since life first evolved on Mars
Methanogens as part of the cycle with a warming effect limited by the response of photosynthesis in a Swansong Gaia
(...)
Self limiting methanogens, methanotrophs, and Fe(III)-reducing bacteria maintaining a subsurface Swansong Gaia hydrology
(...)
Could seasonal oxygen be a possible signal of photosynthesis maintaining a Swansong Gaia homeostasis on Mars?
(...)
How does this Swansong Gaia compare with the original “Gaia hypothesis?”.
(...)
Potential limits on the biomass of a Swansong Gaia on Mars using the amounts of free CO and H₂ in the atmosphere
(...)
Testing the “Swansong Gaia” hypothesis
(...)
Recommendation to return a sample for teleoperated ‘in situ’ study above Geosynchronous Equatorial Orbit (GEO)

New: Recommendation to return unsterilized samples to above GEO.
 Advantages include
· that it is far in delta v from either Earth or the Moon, 
· that it is suitable for low latency telepresence from Earth.
· The article suggests using the Laplace plane at an inclination of 7.2 degrees to the equatorial plane, a similar point of equilibrium to Saturn’s ring plane. This minimizes dispersion of any high area to mass ratio (HAMR) materials shed by the sample containing satellite.

The Moon, and LEO have been suggested before but above GEO seems to be a new suggestion

Return to within the Laplace plane above GEO to contain debris in event of an off nominal explosion or other events
(...)
Low energy transfer of an Earth Return Vehicle from Mars to above GEO
(...)
Preliminary study of the returned sample above GEO
(...)
Studying life telerobotically in orbit above GEO
(...)
Possibility of early discovery of extraterrestrial microbes of no risk to Earth
(...)
Early discovery of a familiar terrestrial microbe on Mars is not enough to prove sample is safe without more research
New: Warning that the presence of closely related terrestrial life in the sample does not rule out the possibility of simultaneous presence of novel biology. 

As a specific example, a mirror cyanobacteria might co-habit the same microbiomes with non-mirror cyanobacteria, perhaps with both descended from a chirality indifferent early form of life based on something similar to Joyce's enzyme. 

This may be especially likely with Benner’s hypothesis that life originated on Mars. Mars might have greater biodiversity than terrestrial life, including perhaps multiple independently evolved life chemistries, and branches of life, only some of which have got to Earth via panspermia.

Possibility of discovery of high risk extraterrestrial microbes needing extreme caution
(...)

Could Martian life have got to Earth on meteorites? Our Martian meteorites come from at least 3 m below the surface in high altitude regions of Mars
Expands: surface layers of dust, salt, and brines, which are most habitable and most likely to have life, are not able to get into the ejecta after a typical asteroid impact. This point is not original but it is seldom emphasized. This greatly reduces the possibility of meteorite transfer of life during the three billion years of the present drier Amazonian period on Mars.

Has life from Mars caused mass extinctions on Earth in the past?
Expands: Discussion of whether Martian life could have caused the Great Oxygenation event on Earth. This expands on a statement in the 2009 NRC study that the possibility of past life from Mars causing mass extinctions on Earth can't be ruled out. They don't give an example; an example helps make the discussion more concrete.

Potential diversity of extraterrestrial life based on alternatives to DNA such as RNA, PNA, TNA, additional bases and an additional or different set of amino acids
(...)
Could present day Martian life harm terrestrial organisms?
New: Detailed discussion of example worst case scenarios, such as sequestration of CO₂ by a mirror life ocean dwelling photoautotroph that has no secondary consumers. Although such worst case scenarios have had some discussion for laboratory safety for synthetic biology, such example worst case scenarios don't seem to be mentioned in planetary protection discussions yet.

New: Possibility that extraterrestrial fungi could infect humans with invasive biofilms. Opportunistic fungi kill an estimated 1.5 million people worldwide every year. 

New: Possibility that antifungals and antibiotics have no effect on a novel biochemistry.
Could a Martian originated pathogen be airborne or otherwise spread human to human?
(...)
Microplastics and nanoplastics as an analogue for cells of alien life entering our bodies unrecognized by the immune system.
New: Discussion of permeability of the human body to microplastics and nanoplastics and exploration of whether it could be similarly permeable to alien live with a novel biochemistry not recognized by the immune system

Exotoxins, protoxins, allergens and opportunistic infection
New: Possibility that extraterrestrial fungi and other microbes could also be allergens
Accidental similarity of amino acids forming neurotoxins such as BMAA
New: Suggestion that novel amino acids may be misincorporated similarly to BMAA and may be neurotoxins for Earth life by causing protein folding anomalies. The article proposes as a hypothesis that this might be a common occurrence for a biosphere collision with a biochemistry that has a radically different vocabulary of amino acids, 

Martian microbes better adapted to terrestrial conditions than terrestrial life, example of more efficient photosynthesis
New: Discussion of impact on our biosphere of cyanobacteria more efficient at photosynthesis than terrestrial life
Example of a mirror life analogue of chroococcidiopsis, a photosynthetic nitrogen fixing polyextremophile
(...)

(...)
Possibility of extraterrestrial Martian life setting up a “Diminished Gaia” on Earth
(...)
Worst case scenario where terrestrial life has no defences to an alien biology - humans survive by ‘paraterraforming’ a severely diminished Gaia
New: Discussion of the effects on Earth’s biosphere if a novel biochemistry becomes established, to the point where the number of microbes in an ecosystem of the novel biochemistry are the same as for terrestrial biochemistry, within orders of magnitude

New: Discussion of paraterraforming a degraded biosphere in worst case scenario
Worst case where alien life unrecognized by terrestrial immune systems spreads to pervade all terrestrial ecosystems
New: Discussion of the possibility of novel introduced life evolving or changing gene expression after release from a sample handling facility
New: Discussion of the possibility of life that is initially maladapted developing the capabilities to spread widely, after first establishing small populations on Earth
Could Martian microbes be harmless to terrestrial organisms? 
(...)
Enhanced Gaia - could Martian life be beneficial to Earth’s biosphere?
New: Discussion of potential beneficial effects of introducing extraterrestrial biology - most discussion focuses only on the negative effects and the potential for beneficial effects needs to be mentioned.
A simple titanium sphere could contain an unsterilized sample for safe return to Earth’s surface - but how do you open this “Pandora's box”?
(...)
Variations on the precautionary principle - which is appropriate for a Mars sample return?
(...)
Formulating Sagan’s statement that “we cannot take even a small risk with a billion lives” as a criterion for the prohibitory version of the precautionary principle
New: Suggestion that the use of the Best Available Technology version of the Precautionary Principle in the ESF study could be challenged in a legal review. Formulation of Sagan's statement that “we cannot take even a small risk with a billion lives” - as a criterion that if the potential worst case scenario impacts on the lives or livelihoods of of the order of a billion people or more, we should always use the Prohibitory version of the Precautionary principle rather than the Best Available Technology version

New: Suggestion that the legal review may lead to more stringent requirements than anticipated by mission planners, and that it is not guaranteed that a legal review would approve any unsterilized return. If something resembling Sagan’s criterion becomes established in law as a requirement, then we can’t currently provide this certainty. A return of an unsterilized sample to a non terrestrial facility would then be the legally required standard for future sample return of extraterrestrial biology at the early stages when we are not yet able to prove it is safe for Earth.

New: One possible outcome of the legal process is a decision that an unsterilized sample can’t be returned until it can be handled in such a way that there is no appreciable risk of adverse effects on Earth’s environment - i.e. that it is required to use the Prohibitory rather than the Best Available Technology version of the Precautionary Principle in this situation.

New: The conclusion might also be that even a minute risk of severe impact on the lives or livelihoods of a billion people always counts as “appreciable risk”. This is referred to as “Sagan’s Criterion” as it is based on a statement he made.

The authors of the 2012 ESF study say “It is not possible to demonstrate that the return of a Mars sample presents no appreciable risk of harm.”
If this is the outcome of the legal process, the sample would need to be sterilized or returned to some other location not connected to Earth’s biosphere to fulfill the legal requirements.

A requirement for similar levels of safety to those used for experiments with synthetic life would lead to the Prohibitory version of the Precautionary Principle and make unsterilized sample return impossible with current technology and current understanding of Mars	
(...)
Adaptive approach - return an unsterilized sample to Earth’s biosphere only when you know what is in it
(...)
Vulnerability of early life on Mars in forwards direction - legal protection is weak, but strengthened by the laws for backwards protection of Earth
(...)
Why Mars sample returns are no longer enough to prove astronauts are "Safe on Mars" or safe in Jezero crater - with the modern more complex understanding of Mars
(...)
To check safety of Mars for astronauts requires widespread in situ biosignature and life detection, and in situ tests of dust for spores and other propagules - though a single sample of a biohazard such as mirror life COULD be enough to prove Mars unsafe	
(...)
Resolving these issues with a rapid astrobiological survey, with astronauts teleoperating rovers from orbit around Mars
(...)
Value of telerobotic exploration for a planet with complex chemistry developed over billions of years, but no life
(...)
Design specifications for 100% sterile rovers for fast safe astrobiological surveys throughout the solar system
(...)
Mars less habitable than a plateau higher than Mount Everest, so high our lungs need a pressure suit to function	
(...)
Dust as one of the greatest inhibitors to nominal operation on the Moon - and likely on Mars too
	
(...)
Planetary protection as an essential part of an ambitious, vigorous approach to human exploration
(...)
Conclusion - legal process is both understandable and necessary
(...)
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