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[bookmark: _p8zo2edti7rw]Abstract
Proposed near surface habitats on Mars include liquid brines, and fresh water below clear ice. A Europa lander could also encounter water.  Some are calling for planetary protection measures to be relaxed (Fairén et al, 2017), Others say we have time to study Mars before Earth life is irreversibly introduced  (Rummel et al, 2017).. We argue that when our spacecraft may encounter habitable liquid water, we should aim to be even more ambitious. Some commercial components operate at 300 °C. Building on suggestions from a Venus rover study (Sauder et al, 2017), and a Europa cryobot (Wilcox, 2017), we can aim for 100% heat sterilization during interplanetary flight. In the best case, colliding biospheres could be mutually  beneficial, or occupy distinct  niches, but in the worst case Earth life has no defences (Lederberg, 1999b) and survives only in enclosed habitats. By examining suggestions for RNA world cells (Szostack, 2016)  we argue that the worst case for Mars is extinction of all native life. An astrobiological  survey is an essential previous step to inform decisions about whether and how to land humans on Mars. The technology for heavy lift for humans to Mars would permit it to be completed rapidly.
[bookmark: _xfaq5xixk2ds]Extended abstract
With new ideas about the potential habitability of microhabitats in the top few centimeters of the Martian surface, it’s now thought that microbes brought on human missions to Mars could lead to irreversible introduction of Earth microbes to the planet. These could encounter native martian life which could also be returned to any habitats for astronauts on Mars and indeed, back to Earth on rockets that shuttle back and forth between Earth and a Mars base. 

We investigate what could happen during such a biosphere collision in some detail, including some situations rarely or never discussed in the planetary protection literature, such as misincorporation of similar but non identical amino acids, which could cause motor neurone diseases. The worst case scenario is that the immune systems of Earth life might not recognize martian life, and mystified by it, offer no resistance, a scenario outlined by Joshua Lederberg (Lederberg, 1999a) (Lederberg, 1999b). We suggest a Drake type equation as a way to clarify thought about the probability of such outcomes.

In the forwards direction we look at the possibility of an early form of life on Mars, or in the oceans of Europa or Enceladus, perhaps resembling the RNA only protocells studied at Szostack labs (Szostack, 2016). We present arguments to suggest that if such life were to still exist on Mars today, it might offer no resistance to colonizing Earth microbial life, and this could lead to complete extinction of all native life that uses the alien biochemistry.

We suggest there is no substitute for understanding any native life on Mars before making the decision about whether to send humans to the Mars surface, and what measures are necessary to protect both Mars and Earth. We show that without this knowledge, human quarantine does not protect Earth from an alien exobiology from Mars.

Some authors have suggested that we relax planetary protection measures for our rovers, in order to study potential habitats on Mars, knowing that this is likely to introduce Earth life to them irreversibly  (Fairén et al, 2017), Others suggest we still have time to send adequately sterilized rovers to the planet to learn something about astrobiology on Mars before humans get there (Rummel et al, 2017)? 

We propose that we should respond to the challenges by being more ambitious rather than less so in the field of planetary protection. With new advances in technology, 100% sterile rovers are a feasible near term goal through heat sterilization. Ideas for a complete rover built of such components have been developed as part of the Venus Rover studies and the proposal to use the same approach for planetary protection is suggested in one of these studies  (Sauder et al, 2017, section 6.2). 

We suggest that this is a matter to explore with some urgency. The project can share some of its goals with the Venus surface rover project.

We suggest ways that humans and robots can work together to unravel the astrobiology of Mars in a way that avoids all possibility of such worst case consequences. Astrobiologists favour an in situ search first, and there are many miniaturized life detection instruments we can send to Mars to look for life.

We suggest that this can be done within the context of a vigorous and inspiring approach to human exploration that continues to respect planetary protection, leading eventually to human bases that have been proposed as far as Callisto and Titan. Callisto, the outermost of the larger moons of Jupiter has abundant resources of ice and organics, lower radiation levels than Mars and the same planetary protection classification as the Moon  (Adams et al, 2003) (Kerwick 2012) (McGuire et al, 2003)

Titan is an attractive target for a human base, as one of the few places in the solar system where a spacesuit is not needed, just high tech thermal protection (Nott 2009), due to its greater than Earth pressure atmosphere. It has abundant wind and hydro power (Hendrix et al, 2017), organics for making plastics, a stable environment and complete protection from ionizing radiation and large meteorites.  Titan’s planetary protection status needs to be confirmed but forward and backward contamination of any native Titan life seems unlikely at such low temperatures, unless there are flows of liquid water (cryovolcanism). If liquid water is present, it  would provide a habitat for Earth life (Wohlforth et al, 2016a) (Wohlforth et al, 2016b).

Elon Musk’s BFR or similar technology, perhaps assisted by ion propulsion for a faster transit to the Jupiter system, could help to make all this a reality. 

These new technologies can also greatly accelerate the pace of astrobiological exploration of Mars. We can send many rovers to Mars, our mobile sense organs in the solar system. Meanwhile, as humans explore the Moon, they can search for the predicted cryopreserved meteorites from early Earth, Mars, Ceres and Venus at the lunar poles (Armstrong et al, 2002). 

Once we have the capability, they can direct the rovers on the surface of Mars via telepresence from orbit, with binocular vision and haptic feedback as for the HERRO study (Oleson et al, 2013) and the first part of the Lockheed Martin “Stepping Stones” to Mars (Hopkins et al, 2011) (Kwong et al 2011) and Mars Base Camp (Cichan et al, 2017) studies as far as the human base camp on the moons of Mars exploring the surface via telepresence, They can also explore Phobos for the samples from throughout the history of Mars that are predicted to lie in its regolith as a result of impacts on early Mars. Our astrobiological understanding of Mars should expand rapidly.

With this approach we may soon be able to make informed decisions about whether to send humans to the Mars surface. If the decision is made to do so, we will know how to do it in a way that preserves the interest of native martian life and is safe for our astronauts, and Earth itself. 

The capabilities to identify life in situ, and also to drill, are both necessary to give a reasonable chance of resolving central questions of astrobiology (Paige, 2000), (Bada et al, 2009), (Davila et al, 2010), Mars gets a constant influx of organics from meteorites, interplanetary dust and comets as well as indigenous organics produced by abiotic processes (Westall et al, 2015). 

The Mars 2020 caching rover (Perseverance) has no in situ life detection capabilities, and so would miss minute traces of life such as are found in the hyper arid core of the Atacama desert. It is also unable to drill to any depth, and is unlikely to spot the faint traces of ionizing radiation damaged past life if any exists on the surface. Past life may have been present for short periods of time, and it is not certain that any past martian life had photosynthesis, both reducing the potential for build up of organics (Westall et al, 2013). 

Perseverance would also miss thin layers of brines only a couple of centimeters below the surface. Instead it’s well equipped to identify rocks similar to our martian meteorites and certain carbonaceous chondrites. Such rocks would be its top priority samples to cache. These are likely to be as ambiguous for astrobiology as the martian meteorites we have already (Bada et al, 2009).

Using estimates by the NRC for the time to completion of a sample return facility  (NRC, 2009), and an outline of required legal processes by Margaret Race (Race, 1996), we suggest that it would take at least 20 years from when they first start the legal process through to the first launch of a mission to collect the samples. This makes 2040 an ambitious target for returning unsterilized samples cached by Mars 2020, if they start the process today.  

For astrobiologists, this Mars sample return double decade flagship mission is of most interest as a technological demo at this stage (Bada et al, 2009). However the decision has been made and it seems certain that Mars 2020 will launch to Mars and cache these samples for return to Earth. How then can we make most use of it for astrobiology?

We propose an alternative approach to a direct sample return to Earth’s surface, to  avoid the 20 year delays. Our proposal is to  return the sample to above GEO, with part of the sample sterilized and sent on to Earth. This could be done within the current laws, with details worked out  through COSPAR workshops, similarly to comet and meteorite sample returns. If there is anything of astrobiological interest in the samples, it can be studied telerobotically, above GEO, and only returned to Earth once it is thoroughly understood. At that point we can design any necessary precautions to protect Earth.

Such a sample return is not likely to advance our knowledge of whether Earth life is safe for Mars or native Mars life is safe for astronauts or Earth. However as a technological demo it can be useful preparation for later when we have identified samples of astrobiological interest on Mars and wish to return them to Earth, or as close as possible, for detailed study.

Our recent history has shown an increasing need to give thought to the effects of our actions on future generations. The first major wake up call was with the American passenger pigeon. Vast flocks dwindled to a single pigeon and then none at all with shocking abruptness (Yeoman, 2014). Using the lessons learnt, we have saved many other  species from extinction. We have acted together at a global level to solve many problems that resulted from our technology and are continuing to work together on many more.

As we travel into space we are likely to need to give more thought, rather than less, to consequences of our actions, and to continue to work together as we meet new challenges. We are our biosphere’s way to transfer higher life forms into space. We suggest that we are also its noosphere, its intelligence, that it can use to guide future development in space in a responsible way and avoid possible catastrophic consequences. We suggest that continuing planetary protection at the highest standard is of the utmost importance as we explore space.

[bookmark: _ftfkl2697zda]Introduction

Article XI of the Outer Space Treaty (UN, 1966) presents the need to prevent “harmful contamination” of celestial bodies in the forwards direction, and “adverse changes in the environment of the Earth from the introduction of extraterrestrial matter” in the backwards direction. 

In the backwards direction, discussions of how to protect Earth often focus on human diseases, and the Apollo 11 astronauts quarantine facility was intended only to protect against diseases for humans from the moon.  Carl Sagan’s example of Legionnaires disease shows that this is a reasonable concern for a destination with only microbial life. It shows that a disease of biofilms from Mars could use the same methods to attack human lungs (Alberts et al 2002), (Abdel-Nour et al 2013).

However, there was an earlier point in the Apollo 11 mission at which any microbes from the Moon could have caused “adverse changes in the environment of the Earth” - and that was when the door of the capsule was opened for the astronauts to exit onto a raft in the open sea, and dust from inside the module must have got into the open ocean. A microbe that undermined the marine food chain could have been as harmful for us as a disease of humans, or worse.  Experts consulted by NASA strongly advised against this procedure, but their alternative proposals were overruled. NASA mission planners cited concerns about seasick astronauts and the difficulty of using a crane to hoist the module onto a carrier, and such considerations consistently took priority over planetary protection in these discussions (Meltzer, 2012, page 226). Luckily, the Moon turned out to be sterile of microbial life (as most already suspected before Apollo). That may not necessarily be the case with Mars however.

The aim of this article is to look at this wider context, in both directions, forwards and backwards. This then can help us to decide how to prevent the worst effects of biosphere collisions. This term comes from the title of Meltzer’s book “When Biospheres Collide” (Meltzer, 2012). 

In the backwards direction, biosphere interactions could include infection of life forms other than humans, as well as bacterial grazing and predation (Martin, 2002) (Velicer et al 2009).  They can also involve exotoxins, such as c. botulinum which can contaminate food in anaerobic conditions, and when ingested by humans can lead to the potentially fatal disease of botulism (Warmflash et al 2007). Chyba gave the example of cows killed by algae in Lake Superior. Algae are not natural predators of cows (Chyba, 2002). 

What else might happen result from a clash of biospheres with different biochemistries, with one of the biospheres not even DNA based, perhaps? Some of these interactions don’t seem to have been explored in planetary protection papers before.

The green algae produce many secondary metabolites, These include allelopathic compounds - which hinder competition from other microbes, and the toxins. The natural function of the toxins are less clear but may be to deter against competition as well, perhaps including micro-invertebrates (Leflaive et al, 2007). Cattle are often killed in large numbers by the hepatotoxins (liver destroying toxins) produced by the blue-green algae (Agriculture Victoria). These also kill dogs that eat algal mats (Hoff et al, 2007). They can also emit dermatoxins (damage the skin) or neurotoxins (Leflaive et al, 2007).

For instance, let’s consider certain algae blooms, which produce BMAA. In laboratory experiments then this can get misincorporated into human cells,a putative cause for the motor neurone disease  ALS, or  Lou Gherig’s disease (Dunlop et al, 2013). There is no benefit to the algae, and no adaptation to humans, no more than there was for the algae in Lake Superior killing cows. Proteobacteria in our gut may provide some protection by removing BMAA (Baugh et al, 2017), but there might be no microbes to protect us from alien biochemistry.

This time however, BMAA is not a toxin. It is gets misincorporated because of its accidental  partial resemblance to l-serine. This is rare on Earth where all cells have the same biochemistry, and a common vocabulary of amino acids. Could this be more commonplace when the colliding biospheres have biochemistries based on a different vocabulary of amino acids? For instance, is there a significant risk of pervasive motor neurone diseases after biosphere collisions?

Other issues could arise from secondary metabolites, which are used, for instance, for chemical signaling, and could be accidentally toxic. They could arise also from metabolic intermediaries, protoxins (that become toxic only after metabolic processing) and allergens, such as the ones that cause asthma. Waste products and metabolic intermediaries could also be accidentally toxic or allergenic. 

Also the chemistry of alien cells may itself be toxic to Earth life. One suggestion is that Martian life might use hydrogen peroxide and perchlorates in its intracellular fluids in place of the chlorides used by Earth life, similarly to the composition of the brines it inhabits (Schulze-Makuch et al, 2010). This could adversely affect Earth microbes that interact with martian cells or scavenge dead martian life. 

We will also discuss  life that evolved has novel capabilities in the environment of another planet that Earth life doesn’t have. This could be a minor but significant nuisance, for instance, in the backwards direction, if life with perchlorates as “antifreeze” was able to withstand the warmer conditions on Earth, our freezers might have to run at temperatures far below the - 20 °C used today. They, and perhaps our fridges too, might need to be cooled to below -70 °C. That’s the temperature of the perchlorate brines detected indirectly by Curiosity through humidity of the air above the sand dunes it roves over (Martin-Torres et al, 2015). 

Some forms of life could have a more major impact in the backwards direction. For instance, the thin atmosphere, low light levels (half that of Earth) and frequent dust storms could favour  photosynthetic life that is more efficient at fixing carbon dioxide than Earth microbes. What would that do to the marine food chain, if they came to replace the photobionts in our oceans, but had toxic byproducts or were inedible or toxic to Earth life? And what would the long term effect on our atmosphere be, over millennial timescales, if the new photobionts from Mars do not produce oxygen? 

Then finally, there’s the possibility that Earth life’s immune systems don’t recognize the martian microbes as life, and so present no defences to it. If that happened, martian microbes might have a “field day in light of our own total naivete in dealing with their “aggressins”.  (Lederberg, 1999a) 

We will argue, following Sagan, that it’s important to ensure that such a worst case scenario can’t happen, even if the chance of it is small. In the case of the Moon, no harm was done. We soon found that it seems to be sterile of any life. Already, before Apollo 11 launched, the chance of life there was considered to be very low. The quarantine rules were soon relaxed. The precautions are now thought to not have been adequate in the first place. We may have learned more from the mistakes made in planetary protection for Apollo than from the measures they took to protect Earth  (Meltzer, 2012).

However, this doesn’t mean that the same approach will work in the future. We can’t rule out the possibility that extraterrestrial civilizations at a similar stage of development to us typically return life that degrades the environment of their planet through biosphere collision when they send their first space missions to nearby planets or moons. We may be lucky to have a nearby large and sterile moon for our first missions into space. 

The prospects  for native life on present day Mars are greater than they were for the moon at the time of the Apollo mission. They are higher still for Europa or Enceladus with their subsurface oceans. 

Mars seems far more habitable than was assumed a decade ago. The situation has changed so much that in modern planetary protection discussions, it’s generally assumed that after a human landing, introduction of Earth microbes to Mars is irreversible, and that we will no longer be able to study Mars in its pristine state. The discussion focuses more on how long this would take, and whether there would be enough time for an astrobiological study of Mars before it happens, rather than whether it would happen (Fairén et al, 2017),  (Rummel et al, 2017).

If this is true, and if there is native life there, then a potential biosphere collision seems inevitable.

We will also take a fresh look at Lederberg’s suggestion, but this time apply it in the forwards direction. One possibility for Mars, and indeed the Europan and Enceladus oceans, is an early form of life, equivalent to whatever existed on Earth before LUCA (the Last Universal Common Ancestor of all known Earth life). The First Universal Common Ancestor may not be the same, indeed probably was not. There may also have been many early ancestors sharing capabilities via lateral transfer in a community in an early phase of primarily Lamarckian rather than Darwinian evolution (Woese, 2002) (Brown, 2003) (Jheeta, 2013). 

Whatever they were, they must have been far simpler than modern life, with its two biopolymers and huge complex enzymes such as the ribosomes. Could it be that such early and primitive life forms had no defences against modern life when it evolved? 

At least, whatever they were, they have not yet been found in habitats studied so far on Earth, although there has been a search for a “shadow biosphere” to try to find them.

The outcome is impossible to predict, in either direction, when we don’t yet know anything about the nature of native martian life (if it exists). We will argue that we should learn the nature of the martian life before embarking knowingly on such a collision.

Although panspermia is possible in theory, it’s also possible that the two planets have never shared life. Most life on present day Mars would inhabit either centimeters thick surface layers or deeper caves, neither of which are easily transferred to Earth after a meteorite impact. The martian meteorites are all known to come from meters below the surface, from study that disentangle the ionizing radiation effects on the meteorites before they were ejected from Mars. Impact modeling of the grazing impacts also shows that they have to come from below the surface. Also such impacts couldn’t transfer dormant or active life in the fragile surface habitats in ice, salt or sand dunes. The deep subsurface is likely to be sterile apart, possibly, from rare geothermal hot spots and caves.

In the opposite direction, transfer of life from Earth to Mars is especially hard because of the high gravity, which increases the escape velocity and so the shock of ejection, and the thick atmosphere. This has the result that any meteorite exiting our atmosphere at the Earth escape velocity of 11.2 km / sec gets enveloped in a blazing fireball throughout its flight from the ground through to space. The surface layers are ablated. Exposed surfaces that remain after the ablation are sterilized, as well as any cracks and pores in the rock that the plasma of the fireball can enter (Cockell, 2008). Any remaining life deep within the rock would be unlikely to infect the modern cold and arid Mars.

This paper will look at what we can do if this analysis is correct, to explore space in a responsible way. The aim is to find a way to do so that protects our astronauts, and Earth itself. It should also encourages good science, and preserve our heritage for future generations including any interestingly different extraterrestrial life in our solar system. It also needs to be consistent with a vigorous and exciting exploration by human beings and possible human settlement in the solar system.

We will suggest that this is not yet the time to relax planetary protection requirements, with implications that could range from minor nuisances such as spoilt food in fridges and freezers through to major impacts such as the possibly complete extinction of an entire biosphere with an alien biochemistry, or severe degradation of the environment of Earth. Rather than aim for an uneasy compromise where nobody is happy, we can find a “win win” situation where we all aim to be more ambitious rather than less so.

One way to explore the solar system in an ambitious, and yet responsible way is to focus human efforts on the moon to start with, and then telerobotic exploration of Mars in the context of a vigorous program of human exploration that sets its sights on eventually sending humans to Callisto in the Jupiter system (which has similar planetary protection status to the Moon, has abundant ice, organics from carbonaceous meteorites and other resources and lower radiation levels than Mars) (Adams et al, 2003). With faster rockets or good closed system recycling we can also set our sights on Titan in the Saturn system (assuming it passes planetary protection due to the cold conditions there and low probability that we discover life there that can harm the biosphere of Earth habitats). Once we can build habitats using materials from asteroids, and icy bodies, spinning for artificial gravity, then the entire solar system out to Pluto and beyond is open to human settlement using thin film mirrors to concentrate the sunlight. 

This paper will suggest that we leave landing humans on the surface of Mars until we know for sure what our martian life heritage is. We need to be able to evaluate not just what we would gain with humans on the surface, but also, what we would lose, for instance, if the trillions of microbes that travel with us wherever we go extinguish native life on Mars. 

In parallel with these more ambitious human exploration programs, and benefiting from reduced costs for heavy lift, our priority should be to resume a vigorous program of in situ astrobiological exploration of our solar system. Mars can be explored robotically, and then telerobotically, with humans in orbit and on its two moons. This would involve both humans and robots, each doing what it does best, in a valued partnership. The astronauts would be involved in the search for life, controlling robots directly through telepresence and haptic feedback whenever there is a need for on the spot decisions using human intelligence. The robots are our collective sense organs on other planets. Torrence V. Johnson, Galileo Chief Scientist, put it like this in the foreword to Meltzer’s “Mission to Jupiter” (Meltzer, 2007)

“There is always a tension in the national debate about how much robotic exploration (such as Galileo) we should do versus so-called human exploration (such as Apollo). This misses the point! What we call robotic exploration is in fact human exploration. The crews sitting in the control room at Jet Propulsion Laboratory as well as everyone out there who can log on to the Internet can take a look at what’s going on. So, in effect, we are all standing on the bridge of Starship Enterprise”

We will also look in detail at the potential for 100% sterile landers.This is especially desirable if the rovers and instruments come into direct contact with liquid brines, or approach them closely.

This was an impossible goal at the time of Viking, but due to modern developments of high temperature instruments and mechanical components operating at up to 300 °C, then it should be possible to develop rovers that can be made 100% sterile through heat sterilization, heating the entire spacecraft to 300 °C during the voyage to Mars. Though this would require more initial work, a similarly vigorous program is already underway for a Venus surface rover capable of operating at much higher temperatures than would be needed for heat sterilization. 

With a similar program for planetary protection, sharing some of the same goals and insights, we soon would have 100% sterile rovers to explore special regions on Mars as well as subsurface oceans of icy moons and dwarf planets. If the target temperature is 300 °C or lower, most or all components we need are already in use commercially, for applications such as oil wells, lighter aircraft engines, and electric cars, or have been shown to be feasible in Venus lander studies. The main thing needed is to integrate them into a heat sterilizable rover using insights and technology developed for a Venus rover. Some method would need to be found to supply the experiments that need organics that are not heat stable. But if we can achieve all this, which seems within reach, the payoff is huge.

With high bandwidth robotic exploration, with telerobotic human involvement from orbit, we could complete the astrobiological survey in a short period of time. It might take no more than a decade. We could send as many missions as are needed, including dozens of lightweight micro-rovers, cave bots, ballistic penetrators and aerobots in a single mission, without any concern about contaminating the special regions on Mars with Earth life.

We will also propose a method for safe return of samples to above GEO. This would eliminate many legal complexities, technical issues, safety concerns, and design innovations and testing needed for a Mars Receiving Facility in the Earth’s environment. We estimate that the time saved by this would make it possible to study unsterilized samples 20 years or more earlier than would be possible if we require a receiving facility to be approved, running and thoroughly tested in the Earth’s environment first. This approach also has the potential to completely eliminate any possibility of harmful degradation of the environment of Earth.

In the process we also learn about the Mars conditions and any biology there which may let us avoid expensive mistakes and unforeseen biological hazards if we do decide to send humans there in the future.

Above all, if we have been lucky enough to inherit  a solar system with truly extraterrestrial life in it, even if it is only microbial, then this is a way to make sure we leave a similar heritage to our children and grandchildren. With their heritage in mind as well as that of our own generation in future decades, it seems important to consider carefully whether our actions could make other indigenous life forms in our solar system extinct. 

Native indigenous life may be more vulnerable than one might have first expected, as a result of the wide range of possible interactions in a biosphere collision. Those potential vulnerabilities are the central topic of this paper.

[bookmark: _vgduac59ta9n]Planetary protection measures under scrutiny

Our planetary protection measures are under increasing scrutiny at present, due to the rapid pace of development of private launch capabilities, and the prospect of near future human missions to Mars. Some astrobiologists are calling for a relaxation on planetary protection measures, so that we can study potential habitats on Mars before they are irreversibly contaminated with Earth microbes (Fairén et al, 2017), with others arguing that we still have time to study the astrobiology of Mars before irreversible forward contamination occurs, while taking adequate precautions to protect potential habitats from Earth microbes (Rummel et al, 2017). The debate continued in articles in 2018 (Fairén et al, 2018) (Rummel et al, 2018).

Both sides in this contemporary debate are in agreement on the central point that we should treat the conditions on and near the Mars surface as potentially habitable to Earth microbes, and introduction of Earth life to the planet as likely to be irreversible, at least until we know more.

The proposal of a lander on Europa also raises planetary protection issues that we haven’t had to consider before. So far we have not sent any spacecraft that could introduce Earth microbes to either Europa or Enceladus. How vulnerable might these bodies of water be to introduced Earth life?

The aim of this article is to look more closely at the central question of what issues could follow from a collision of two biospheres. In the forwards direction, how vulnerable could life on Mars or Europa or Enceladus be to introduced Earth microbes? In the backwards direction, what could the implications be for our astronauts and for Earth itself?

The idea is not to prohibit humans from landing on Mars, especially when we don’t know what is there. It is to investigate first, and make sure we make future decisions on a basis of knowledge and understanding rather than confusion and ignorance. 

[bookmark: _ug5qqi2cqhkt]Example of early life on Mars shows potential for complete extinction in forward direction

There is one possibility that clearly highlights how vulnerable an alien biochemistry could be to biosphere clashes. That’s the example of some early form of biology, or even prebiotic chemistry, not yet evolved to the complexity of modern life. This is a possibility for all three of those destinations, Mars, Europa and Enceladus, as well as other places that are currently thought to still have a possibility of native life such as Ceres,

On Earth, modern DNA based life reigns supreme. Despite hopes for a “shadow biosphere” (Cleland, 2007), no other form of life has been found. 

Wherever we look, in every habitat, however hot, cold, dry, salty, or humid, the only form of biochemistry we find is based on DNA. Indeed, it is identical in many other respects as well, with the same bases, same amino acids, same translation tables, same enzymes, same metabolic pathways, and  many of the structures inside the cell are identical too.. But this can’t have been the situation originally, since modern DNA life is far too complex to have arisen in one go (Cornish-Bowden, et al, 2017). Indeed, it could have taken millions of years, or hundreds of millions of years for early life to evolve to the complexity of modern DNA based life in all its complexity. It could have taken even longer than that, as one hypothesis is that life could have evolved for billions of years around another star, perhaps a red or orange dwarf, before being introduced to our solar system as a result of its star passing through the cloud that our sun was born in (Adams et al, 2005). Once life arises anywhere in our sun's birth nebula, whether seeded by another star or evolving for the first time, it can then spread from star to star through panspermia, on life carrying bodies, until it reaches our sun (Valtonen et al, 2008) (Belbruno et al, 2012). 

Suppose that life on Mars, Europa, or Enceladus has not yet evolved as far as modern Earth life has? Suppose it is slower at metabolizing, slower at reproduction, and has evolved no defenses against modern DNA based life? Perhaps it has no DNA, only RNA (or other form of XNA, at any rate a single biopolymer). 

For one concrete example, perhaps it resembles the RNA only protocells currently being researched in the Szostack lab (Szostack, 2016). These protocells:

· have no proteins
· replicate as elongated strands that split when agitated, 
· have RNA, but with a non uniform backbone to the RNA (which actually helps with the primitive form of replication it uses). No DNA
· use catalysts such as manganese ions to assist replication, and don’t yet have any specific enzymes to speed up replication. 

The RNA does not yet have a functional role in these cells but they are hopeful that it will in the future, and that the cells will then be able to evolve to greater complexity by themselves.

Szostack’s earlier proposal for an RNA world cell on Mars, considered as a possible explanation for nanoscale cell like structures in ALH84001,  was a more evolved cell than this but still far simpler than any known Earth microbe and long predating LUCA, if related to Earth life. He proposed a cell with 1000 ribozymes, with 100 different functions. The debate continues about whether the structures in this martian meteorite are fossil remnants of early  life or the results of  unusual geochemistry. But whether it turns out to be  life or not, simple RNA world cells are still seriously considered as a possibility for this meteorite, from 4 billion years ago on Mars. 

Conditions on Mars might have favoured slower evolution than on Earth because for much of its history it has been arid and cold, with surface liquids rare and only marginally habitable, with metabolism probably slow. When it has had more extensive liquid water, it’s often been present for short periods of time, or has been covered in ice discouraging development of photosynthesis. Life may have evolved in isolated oases, and then gone extinct perhaps many times.

“Thus, whatever the scenario for the development of habitability, the relatively short period favorable for the appearance of life—early in the history of Mars (pre-Noachian to Noachian periods)—and the rapid discontinuity of habitable surface conditions (cf. Cockell et al., 2012) imply that, if life appeared on the Red Planet, it probably remained in a very primitive state of evolution, in most cases probably not achieving (anaerobic) photosynthesis.” (Westall et al, 2015), see also (Westall et al, 2013)

If it is possible that such life was present back then, could it still be there on Mars now? 

According to one idea, the earliest life, all the way through to the last universal common ancestor (LUCA), might have been simple “modifiable cells” capable of taking up “naked” genetic material and evolving through lateral transfer, by Lamarckian rather than Darwinian evolution (Woese, 2002) (Brown, 2003) (Jheeta, 2013). 

Such life might, though primitive, yet be adapted to Mars. It may be the most perfectly adapted RNA world “modifiable cells” imaginable, with many specialist enzymes and other adaptations to help it to function in its extreme environment. Yet, such life might have little by way of defences against modern Earth microbes. Evolving through massively parallel Lamarckian evolution, easy and fast uptake of capabilities from its neighbours is the priority.

Although cells themselves would not yet be in competition with each other, the genomes within them would be. These might evolve some degree of genomic protection, in small vesicles. As described by Koonin:

 "Conceivably, such primitive units of evolution could have been represented by small, virus-like replicons that populated abiogenic lipid vesicles or inorganic compartments and were subject to selection for replication efficiency" (Koonin, 2014)

If so, they eventually developed the complexity of a cell and at that point the first steps in true Darwinian evolution would have begun. However, on Earth, this first stage may not have happened until as late as 3.5 - 3.8 billion years ago (Doolittle, 2000). If so, our Earth could have had several hundred million years of evolution before the transition to Darwinian evolution.

That roughly corresponds to the end of the Noachian period on Mars, the period of most abundant water and seas. The status of the cell like structures in the Noachian period Martian meteorite, ALH84001 continues to be a matter of debate,  with  Steven  Benner and Paul Davies still supporting an RNA world hypothesis (Benner  et al, 2012) . Its formation date is estimated at 4.091 ± 0.030 billion years ago (Lapen et al, 2010). If these are indeed cells, some of the structures in ALH84001 are too small for the cell machinery of a modern cell, so may be Carl Woese's LUCA or its predecessors, for Mars. If indeed, evolution was faster in an ocean than on modern Mars, and If evolution has slowed down greatly since then, with a half billion years of fast evolution, and then four billion years of slow evolution, perhaps Mars could potentially still have LUCA cells. So, it would seem to be a possible hypothesis that what is there on Mars today are still replicons in vesicles in undistinguished cells that share their genetic material with each other readily.

If so, such life may be likely to be easily overcome by modern Earth life, through whatever processes brought an end to LUCA on Earth, whether predation or competition with cells with a more efficient metabolism, or bacteriophages (if sufficiently related) or whatever it is.

Woese suggested that early cells from before LUCA (Last Universal Common Ancestor) then lateral transfer might have been the dominant way that genes were transferred between cells, as a data supported conjecture (Woese, 2002),

The LUCA according to this view can’t have been a single organism but rather a “loosely knit diverse conglomerate of primitive cells that evolved as a unit”, swapping genes amongst each other. The cells might or might not also have cross-fed each other metabolically too like a modern bacterial consortium. (Woese, 1998) (Doolittle, 2000) 

This could help explain why Horizontal Gene Transfer (HGT) is so universal, with genes readily transferred between all species of modern life (Brown, 2003). Lamarckian evolution may have been the dominant form of evolution during the LUCA and pre-LUCA period  (Woese, 1998) (Doolittle, 2000) (Jheeta, 2013).

If this theory  is correct we need to be especially careful about not introducing genetic material to an environment that may have early cells that may  use a similar biology, perhaps a shared ancestor through panspermia, and predate LUCA.

There are many ways that lateral gene transfer can occur. It can happen through a viral capsule (such as a bacteriophage), a plasmid or small piece of one,  from “naked” strands of nucleic acid which could be from dead or long extinct cells, gene transfer agents (GTA’s) which are bacteriophage like agents which contain random genomic segments for transduction to another living recipient, and membrane vesicle transfer - small membrane sacs are emanated from one cell and taken up by another (Jheeta, 2013).

Such early life could also exist on Mars in a “shadow biosphere”, alongside later life. Since that’s a hypothesis for Earth (Cleland, 2007), we suggest it is also a possibility for Mars. We haven’t found this shadow biosphere here on Earth yet, and maybe it doesn’t exist. But it might still exist on Mars, and if so may be vulnerable to whatever destroyed RNA world life on Earth.

There is another possibility too, based on Charles Cockell's work on “Trajectories of martian habitability” (Cockell, 2014). He looks at the idea of life that goes extinct and then evolves again from scratch. He also looks at the possibility of surface habitats that are uninhabited habitats that are isolated from subsurface inhabited habitats.

Maybe there is some life been there all along deep down but in some surface habitats they never got to, life has evolved again, starting a few tens of millions of years ago, It could then be at a very early stage of evolution. This could also happen in hydrothermal vent habitats either after meteorite impacts, or volcanic activity beneath ice sheets. These habitats on Mars perhaps could lead to life evolving anew, if the habitats are sufficiently sealed off from any existing life on Mars.

If life is still at an extremely early stage of evolution on Mars, would it not be only a matter of time after the first human boots on Mars before introduced Earth life reigns supreme in all the habitats on such a  world? That would be especially so after a crash of a human occupied ship on entry to the martian atmosphere, scattering debris over thousands of square miles of the martian landscape, similarly to the Columbia crash during re-entry. If we are clumsy, could this invasion of Earth life continue rapidly to the extent that before we have the opportunity to study it thoroughly, or learn how to cultivate it, nothing remains of the native life of Mars, Europa or Enceladus, even in a shadow biosphere? Or if anything remains, only as capabilities transferred from the native life into Earth microbes?

Then prebiotic chemistry has value too. We can’t simulate in our laboratories the effect of millions, or billions of years of prebiotic chemistry on another world. Perhaps even with RNA and autopoetic cells, but no life.

Potentially we could  find an entire planetary surface (e.g. Mars) or an uninhabited habitat on Mars say, or  a subsurface ocean in our solar system with no biology; only chemistry. This could tell us much about the very early prebiotic stages of evolution, about the prospects of life around other planets in our galaxy, and help us to disentangle the effects of chemistry and of biology on our own planet by comparison with habitats in which only chemical reactions operate.

If these habitats with prebiotic chemistry are habitable to Earth microbes, how long would they remain in a state suitable for study by astrobiologists and geochemists after infection by just one microbe or dormant spore capable of replicating in them? Perhaps even infection with fragments of RNA or enzymes from Earth microbes could give protobionts the missing key needed to become a simple form of replicating life - but erase all traces of the pre-existing protobionts, so that we never get to study them in their original state.

If we noticed, too late, that our microbes were causing extinction of early life on Mars,  enclosures might keep Earth’s biology away from parts of Mars, or locations of special interest in the oceans of Europa or Enceladus such as the hydrothermal vents or parts of the undersurface of the ice, and so prevent total extinction. 

However, especially with the global dust storms on Mars and the girdling oceans of the icy moons, native early life such as this could also go extinct before we know what we have lost. This might happen after a crash of a human occupied ship spreads debris over thousands of square kilometers of the Martian surface, and extremophile spores spread widely in the global dust storms. 

Or if we identify the native life before it goes extinct, it could be gone before we have learnt how to keep it alive (only a small percentage of Earth life is cultivable in the laboratory and extraterrestrial biology may be a greater challenge than Earth microbes). This suggests that the worst case could be total extinction of all life that uses the alien biochemistry.

[bookmark: _dmsm896yfbqc]Could evolution on Mars have been more rapid than on Earth with simple animals such as sponges, maybe even more complex life? - needs expansion
Although you can make a strong case for life on Mars to be at an early stage, we suggest that you can also put a good case in the other direction, for it to be as advanced as Earth life,  perhaps even with more complex, more evolved genomes than for Earth life. For instance we suggest it is not impossible that it developed its first multicellular life billions of years before Earth did.
 
The frequent freezings of the Martian oceans, possibly every Martian year when its eccentricity is high, and the ionizing radiation, might have lead to populations repeatedly getting reduced to a fraction of the previous population and then rapidly growing again. Boyle et al argued that a similar process lead to the development of multicellular life on Earth during its “snowball Earth” glaciations (Boyle et al, 2007). 

Their suggestion is that during snowball Earth phases, frequently colonies would be founded by a single cell from the previous generation, the founder effect, leading to large colonies of almost identical cells. During the snowball phase, often cells would be confined to small habitats, and so encounter each other more often increasing the benefits of mutual altruism. Reproduction would be  slow, reducing the benefit to “cheats” that do not contribute to the benefit of the colony as a whole and there would be more importance in mutually beneficial modification of their microhabitat through production of chemicals that are costly for individual cells to produce. They suggest that differentiation in the first steps towards multicellularity would be especially useful in harsh conditions.  

Although they do not apply their theory to Mars, these are conditions that applied to early Mars and to some extent also today, with times when streams of flowing water are possible on the Mars surface. Present day Mars may also have conditions for oxygen rich brines. Today, habitats suitable for large multicellular animals are probably restricted to the subsurface. But the South pole subglacial lakes, if they exist, may provide habitats for multicellular life. Also these habitats may be oxygen rich, through radiolysis of the ice, favouring animal life (Stamenković et al, 2018).

There are also times of volcanic activity leading to hydrothermal systems where ice meets with lava, and these lead to lakes that last for thousands of years, as happened 210 million years ago on one of the flanks of Arsia Mons, two lakes with around 40 cubic kilometers of water each, and a third one of 20 cubic kilometers of water,  liquid for hundreds, or even thousands of years (Scanlon et al, 2014), our infrared mappers can only directly measure the top few millimeters of the surface,  and there could  be present day hydrothermal systems at depths of up to tens or hundreds of meters below the surface, where biological activity may still survive (Nisbet et al, 2007, page 108ff).
 
So, perhaps the case can be argued both ways, 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 too, and possibly even complex multicellular life billions of years before it became common on Earth.

If so, perhaps that multicellular life is still there, as a relic biosphere.  Stamenković et al, 2018 research suggests the possibility of enough oxygen for simple animal life such as sponges exploiting the oxygen in extremely cold oxygenated salty brines when the axial tilt of Mars is less than 45 degrees. According to their modeling, the btilt is optimal just now, for the last 5 million years and at least 20 million years ino to the future. In polar regions of modern Mars some of the coldest brines supercooled to -123 to -133 °C. can potentially have as much oxygen as surface water of the Earth’s oceans, 0.2 mol m-3, or about 6 mg / litre, enough even for spawning migratory fish. The brines can be supercooled that low even when mixed with simulated Martian regolith, and there is no nucleation, the supercooled brine instead transitions to a glassy state. It is far too cold for Earth animals, but in those conditions, perhaps exotic biochemistry such as life using perchlorates internally as part of the metabolism, even hydrogen peroxide, may be possible. Alternatively one thought is that the oxygen may be a nutrient resource for deeper warmer water to encounter (Stamenković, 2019)

Since we don’t know whether Mars life is less or more evolved than Earth life, or equally evolved, or perhaps has a shadow biosphere of less evolved life, we have to consider all possibilities: that Earth life is vulnerable to Mars life, that Mars life is vulnerable to Earth life, or that both are mutually vulnerable.
[bookmark: _av32knb4gt0v]Potential Mars surface and near surface habitats
It’s generally accepted that the Europan and Encaladus oceans have a reasonable chance of being habitable for Earth life. But in the case of Mars this is not so clear and there is a wide variety of views on the topic. This is of significance for the question of whether native Mars life could be vulnerable to introduced Earth microbes. If there is surface life on Mars, it is likely to be cryptic, hiding from the UV, in partial shade or a few millimeters or centimeters below the surface. It is also likely to be slowly metabolizing, possibly with individual microbial lifetimes of months through to millennia. The impact on the atmosphere may well be minimal so making detection by monitoring the atmosphere difficult or impossible. Regions of Mars that may have habitable liquid water are called “Special Regions” in planetary protection discussions, and refer to regions where strict planetary protection is required  (Rettberg et al, 2016).

It is generally accepted now that liquid brines are present in the Martian subsurface, with the most definitive evidence perhaps the humidity measurements from Curiosity indirectly proving the presence of a thin layer of cold brines below the dunes it drives over in Gale crater  (Martin-Torres et al, 2015). The differences in views are over whether any of these brines are habitable to Earth microbes. 

In the case of the brines in Gale crater the answer was that they do not seem to be habitable to 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 but at -70 °C are far too cold for even the most cold tolerant Earth microbes to flourish (Martin-Torres et al, 2015). However they may be habitable to martian life based on a different biochemistry.  Also perhaps they could be inhabited by Earth life in biofilms. This is an insight by Nilton Renno as interviewed by Michigan news soon after the discovery (Fernanda Pires, 2015). 

We will cover this in more detail in the section on unanswered questions about the martian special regions.

There are many other proposed habitats now, and some may be more habitable than the Curiosity brines.

The Phoenix lander’s isotopic measurements of the atmosphere in 2008 showed clearly that there has been geologically recent and extensive exchange of oxygen between the carbon dioxide in the atmosphere and liquid water on the surface (Niles et al, 2010). Combined with the observation of what seem to be droplets of liquid forming on its legs, merging, and then falling off (Shiga,2009). This is what first caused many to re-evaluate their views of the potential habitability of the Mars surface. The top few centimeters particularly may be habitable to Earth microbes as well as to native life.  Since then, Nilton Renno et al have shown that whenever there is calcium perchlorate salt lying on ice, in a chamber simulating the Phoenix lander conditions, then droplets of liquid brines can form within tens of minutes, forming a “swimming pool for a bacteria” as he memorably put it, when summarizing his team’s work on this topic (Fischer et al, 2014). 

The Recurring Slope Lineae (RSL’s) remain a leading candidate for brines that could be habitable, although there is considerable debate in the literature about the amount of brines present and whether they may be habitable. In planetary protection discussions since they may be the result of aqueous processes they are treated as “an Uncertain Region that is to be treated as a Special Region until proven”  (Rettberg et al, 2016).

These dark features extend down sun facing slopes in spring when local temperatures increase above 0 °C, broaden during the summer, and fade away in autumn (McEwen, 2011). The extension and broadening is associated with increased detection of hydrated salts which suggests the presence of thin layers of liquid brines, flowing below the surface of the slopes (Olga et al, 2015). The features themselves are not thought to be dust darkened by the brines, but an indirect effect of subsurface brines.Later observations of thermal responses to the soil limit the amount of unbound water that may be present in the region of the RSLs to 30 grams of water per kilogram of soil (Edwards et al, 2016). A study of RSLs in Eos Chasma shows that the features are consistent with dust cascades, since they terminate at slopes matching the stopping angle for granular flows of cohesionless dust, and they also ruled out formation of substantial quantities of crust‐forming evaporitic salt deposits, though the hydrated salts and seasonal nature continue to suggest some role for water in their formation (Dundas et al, 2017). Difficulties with the dust explanation include the rapid fading away of the streaks at the end of the season, instead of the more usual decades, and a lack of an explanation of how the dust is resupplied year after year. Resupply also remains a major question for the models involving substantial amounts of liquid brines (Stillman quoted in David, 2017). A study of RSLs in the Valles Marineres finds that they seem to traverse bedrock rather than the regolith of other RSLs, and that if water is involved in their formation, then substantial amounts must be needed to sustain lengthening throughout the season (Stillman et al, 2017).

[bookmark: _8cgaygyof7jq]Potential for fresh liquid water in polar regions through solid state greenhouse effect - of special planetary protection relevance

This hasn’t had much attention in the planetary protection literature, but is potentially one of the most habitable environments for Earth life on the planet, since it gives a method for fresh liquid water to form, within centimeters of the surface. These habitats should exist if there are conditions of optical transparency and thermal opaqueness in the Martian ice and snow to conditions that prevail in Antarctic ice and snow. The ice should melt due to the solid state greenhouse effect.

If these habitats do exist, and from the Antarctic analogues their presence seems likely, then this is a near certainty for an environment on Mars that would be hospitable to Earth life.

This method for formation of liquid water close to the surface is due to Mohmann. His models of the solid state greenhouse effect for clear ice on Mars suggest one of the most striking possibilities, that the solid state greenhouse effect could lead to widespread formation of fresh water just below the surface of the ice. Liquid water could form at a depth of around 6.3 cm wherever there is optically clear ice on Mars in snow / ice packs, just as it does in Antarctica. In summer, it could form layers from centimeters to tens of centimeters in thickness (Möhlmann 2009) (Möhlmann 2010a).

In another paper he writes (Möhlmann 2010b) 

"This liquid water can form in sufficient amounts to be relevant for macroscopic physical (rheology, erosion), for chemical, and eventually also for biological processes." 

His models seem clear enough. The only unknown here is whether Mars does have optically clear ice like this, which is common on Earth in cold conditions like this in Antarctica. The air temperature makes little difference to formation of fresh liquid water in the depths of the clear ice, because the ice is a good insulator, as is the thin atmosphere above it. 

Although this could occur anywhere in the polar regions, we have one particular place to look for it. This is one of the two leading candidates for explaining  the flow-like features in Richardson’s crater in the Southern polar region, After the Martian dry ice geysers erupt in early spring then dark dune spots form and then from these dark flow-like features flow down the slopes from spring through to autumn, meters a day at times  The other main candidate for an explanation is Undercooled Liquid Interfacial (ULI) water (Martínez et al, 2013). 

There are several other flow-like features which have some similarities in appearance but are not identical in behaviour or the conditions in which they form. Similar looking features in Russell’s crater are probably due to dust flows because they are able to flow up and over small elevations on  their way down the slopes, which liquid would not do (Gardin et al, 2010) (these are not the better known linear grooves in this crater which are due to dry ice blocks rolling down the slope but another small scale feature that happens at the head of the slopes). The ones in the northern polar regions flow in much colder conditions and are either due to dust again, or are very cold brines too cold to be habitable (Pommerol, 2013).

However these particular flow-like features in Richardson’s crater may be due to fresh water forming beneath clear ice and then mixing with brines and flowing down the slopes or due to Undercooled Liquid Interfacial (ULI) water. In either case the water starts fresh at the source and mixes with brines as it flows out from under the ice and down the slope  (Martínez et al, 2013). 

There is some debate here in the literature. Some authors while acknowledging the different formation conditions in Richardson crater think that the same model may describe them all, in a way not yet fully understood. If that is the case, the most likely explanation is dust flows as that’s the only real possibility for Russell’s crater due to the dark features flowing up and over small elevations on the way down the slope (Pommerol, 2013).

If the flow-like features in Richardson crater are not due to fresh water below clear ice, this doesn’t change the conclusion that Mohmann’s model holds valid for the Martian conditions if there is any ice there with sufficient optical transparency, similar to ice that forms frequently in Antarctica. It would then be a case of looking elsewhere to see if the conditions are present. 

If there is clear ice on Mars anywhere at comparable latitudes in the polar region, exposed to the sun in summer, the conclusion of the model is clear, that there should be layers of fresh water form, cms thick, over a period of several days, at a depth of 10-20 cms. 

This process would be accelerated by the presence of layers of rock at the correct depth. Liquid water can also form through a similar process around meteorites and grains of dust in the snow or ice warmed by the sunlight, with the heat trapped through the solid state greenhouse effect, another process that frequently happens in Antarctica. 

This again is based on processes that happen in the Antarctic ice. Dust grains in the ice often produce tiny melt ponds around them in the heat of the summer sunshine. The dust grains absorb the heat (preferentially over the ice), and so heat up and melt the surrounding ice. Then this heat gets trapped because of the insulating effect of the solid state greenhouse effect, because ice traps heat radiation, so forming tiny melt ponds of a few millimeters thickness or more. 

Losiak, et al, modeled tiny micron scale dust grains of basalt (2-2 microns in diameter) exposed to full sunlight on the surface of the ice on the warmest days in summer, on the Northern polar ice cap. They found that these tiny dust grains were large enough to provide for five hours of melting which could melt six millimeters of ice below the grain. They say that with pressures close to the triple point, on windless days, you should get a significant amount of melting. They speculate that this might possibly explain deposits of gypsum in the polar regions.similarly to processes that happen in Antarctica (Losiak et al, 2014). 

This model is based on a previous paper on Antarctic meteorites. The meteorites there are often found associated with gypsum and other evaporates - minerals that can only form in the presence of liquid water and must have formed after they fell in Antarctica. Sometimes the researchers find capillary water, or thin films of water, and sometimes they find evidence of a rather large meltwater pond which formed around the meteorite, or find the meteorites in depressions filled with refrozen ice (Losiak et al, 2011)

This could explain another puzzle. Particles of gypsum have been detected, first in the Olympia Undae dune fields that circle the northern polar ice cap of Mars (Fishbaugh et al, 2007). Later on, they were detected in all areas where hydrated minerals have been detected, including sedimentary veneers over the North polar cap, dune fields within the polar ice cap, and the entire Circumpolar Dune Field. There's strong evidence that the gypsum originates from the interior of the ice cap (Massé et al, 2012). Gypsum is a soft mineral that must have been formed close to where it has been discovered (or it would get eroded away by the winds) and as an evaporite mineral, it needs liquid water to form. 

Opportunity later found veins of gypsum in the equatorial regions, in 2011, a clear sign of flowing water on ancient Mars. But these polar deposits are more of a mystery because they are found in the dust dunes on Mars, so must be produced locally, but where?.

Möhlmann did a similar calculation. This time he was looking at the possibility of liquid water forming inside snow on Mars. The snow would be exposed to the vacuum, but as the ice melted it would plug all the pores in the snow and eventually form a solid crust of ice on the snow, and so protect it from further evaporation. It would trap the heat as well and so encourage melting. This could happen anywhere between a few centimeters depth down to ten meters below the surface
[bookmark: _fplfxuujhxj0]Potential deep subsurface habitats communicating with the surface including ice fumaroles and hydrothermal systems on Mars
This is another habitat of special interest for planetary protection discussions. Mars is geologically active, with small scale volcanic features associated with some of the volcanoes on Mars including eruptions on Olympus Mons as recently as two million years ago (Neukum et al, 2014). There's also evidence of ice near its summit, perhaps even present today, covered by dust. So as recently as a few million years ago, Olympus Mons had ice and hot spots in close proximity, which strongly suggests it had liquid water as well, and so, potentially habitable (Cousins et al, 2011).

Mars might have present day volcanism, releasing gases to the atmosphere. NOMAD on ExoMars' trace gas orbiter will be looking for geological as well as biologically relevant molecules in the atmosphere. It's targeting carbon, oxygen, sulfur and nitrogen atoms and carbon-hydrogen bonds (Khayat et al, 2014). 

Hoffman et al. have suggested that ice towers could mask the heat signature of fumaroles on Mars (Hoffman et al, 2003) in a process similar to the ice fumaroles of Mount Erebus  (Tebo et al, 2015). If these environments do occur on Mars, they would provide a warm environment, high water vapor saturation, and some UV shielding. The ones we have on Earth don't have significant amounts of liquid water. However, as they have close to 100% humidity inside, that doesn't matter. They sustain microbial communities of oligotrophs, i.e. micro-organisms that survive in environments that are very poor in nutrients. The same could be true of Mars.  They survive using CO2 fixation and some may use CO oxidization for their metabolism. The main types of microbe found there are Chloroflexi and Acidobacteria  (Hoffman et al, 2003)  (Tebo et al, 2015).

They would not be limited to polar regions because the fumaroles themselves would bring large quantities of water vapour to the surface to keep replenishing the ice towers as they sublime away in the thing Mars atmosphere. They might be quite easy to spot as white circles or ovals, probably in permanently shadowed regions. He investigated some anomalies in Hellas Basin as potential ice fumaroles (Hoffman et al, 2003). If Mars is currently geologically active, then in such cold conditions, it may well have ice fumaroles around its vents, and if so they would be only a few degrees higher in temperature than the surrounding landscape and hard to spot from orbit (Hoffman et al, 2014).

He suggests searching for them on Mars from orbit. He located potential temperature anomalies in Hellas basin that seemed promising, at diameter 10 - 30 cms and clustered around a potential fracture, but he was unable to find anything in the visual images corresponding to the potential thermal hot spots (Hoffman et al, 2003). They wouldn't need to be in polar regions because the fumaroles themselves would bring large quantities of water vapour to the surface to keep replenishing the ice towers as they sublime away in the thing Mars atmosphere. They might be quite easy to spot as white circles or ovals, probably in permanently shadowed regions, and they would be slightly warmer than their surroundings. 

So, could there be ways that volcanic processes on present day Mars produce habitats by interacting with ice, such as the ice fumaroles? Though we haven't found ice fumaroles on Mars yet, we have found recently formed rootless cones, which are the results of explosive contact of lava with water or ice. This shows that ice (or water) and lava were in close proximity as recently as around ten million years ago (Martel, 2001).

Any interactions today are presumably much less dynamic because Mars is in a relatively dormant phase, but there could be local hydrothermal systems at depths of up to tens or hundreds of meters below the surface, where biological activity may still survive (Nisbet et al, 2007).

The methane spikes detected by Curiosity, if confirmed, are not likely to be due to fumaroles, or magmatic degassing,  as this process doesn’t produce much by way of methane on Earth. 

They could be due to various surface and near surface processes, both biological and abiotic (Hu et al, 2016)  including gas released in the remnants of ancient mud volcanoes and gas rich springs (Oehler et al, 2017), and another hypothesis is that they could be cometary in origin from carbonaceous material falling during meteor showers (Fries et al, 2016). Rettberg et al have suggested that any sources of methane spikes, once identified, should be treated as special regions until proven otherwise (Rettberg et al, 2016)
[bookmark: _7qfpx4jyfv9f]Lichens, cyanobacteria and black yeasts surviving in modern Mars surface conditions (similar to Gale crater) and other examples of Earth life that could potentially survive on Mars

Finally, and most striking of all, there’s evidence from Mars simulation chamber work, that life on Mars may not need liquid water at all. The hyperarid core of the Atacama desert, and high mountains in Antarctica have life that is able to survive without liquid water at all, using the humidity of the air. Martian life similarly may be able to survive using the humidity of the air due to large day / night fluctuations in relative humidity.

Experiments by DLR on survival of lichens in both Mars simulation experiments show that one lichen, Pleopsidium chlorophanum, could survive and photosynthesize in Mars surface conditions in partial shade (de Vera et al, 2014). 

When exposed to simulated full sunlight the fungal component died and it’s not clear if the algal component was active. 

However, in partial shade, in a 34 day experiment the photosynthetic activity increased for the duration of the experiment showing that the lichen was adapting to martian conditions. Photosynthetic activity was highest at the start and end of each simulated martian day, at the times when the relative humidity would be highest. The fungal component was also viable and continued growth. The fungus as an aerobe required oxygen from the cyanobacteria to survive. 

By the end of the 34 day experiment, it reached 55% of pre-experiment levels of photosynthetic activity - actually 17% higher than for Antarctic conditions. Relative humidity varied from 0.1 to 75 percent and surface temperature from 21°C to -50°C in a diurnal cycle (de Vera et al, 2014). 

The lichen was grown in Sulfatic Mars Regolith Simulant, which is ice free, and resembles the composition of martian meteorites, crushed to simulate the martian regolith, There was no other source of liquid water apart from the atmosphere, at pressures of 700 - 800 Pa, similar to those in Gale crater. In these conditions cryobrines may have formed in the Mars simulant (de Vera et al, 2014)

Pleopsidium chlorophanum lives at up to 2000 meters in Antarctica. It is able to cope with high UV, low temperatures and dryness. It is mainly found in cracks, where just a small amount of scattered light reaches it. This is probably adaptive behaviour to protect it from UV light and desiccation since the same species spreads over the surface of rocks in warmer conditions. It remains metabolically active in temperatures down to -20 C, and can absorb small amounts of liquid water in an environment with ice and snow.

Lichens adapted to these conditions have protection from UV light due to special pigments only found in lichens. This gives them enough protection to tolerate the light levels in conditions of partial shade in the simulation chambers and make use of the light to photosynthesize. There are many such pigments used by lichens and cyanobacteria, including the pigments parietin, usnic acid and scytonemin, and antioxidants such as b-carotene. Indeed, UV protection pigments have been suggested as potential biomarkers for Mars (Wynn-Williams et al, 2002)

Other experiments showed that “Two species of microcolonial fungi – Cryomyces antarcticus and Knufia perforans - and a species of black yeasts–Exophiala jeanselmei" could metabolize in Mars conditions too, without any source of water except the humidity in the air, in the close to anaerobic conditions. They recovered the initial metabolic state within seven days and shows no sign of stress reactions. (Zakharova et al, 2014)

These experiments show that the Mars surface conditions are not a barrier to life. As the experimenters suggest in their conclusion, if Earth life can survive in these conditions, Mars life may have adapted to them too, and it is no longer necessary to suppose that native Mars life has to be buried deep below the surface or have endolithic habits protected from surface conditions by rock. (de Vera et al, 2014)

Life relying on deliquescing salt has also been found 2 or more meters below the surface of the Atacama desert. These microbes use mixtures of halite and perchlorates for deliquescence, and they use sulfates, perchlorates (ClO4), and nitrates, together with organic acids such as acetate, or formate, as sources of energy. They are quite Mars like conditions really. See A Microbial Oasis in the Hypersaline Atacama Subsurface Discovered by a Life Detector Chip: Implications for the Search for Life on Mars

[bookmark: _6l36fzyn999j]Microhabitats - such as micropores in salt pillars and ground hugging water vapour as morning frosts evaporate

The habitability of the Martian surface, with water vapour alone, could also be enhanced by spontaneous capillary condensation in micropores in salt deposits, a process that occurs in the Atacama desert and permits diverse communities of cyanobacteria together with heterotrophic micro-organisms to thrive when there is a virtual absence of cyanobacteria in the surrounding soils (Vítek et al, 2010).

This occurs at relative humidities far lower than the deliquescence point for NaCl of 75%. In year round studies of the pillars, they found that the external atmosphere reached a minimum relative humidity of 2.90%, maximum 74.2% and average of 34.75% (see table 2 of their paper). So the external atmosphere never quite reached the 75% level where salt deliquesces naturally, but inside the salt pillars it was able to capture the water in these micropores, easily, and retain it as well. The values for the interior of the salt pillars were: minimum 2.20%, maximum 86.1%, average 54.74% (Wierzchos et al, 2012)

The authors of those papers suggested this as a possible past habitat for Mars. However Cassie Conley and separately, Paul Davies have suggested that these micropores in salt pillars are potential habitats on present day Mars  (Conley, interviewed by Straus, 2016) (Davies, 2014)

Gilbert Levin and his son Ron Levin have come up with a way that thin films of fresh liquid water might form on the surface  briefly in the morning in equatorial regions of Mars. It’s based on findings that the atmosphere up to a meter above ground level remains cold, as it was at night, colder than the surface, and stays too cold to hold the water vapour, as the surface ice melts. This could trap a layer of higher humidity above the warming surface. They suggest that this might lead to thin films of water that form in the early morning, just briefly before the air warms up and the water evaporates into the atmosphere. Chris McKay, commenting on this scenario, agrees that it could form a very short lived layer of liquid, though it may not last for long (Abe 2001). 

If this is not sufficient to create habitable films on the surface by itself, perhaps it could enhance the habitablity of the micropores in salt pillars?
[bookmark: _uiol6hwrqcdd]Unanswered questions about Mars special regions
We’ve seen that Earth life may be able to survive on Mars using just the night time humidity. The humidity could be increased in micropores and as a result of ground hugging moisture when the morning frosts evaporate. There are many other ways the habitability of the Mras surface can be enhanced. These might perhaps extend the range of what counts as special regions on Mars.

Rettberg et al give a list of unanswered questions (Rettberg et al, 2016), and we need to bear these in mind when asking if martian brines are habitable to Earth life.

Two of them are covered already (I paraphrase from section 3.1)

· Is water vapour alone sufficient for replication? (as in the DLR experiments)
· Do conditions in microenvironments on Mars mirror macroenvironments or can they sometimes be more suitable for life? 
(As with the micropores and ground hugging water vapour)
· Can a single species microbe from Earth replicate in habitats on Mars?

There are several more questions to look at.

· 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? 

As we saw, the brines discovered indirectly by Curiosity in Gale crater 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 but at -70 °C are far too cold for even the most cold tolerant Earth microbes to flourish (Martin-Torres et al, 2015). 

However, biofilms can alter a microhabitat, and microbes may be able to retain water for use later on when temperatures are higher. Perhaps they could be inhabited by Earth life in biofilms. This is an insight by Nilton Renno as interviewed by Michigan news soon after the discovery (Fernanda Pires, 2015).  

Rettberg et al ask this same question, to paraphrase again:
· Can multispecies colonies form biofilms to help them tolerate environments they couldn't individually?

The final question is:

· 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?

The lowest temperature for replication of Earth life is controversial. The limit is usually given as -20 C, however, 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 study showed genome replication in permafrost at - 20 °C which is "highly suggestive of cell division". Another experiment show 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, then, so far, it's impossible to be sure whether this is just maintenance metabolism, or whether it actually did support very slow cell division (Rummel et al, 2014). 

Some substances can help microbes be active at lower temperatures, which could reduce the limits even further. These are known as chaotropic agents, and include ethanol, urea, butanol etc. They work by disrupting the hydrogen bonding of water molecules with each other. There are many chemicals on Mars which could act as chaotropic agents and so 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 by 10 °C or 20 °C for many microbe species. However the authors couldn't find any experiments testing these agents at the very low temperatures that would be needed to reduce the lowest temperature limit for cell division for life.  (Rummel et al, 2014). 

One study did find that chaotropes 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.

More radically, however, Dirk Schulze Makuch et al suggested that cold brines on Mars  could be habitable to native life with a different biochemistry, capable of living in conditions too cold, or with too little by way of water activity for Earth life. For instance they might have perchlorates inside their cells, taking the place of the sodium. potassium and magnesium chloride salts that we have inside our cells. (Schulze-Makuch et al, 2010).

Based on this proposal, perhaps we can add another question to their list. If native martian life can survive in conditions not habitable to Earth life, perhaps perchlorate or hydrogen peroxide based, could native martian biofilms also store water and make conditions more habitable than they would be otherwise? 

· Could Earth microbes inhabit biofilms of native martian life, in conditions inhospitable to Earth life on its own?
(suggested extra question)

The situation for water activity for Earth life is more clear cut, and isn’t one of their questions. Most microbes can't handle a water activity level below 0.755.  In a 2014 survey paper, the authors concluded that the best current consensus is that the lowest level of water activity needed for cell division is about 0.605 (the water activity level of honey is 6), and that some halophiles (salt living microbes) are able to tolerate such low levels. The first microbe capable of division at such low water activity levels was Xeromyces bisporus, a fungus that spoils prunes, discovered in 1968 (Pitt et al, 1968),  and this record has not been beaten since then. They remark on the difference from the situation for temperatures, that there's this sharp cut off for water activity, but much better evidence of microbes able to tolerate temperatures below the usually cited -20°C (Stevenson et al, 2015) 

However if you extend the question to the possibility of biofilms that are not necessarily based on the Earth biochemistry, yet perhaps habitable to Earth life,

· Would a biofilm based on a different biochemistry have the same limitation on water activity, and if so, could Earth life inhabit such a biofilm?
[bookmark: _u9sx0ypz84l3]Modern Mars habitability reassessment
With Mars, much has changed in the last decade since 2008. Though some astrobiologists remain skeptical, some astrobiologists, such as Nilton Renno, and the astrobiologists at DLR, amongst others, are optimistic about the prospect of finding present day native life right on the surface, or within a couple of centimeters of the surface.

Many of the thin layers of brines on Mars may have too little by way of water activity, or be too cold for Earth microbes. However others are potentially more habitable, including the potential even for fresh liquid water due to the solid state greenhouse effect in polar regions.

A polyextremophile ionization resistant photosynthetic prime producer such as Chroococidiopsis could survive anywhere on Mars that has liquid water, sunlight, some protection from UV (thin layer of dust or even partial shade, since it has pigments that protect against UV), basalt for the trace elements, and a source for nitrogen.

 The requirement for liquid water may perhaps be dropped as well as a result of the DLR experiments, as we saw in the previous section, as it could use the night time humidity as the surface warms up in the early morning - and it could also use liquid water that would form in minute quantities in micropores in salt pillars.

There are many redox gradients that life can use as well. For instance in the sand dunes that Curiosity studied, the surface layers are superoxygenated but lower layers less so leading to a redox gradient and slowly moving sand dunes will bring the reducing layers to the surface (Fisk et al, 2013).

The Mars surface conditions, which seemed so hostile a decade ago, seem less so now as the result of discovery that many extremophiles that can tolerate them more easily than expected. 

[bookmark: _wr64ojhyi472]Radioresistant extremophiles like Chroococcidiopsis

The ionizing radiation is still thought to be sterilizing of dormant life over hundreds of thousands of years, but many ionization resistant microbes can repair both single and double breaks in DNA within hours. Meanwhile, Curiosity’s measurements showed that levels of ionizing radiation on the surface of Mars averaged out through the year are similar to the interior of the ISS. 

Experiments by Verseux et al show that some desert strains of Chroococcidiopsis can withstand levels of ionizing radiation several orders of magnitude higher than the martian surface. In one experiment, chroococcidiopsis could survive thousands of grays of radiation in the form of  any of gamma rays, helium, iron or silicon nuclei, with no detectable loss of viability. By comparison, the absorbed dose rate estimated for the surface of Mars ranges from 50 - 150 milligrays a year.  This cyanobacteria is one of our best candidates for a photosynthetic, primary producer, polyextremophile able to survive on Mars

Some cells of chroococcidiopsis still survived after more than 10 kGy corresponding to 100,000 years of dormancy in Mars surface conditions, and one strain had survivors after more than 20 kGy. (Verseux et al, 2017). 

We have to drill to find any native martian microbes dormant for millions of years, unless they are more radioresistant than chroococcidiopsis. However, this is only for dormant life.

Radioresistant microbes  could cope with the conditions on the martian surface, even if in the cold arid conditions they have a slow metabolism and generation time of millennia.

[bookmark: _xnwbwa9piftf]UV tolerance by extremophiles and transport of spores in martian dust storms

The UV is also better tolerated than expected, with lichens and some microbes able to withstand exposure to simulated Martian UV indefinitely in partial shade in the DLR experiments.

The perchlorates which provide favourable conditions for cold brines on Mars are used by some microbes as oxidants for their metabolism (Oren et al, 2014).

In an experiment by Wadsworth et al, when brines on Mars are irradiated by UV, this will produce the more toxic chlorites and hypochlorites. However biofilms would provide extra protection. Also the microbe they studied, Bacillus subtilis, was not an extremophile. Also the habitats on Mars are often wholly or partially shaded from UV light  (Wadsworth et al, 2017).

Also, this biocidal effect might not significantly impact on spores spread in the dust storms. Spores are protected by a coat and are far more resistant to oxidizing agents, bactericidal agents chlorites, hypochlorites etc than vegetative cells (Sella et al, 2014). They are also more UV resistant. Some spores can withstand many hours of direct surface 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). 

The iron oxide in the dust shields out UV and a microbe imbedded in a dust grain would have additional protection (Sagan et al, 1968). There isn’t much research on survival of microbes in simulated wind blown martian dust, but what there is suggests it is possible for microbes to get attached to a dust particle and get blown in the winds  (van Heereveld et al, 2017) (Osman et al 2008). The high wind speeds on Mars of 10 to 30 meters per second mean that the dust could travel hundreds of miles in twelve hours during a dust storm, and the storm would shield out much of the UV in addition to the shielding from individual grains.

The Mars dust storms could spread spores globally throughout the planet. Every decade or so, sometimes several times in a decade, it has global dust storms. These typically start in the south, during the southern spring or summer, encircle the planet in southern latitudes then extend north across the equator and can cover much of the planet (Shirley, 2015). 

NASA have this as one of their many knowledge gaps for human extraterrestrial missions to Mars: 

· "Obviously, the current understanding of microbe survival in Mars dust environments remains uncertain and represents an important knowledge gap" ((Race et al, 2015, page 34)
[bookmark: _kiqb3boku2mg]Sources of nitrogen on Mars
Most of the necessities for microbial life, as we know it on Earth, are present on Mars.

There is plenty of carbon dioxide on Mars, 6 mbar on average. By comparison Earth has only 0.4 mbar at present, and over the last 600,000 years carbon dioxide fluctuated from below 0.2 mbar to above 0.25 mbar (Lüthi, 2008). Generally, carbon fixation is not a problem for photosynthetic life on Mars.

The native basalt has all the trace elements needed for life, and there is water available, in the microhabitats.

However there are only 0.2 mbar of nitrogen in the atmosphere on Mars, compared to 780.90 mbar in Earth’s atmosphere.  Is this enough for nitrogen fixation? 

The main paper on this topic is from 1989. The authors tested Azotobacter vinelandii and Azomonas agilis, two commonly used nitrogen fixating microbes in the lab,  under conditions of low nitrogen levels, though at full Earth atmospheric pressure. They found that they could continue to fixate nitrogen at 5 mbar. They found no evidence of fixation below 1 mbar (Klingler et al, 1989). However in additional unpublished research they found a number of micro-organisms able to fix at a partial pressure of 0.2 mbar corresponding to modern Mars (Mancinelli, 1993). 

However that was at Earth atmospheric pressure, though with partial pressure the same as present day Mars. It would be interesting to test Antarctic nitrogen fixating microbes to see if they can fix nitrogen in Mars simulation conditions. Sakon et al made a start on this research using samples obtained from the McMurdo dry valleys. They found cold tolerant nitrogen fixating microbes that were able to continue to fix nitrogen with the temperature and UV flux of Mars simulated (Sakon et al, 2005) (Sakon et al, 2006). They proposed follow up experiments duplicating the Martian atmospheric conditions as well in a Mars simulation chamber to see if they could still fixate nitrogen.

They comment on the difficulty of testing psychrophiles in exploratory experiments - microbes that prefer cold conditions, because the generation times are so slow. They used psychrotolerant microbes instead, easier to study and also cold tolerant. (Sakon et al, 2006)

If biotic nitrogen fixation on present day Mars is impossible then the presence of naturally occuring nitrates may be a limiting factor for life there, as suggested by (Bada et al, 2009).

Curiosity has discovered nitrates, so they do exist on Mars. They may be present in greater quantities beneath the surface, sequestered from the thick early Martian atmosphere. 

There’s also a suggestion that Mars could have an abiotic nitrogen cycle with photochemically produced HNO3 fixed in thin (0.2 to 5 nm) pure water metastable interfacial films. In this model the current atmosphere could support biomass incorporating an average of one kilogram of nitrogen per square meter (Boxe et al, 2012)
[bookmark: _8sye5gwhapzm]All conditions for life may be present on or near the modern Mars surface

In short, all the conditions for life may potentially be present on Mars in these suggested micro habitats. None of the conditions of ionizing radiation, low atmospheric pressure, high surface UV, the perchlorates and the diurnal temperature cycles currently rule out the possibility of native surface and near surface life on Mars. 

Although we have not yet confirmed any habitats on Mars, part of the reason for this is that we have not yet sent any rovers there sufficiently sterilized to visit the best candidates. Curiosity is a few kilometers from a potential RSL (recurring slope lineae) and is not sufficiently sterilized to approach it closely to check it out.

It will take a fair bit of research to establish whether these or several other proposed near surface habitats exist. But if they do, the conditions there may be within the ranges tolerated by Earth life. 

There may also be habitats that are outside the range for Earth life but can be tolerated by native martian life  based on a novel biochemistry, perhaps with perchlorates or hydrogen peroxide as “antifreeze” (Schulze-Makuch et al, 2010)
[bookmark: _2uwiazlywhki]Could complete extinction be possible in the backwards direction, from space to Earth?

If complete extinction of an entire biosphere of early life, or erasure of prebiotic chemistry in an ocean is possible in the forward direction, how much degradation of our biosphere is possible in the reverse direction? 

We saw in the introduction that our astronauts could be vulnerable from native martian diseases of biofilms similar to Legionnaire’s disease using the same methods to attack human lungs (Alberts et al 2002), (Abdel-Nour et al 2013). 

Martian microbes can also infect us as biofilms. 65% to 80% of human infections are associated with invasive biofilms (Lebeaux et al, 2013). Moreover, these biofilms are particularly antibiotic resistant.

Would our antibiotics work with the possibly alien biochemistry of a martian biofilm invading our lungs? They target specific enzymes and processes within living cells based on Earth's biochemistry (Kapoor et al, 2017). For instance, Penicillin targets transpeptidase which is essential for the cross linking of transpeptidase in the final stage of cell wall synthesis to make rigid cell walls (Yocum et al, 1980). It does that by forming a highly stable penicilloyl-enzyme intermediate. Would this do anything to an alien biochemistry? One way that microbes develop resistance to this antibiotic is by evolving different enzymes that perform the same function in the cell (Gordon et al, 2000).

We also touched on infection of lifeforms other than humans, bacterial grazing and predation (Martin, 2002) (Velicer et al 2009). exotoxins such as Chyba’s example of cows killed by algae in Lake Superior, and Warmflash et al’s examples such as the anaerobe c. botulinum which can cause botulism (Warmflash et al 2007). 

Warmflash et al also give an example of opportunistic bacteria that are only infectious in wounds, with results similar to Tetanus (Warmflash et al 2007).. There is one known opportunist Earth pathogen that has a good chance of survival in martian conditions. In experiments in the Mars simulation chamber for German Aerospace (DLR), a black yeast Exophiala jeanselmei, an endolithic species of yeast closely related to opportunistic  human pathogens, was able to metabolize in Mars simulation conditions using only the night time humidity, no liquid water, and within seven days recovered its original level of metabolic activity with no signs of stress (Zakharova et al, 2014).

Then there was the example of BMAA misincorporated to cause motor neurone disease. We will look at these and other indirect forms of action in more detail in the sections Accidental similarity of amino acids and Exotoxins, protoxins and allergens

 But could the effects on the astronauts and their habitats be far worse than any of these? 

Indeed could such a risk propagate back to Earth itself when the astronauts return or export materials to Earth, or even when an empty spaceship that delivered them to Mars returns to Earth?

This may seem like a scene from a science fiction book or movie. But the idea of sending humans to Mars was itself science fiction a few decades ago. We are entering a future where we have to seriously consider what the real world outcomes might be in what used to be science fiction scenarios. And unlike the situation with science fiction, we don’t get to write the script for this scene. 

We have a responsibility to present and future generations to consider our prospects carefully. What we have on Mars could be an alien biochemistry, perhaps not based on DNA, perhaps not using proteins, or DNA, or carbohydrates. 

We have no experience of practical exobiology to guide us and we have no idea what typically happens in such collisions with a completely alien biochemistry like that. It could be harmless, so different that it is unable to attack us, but it could also work the other way around, that we are defenseless against its unfamiliar biochemistry.
		
Joshua Lederberg, who got his Nobel prize for his work on microbial genetics was a key figure in the early work on planetary protection (Scharf, 2016). He first began to give it his attention in 1957 (Lederberg, 1959). He put it like this:

"If Martian microorganisms ever make it here, will they be totally mystified and defeated by terrestrial metabolism, perhaps even before they challenge immune defenses? Or will they have a field day in light of our own total naivete in dealing with their “aggressins”? (Lederberg, 1999a)

“Whether a microorganism from Mars exists and could attack us is more conjectural. If so, it might be a zoonosis to beat all others. On the one hand, how could microbes from Mars be pathogenic for hosts on Earth when so many subtle adaptations are needed for any new organisms to come into a host and cause disease? On the other hand, microorganisms make little besides proteins and carbohydrates, and the human or other mammalian immune systems typically respond to peptides or carbohydrates produced by invading pathogens. Thus, although the hypothetical parasite from Mars is not adapted to live in a host from Earth, our immune systems are not equipped to cope with totally alien parasites: a conceptual impasse." (Lederberg, 1999b)

Joshua Lederberg is saying that our immune system and defenses are keyed to various chemicals produced by Earth life. such as peptides and carbohydrates. It's possible that Mars life doesn’t use those chemicals.

In the best case (for us), the martian microbes are unable to make anything of terrestrial biochemistry and give up “totally mystified and defeated by terrestrial metabolism”.

However, in the worst case, it’s the other way around. Microbes from Mars could munch their way through Earth life. This time, it’s our defense systems that are mystified. The microbes don’t resemble Earth life and so our defenses wouldn't be able to recognize it as life that’s attacking us, never mind do anything about it. 

In this case, the microbes have a “field day in light of our own total naivete in dealing with their “aggressins”.

Here is how John Rummel former NASA planetary protection officer expressed it when interviewed for NASA Astrobiology Magazine:

"After living in the dirt of Mars, a pathogen could see our bodies  as a comparable host: they could treat us 'like dirt'. But to quote Donald Rumsfeld, we're dealing with unknown unknowns. It could be that even if the microbes lived inside us, they wouldn't do anything, it would just be this lump living inside you." (Mullen, 2003)

The physicist Claudius Gros looks at a clash of interpenetrating biospheres in his paper on a "Genesis project" to develop ecospheres on transiently habitable planets. However the same considerations could apply in the backwards direction from Mars to Earth. He assumes that biological defense mechanisms evolve only when the threat is actually present and not just a theoretical possibility. He uses the same argument as Joshua Lederberg that the key to functioning of the immune system of multicelullar organisms, plants or animals,  is recognition of “non-self”. He puts it like this (Gros, 2016):

“How likely is it then, that ‘non-self’ recognition will work also for alien microbes?"

"Here we presume, that general evolutionary principles hold. Namely, that biological defense mechanisms evolve only when the threat is actually present and not just a theoretical possibility. Under this assumption the outlook for two clashing complex biospheres becomes quite dire."

"In the best case scenario the microbes of one of the biospheres will eat at first through the higher multicellular organisms of the other biosphere. Primitive multicellular organisms may however survive the onslaught through a strategy involving rapid reproduction and adaption. The overall extinction rates could then be kept, together with the respective recovery times, 1–10 Ma, to levels comparable to that of terrestrial mass extinction events."

"In the worst case scenario more or less all multicellular organism of the planet targeted for human settlement would be eradicated. The host planet would then be reduced to a microbial slush in a pre-cambrian state, with considerably prolonged recovery times. The leftovers of the terrestrial and the indigenous biospheres may coexist in the end in terms of ‘shadow biospheres’ "

Based on Joseph Lederberg’s insights, this may be a possibility in the backwards direction from Mars to Earth too. It’s the microbes that turn the other biosphere to slush in his scenario,  not the higher lifeforms.

We will look later at the question of whether it’s possible to estimate the chance of such an extreme outcome from an unsterilized sample return, suggesting a Drake equation approach may help clarify ideas. However, as with the Drake equation for estimating the prevalence of extraterrestrial civilizations - with no previous experience of biosphere collisions, there isn’t much for astrobiologists to go on. 

In the worst case, this would still not be complete extinction of Earth life. Some Earth life might have resistance to it, or be able to evolve to resist it quickly. Other Earth life may live in conditions that the martian life can’t tolerate, if its biochemistry is so different. 

Also, our biosphere has us, as a thinking component with technology. Once the alien life is well understood, and we know how to keep it out, humans could survive in enclosed habitats on Earth and go outside also in suits that keep the alien life out.  The habitats could have self contained biospheres based on plants grown for food, and oxygen, which in turn take up carbon dioxide and water from humans, similarly to the Russian BIOS-3 experiments (Salisbury et al, 1997).

We might not have had much of a chance of survival as a species if this had happened in the Apollo era. But with the technology we have today, it seems survivable. 

Eventually, Earth’s land area could be covered in habitats, and areas of its seas by sea steadings, reclaiming it for Earth life, in a process similar to “paraterraforming”. With more efficient, self sustainable agriculture along the lines suggested for space habitats, such an Earth could support a population up to two orders of magnitude larger than it has today. 

In the long term on this scenario, the alien biochemistry would hardly matter, at least for long term human survival and quality of life. However, this worst case scenario would begin with a new mass extinction as great as any we have had in Earth’s history, and in the worst case complete extinction of multicellular life outside of the habitats. In the near term, this would lead to temporary widespread hardship, and severe degradation of the environment of Earth for humans. 
[bookmark: _2966h1f33fvn]The need for a vigorous in situ astrobiological search

It’s generally agreed by astrobiologists that a survey can’t be done with a sample return mission alone. At our current stage of understanding of Mars a sample returned without prior in situ detection of clear biosignatures is regarded as more of a technology demo than an approach that can answer central questions in the field (Paige, 2000), (Bada et al, 2009), (Davila et al, 2010) (Schulze-Makuch, 2015) (Schulze-Makuch et al, 2015).

Detection of organics in situ would not be sufficient. According to calculations, Mars should have 60 ppm of organics from organics deposited into the regolith by interplanetary dust, meteorites or comets. That figure is obtained by averaging the infall over its entire surface to a depth of a hundred meters. This does not include any indigenous organics produced by life or abiotic processes.

Surface processes would degrade some of it, but much of it may still be present. The martian meteorites have levels of organics roughly consistent with that estimate, and come from a few meters below the surface of Mars. This is below the influence of surface chemistry and the worst of the ionization effects (Goetz et al, 2016).  

Some of these organics from meteorites may mimic biosignatures. The primordial chondrite meteorite GRA95229 collected in Antarctica had chiral excesses ranging from +31.6‰ for a-AIB to +50.5‰ for isovaline, while another meteorite EET92042 had excesses from +31.8‰ for glycine to +49.9‰ for L-alanine. It's thought that these excesses are extraterrestrial and not due to contamination by Earth life (Martins et al, 2007). A recent study of sugars in the Murchison meteorite, along with others, found excesses of up to 55% for threonic acid, a four carbon sugar acid
. One of the 5 carbon sugar acids had an even more dramatic excess of up to 82%. These excesses affected biologically rare sugar acids, which the researchers see as evidence that these excesses are not due to contamination from Earth life (Cooper et al, 2016). Early life on Mars could also predate homochirality (Brazil, 2015). In addition non biological processes can produce biochemicals including RNA (Trinks et al, 2005).
 
The Tissint martian meteorite has organics with a carbon 13 depletion signature, another candidate biosignature, which is not considered to be proof of a biological origin in that case (Lin et al, 2014).

NASA’s sample caching rover Mars 2020 would detect all these meteorites as high priority samples to return to Earth.  Such samples would be as ambiguous for astrobiology as the martian meteorites we have already (Bada et al, 2009).

A vigorous in situ astrobiological exploration would involve sample returns for more detailed astrobiological investigation, but only after clear signs of life have already been discovered in situ. Our modern understanding of Mars is complex and varied. Sub-meter resolution imaging from orbit as well as in situ investigations by our landers and rovers have turned up many surprises, some of astrobiological significance.  A preliminary astrobiological survey would require searches of many features in large areas around a dozen or more landing sites. Astrobiologists also stress that such a rover has to have the capability to drill to some depth.

Although the current sample return program has been motivated as part of the search for life, its primary function seems to be geochemical. For reasons of cost, the sample return tubes for Mars 2020 will not be sterilized completely. For any organics in the sample, then as with the martian meteorites, there would remain the issue of disentangling native organics from contamination by Earth based organics. They also permit a small probability of a viable microbe remaining in one of the tubes. 

This means that if we were to detect a viable spore or dormant microbe in one of the samples, and it resembed one of the 0.0001% of microbial species already sequenced we might deduce it was contamination. It would be hard to prove it to be native life if it resembles Earth biochemistry and isn’t in our genetic databases. The chance of this is remote perhaps, but not impossible if microbial spores on Mars are as pervasive as the ambiguous Viking experiments suggested.

Although Mars 2020 won’t be able to detect life in situ, it is still possible that the sample return might return life.The remote chance for this is the reason that so many precautions would be needed. But because it is not sterilized, even in that case we would be quite likely to be unable to prove conclusively that it is martian life rather than contamination from Earth, at least, not if it is a distant cousin or closely resembles Earth life in its biochemistry.

[bookmark: _hrco5sitxk5w]List of astrobiological instruments for in situ searches

There are many instruments we can send to Mars to search for life in situ. They would search for many biologically relevant molecules, using microfluidic supercritical water extraction, so sensitive they could detect a single amino acid in a one gram sample (Schirber, 2013) (Noell et al, 2016). They would also use polyclonal antibodies to search for the organics of life (Parro et al, 2011).

They would also add the samples to culture media and look for evidence of metabolic processes, and check for chiral preferences by detection of carbon 14 in emitted methane or carbon dioxide (Anbar et al, 2012). They can also detect redox reactions directly by measuring the electrons and protons they liberate. This is sensitive to small numbers of microbes and has the advantage it could detect life even if not based on carbon or any form of conventional chemistry we know of (Abrevaya et al, 2010). Both these techniques do not require the life to reproduce, only metabolize. They can be used for slowly metabolizing life with generation times of months or years, as is likely in conditions such as those common on Mars.

They would use specialist imaging including fluorescence imaging (Hand et al, 2017), 

They could use microscopic imaging of autofluorescence as well as search microscopically for mobility of the microscopes themselves. The smallest microbes are too small to swim because they get jostled about too much by brownian motion. But microbes can swim if they are larger than 0.6 microns, and we often see microbes larger than 0.8 microns swimming on Earth. That’s far larger than the limit of optical resolution of 0.2 microns. Also, they are often mobile even in very cold dry conditions on Earth. For a typical CCD camera used for microbial imaging, and typical microbe concentration of Earth seas, of 100,000 to a million microbes per millilitre, then you would get an average of much less than one cell per image. So, it would help if you have some way to concentrate the population of microbes (Nadeau et al, 2016). Another approach is to use an off-axis holographic microscope, which lets you choose the focal plane after the image is captured. Lindensmith et al were able to use such an instrument to detect active prokaryotes at 800 nm resolution through their mobility in sea ice imaging samples from near Nuuk in Greenland (Lindensmith et al, 2016).

Raman spectroscopy, such as will be used with  Mars 2020 and ExoMars can help with non destructive detection of organics. However, it comes with a drawback especially for the search of past life. The best chance of finding biosignatures of past life is in organics that are mixed into clay and other minerals altered by water on Mars, because they get incorporated into the minerals in a way that protects them from deterioration, However experiments show that this can make it hard for Raman Spectroscopy to disentangle the organic from the mineral it's embedded in (Hamilton, 2016).

They could use Raman microspectroscopy which synchronizes Raman with an optical microscope and uses laser light focused in the same optical plane as the microscope (Hand et al, 2017). ,

One possibility is the discovery of early cells, smaller than the optical resolution limit. This makes techniques of superresolution optical microscopy of special interest, a field of active and rapid development (Perkel 2016). They could use near-field optical microscopy (Board, 2007 page 72), and superresolution optical microscopy (Hand et al, 2017).

They could also use a miniature variable pressure electron microscope capable of in situ chemical analysis as well as imaging (Gaskin et al, 2012). 

With SETG then the instrument suite can also include an end to end gene sequencer (Mojarro et al, 2016).

Some of those approaches, for instance direct optical observation of motile microbes, would give reasonably conclusive detection of life. 

However, it’s generally agreed that ideally an astrobiological in situ life detection suite should have several simultaneous methods of searching for life, as for Viking. These modern candidate instruments to send to Mars are small in size, and low mass, indeed many are “labs on a chip”.  They also have low power requirements, and an entire suite including several such instruments would mass a few kilograms. 

[bookmark: _1lfx20kibic2]Well beyond the capabilities of currently planned rovers  - preparation for humans on Mars prioritized over astrobiology

All this is well beyond the capabilities of Mars 2020, which doesn’t have any dedicated in situ astrobiological instruments. It would have been easy to add such a capability.

They prioritize preparing for an eventual human landing over in situ searches for life. Mars 2020 will carry MOXIE to test in situ oxygen production for a human mission on the Mars surface. It has a payload mass 15 kg (Hartvigsen et al, 2017), enough for 3 - 6 astrobiology life detector instruments, and does nothing except generate oxygen which is then vented into the Mars atmosphere. The Mars 2020 rover doesn't need oxygen. And MOXIE doesn't need to move.

This search also has to involve drilling or digging. This might only need to be to a depth of a few centimeters for most of the habitats for active present day near surface life. For dormant but still viable life, we need to drill to a meter or so. For past life we need to drill to several meters with robotic self hammering moles such as the one used for the heat flow probe on the Insight lander (able to penetrate five meters). This is the only way to reach layers of clay, salts, ice and other deposits deep enough to preserve the signature of ancient life, unless we are lucky enough to find the samples we are interested in recently excavated naturally by a meteorite impact or wind erosion. Any ancient biosignatures in shallower layers would be erased by the constant flux of penetrating cosmic radiation. 

Such signals are also likely to be hard to spot, especially if Mars never developed photosynthetic life, with the expected strong signal from abiotic organics, and the difficulty of preserving ancient life in the super oxygenated surface conditions and the ionizing radiation .(Westall et al, 2013) (Westall et al, 2015).

To do this we need to resume in situ astrobiological explorations, paused for a quarter of a century. The two Viking missions remain our first and only dedicated astrobiological missions to date. They gave ambiguous results because of the unexpectedly reactive superoxygenated soil chemistry. These have not been resolved to this day. The debate was reopened with Joseph Miller’s discovery of rhythms in the data resembling circadian rhythms, offset from temperature fluctuations by a hard to explain 2 hours (Miller et al, 2002). Researchers soon devised follow up experiments that we can send to resolve this. The reason the results are still ambiguous to this day is because these experiments have never been sent to Mars.

We can expect some of the astrobiological missions to yield initially ambiguous results as for Viking, since after all, it is our first ever astrobiological search anywhere. We can’t expect to get everything right at the first try. Scientific experiments often lead to ambiguous leads that need to be clarified. But with a vigorous program of exploration this should not be a problem.

The Europa Lander report set the requirement (Hand et al, 2017). ,

· "Life-detection experiments should provide valuable information regardless of the biology results" 

We need to get away from this approach if we are going to have really serious in situ searches in our solar system. Many of the astrobiological instruments mentioned in this section could not be sent with that requirement, or if they had some abiotic value, would not rank high if judged according to their benefit for geochemical studies.

We should treat uninhabited habitats as an interesting potential discovery in their own right (Cockell, 2014). Rocks from volcanoes, soon after they cool down, are inhabitable but uninhabited. Some regions of our harshest deserts don't have life, for instance gypsum pillars in the very driest areas of the Atacama desert, but that's because they are too dry for any Earth life. Just possibly Don Juan lake in Antarctica is uninhabited too - it has microbes but they probably don't grow there, but if so, it's because it is too salty for Earth life.

If we only search for life once we know it is there, how can we expect to find life, unless it is an easily recognizable biofossil or macroscopic lifeform? A null result is of scientific value and can help focus the search  (Kite et al, 2018). In addition a potential habitat with no life in it is also of scientific interest in itself

If we do discover a potential habitat in space, one which on Earth would be colonized by microbes, and get a null result from the life detection experiments, this might suggest an uninhabited habitat in space. This should be treated as a major discovery in its own right. It would be the first discovery in our solar system of what may be a common situation in our galaxy.

Places that are outside the normal range for Earth life are of astrobiological interest too, because we don't know of the limits for non Earth life. Is there life on Mars that can live in such habitats though Earth life can't? The answer to that is also interesting both ways, whether we find it, or don't. If Earth life hasn’t adapted to those conditions, maybe Mars life has?

So let's send our astrobiological experiments to these places, designed to look for life, or to rule it out, and let's not add any requirement that they also produce valuable geological information. And let's see if there is life there - either way. And if there isn't life in what seem to be habitable brines - especially if it also has organics - well study it with our astrobiological and non astrobiological instruments, look for prebiotic chemistry, and try to find out more!

Discovery of an uninhabited habitat can help us learn about abiotic and prebiotic chemistry on other planets and it would then be a scientifically significant part of these observations to show that the chemistry found in the sample is not due to life 
[bookmark: _gmbjr0z1k5vy]Top candidate sites for an astrobiological investigation of Mars
Before astrobiologists can be expected to give a reasonable assessment of the planetary protection status of Mars they would need to do at least a preliminary survey of the present day life there as well as past life. As we’ll see later, this survey could go quickly if this survey was given a fraction of the resources expected for a human mission to Mars. But we need to be clear about how complex and involved such a survey would be. 

It is a big ask for astrobiologists, to require them to assess the planetary protection status of such a complex planet. The aim of this and the next section is not to be comprehensive, but rather, to give an idea of the diversity of approaches needed to make a first sketchy astrobiological survey of Mars, to help inform decisions for future planetary protection strategies. 

There are many places to search for life in the complex landscape of Mars. These include the Recurring Slope Lineae on the walls of Valles Marineris and at higher latitudes which occur on steep slopes (McEwen, 2011)(Olga et al, 2015) (Edwards et al, 2016) (Dundas et al, 2017) (Stillman et al, 2017). One way to explore steep slopes on Mars is to use cliff-bots - one rover goes to the head of the slope and then rapels on a cable tethered to either one or two rovers that remain at the top of the cliff (Abad-Manterola et al, 2009) (Kerber et al, 2016) (Paulsen et al, 2005) (Stroupe et al 2007).

Then there’s the Hellas basin which has the highest atmospheric pressure on Mars, where at times, conditions of pressure and temperature are sometimes above the triple point for water, so that liquid water is briefly stable on the surface though close to boiling point. It may be an optimal place to look for life that  might rely on 100% night time humidity for water, or that relies on melting of the morning frosts. In all, 29% of the surface of Mars is at least occasionally above the triple point for water and fresh water could form there briefly if there were conditions that lead to it ice forming and then warming. Hellas basin is most favourable with conditions for liquid water for 60 sols of the year. Next most favourable is the Amazonis region where those favourable conditions are encountered for 27 sols of the year (Haberle et al, 2001)

Then Richardson’ crater in the southern polar regions to examine the dry ice geysers - and especially the flow-like features that spread down slopes from the debris of the geysers at meters a day in late spring, and generally to look for dust and meteorites in the polar ice caps to see if there is any water around them, as happens in similar conditions in Antarctica below clear ice. (Möhlmann , 2010c). (Losiak et al, 2011)  (Martínez et al, 2013)

Then there are the ice / salt plains of the ancient northern ocean bed where the Phoenix lander landed. These are an ideal place to search for the droplets that form when salt overlays ice as in the experiment by Nilton Renno’s team.  (Fischer et al, 2014)

We also need to search for life in the ice and salt below the surface, kept dormant since Mars was more habitable last time its atmosphere thickened temporarily as it does every few million years due to variations in its orbital eccentricity and axial tilt, and the northern planes are a suitable site to drill deep to search for dormant life in the ice as for Chris McKay’s Icebreaker Life mission (McKay et al, 2013).

We can search for caves, which would be of many different types on Mars, as varied as on Earth and some formed by processes unique to Mars involving dry ice, or rare on Earth involving sulfuric acid. Most of them won’t be easy to spot from orbit.

Penelope Boston lists some of the types of cave possible on Mars (Boston, 2010)

1. Solutional caves (e.g. on Earth, caves in limestone and other materials that can be dissolved, either through acid, or water). The abundance of sulfur on Mars may make sulfuric acid caves more common than they are on Mars.
2. Melt caves (e.g. lava tubes and glacier caves)
3. Fracture caves (e.g. due to faulting)
4. Erosional caves (e.g. wind scoured caves, and coastal caves eroded by the seas on ancient Mars)
5. Suffosional caves - a rare type of cave on the Earth, where fine particles are moved by water, leaving the larger particles behind - so the rock does not dissolve, just the fine particles are removed.
6. Sublimational caves caused by dry ice and ordinary ice subliming directly into the atmosphere (a process that doesn’t occur on Earth).
[bookmark: _wa4ehrkpnubc]Candidate sites for past life

Understanding the past history of Mars will also help with planetary protection assessment by uncovering details of the evolutionary history behind any present day life. It can also be done at an earlier stage when rovers are not yet sufficiently sterilized to approach the special regions, but are sufficiently sterilized to explore regions with no local habitats for Earth life.

There are as many places to explore for past life. They include the ancient hydrothermal vents of the Volcanic cone in Nili Patera Caldera. which must originally have been warm and wet in the Noachian period (Fawdon et al, 2015) (Skok et al, 2010), Nili Fossae which has evidence of multiple hydrothermal episodes in the early Noachian (Ehlman et al, 2009), and the fossil hydrothermal vent turned up by the Spirit rover at Home Plate in Gusev crater,  as well as the carbonates and hydrated silicates on the peak of Leighton crater excavated from 6 km below the surface suggesting it was a Noachian period hydrothermal vent habitat (Michalski et al, 2010a)

The Melas Chasma in Valles Marineres, of interest as a unique section through the upper few kilometers of the crust of Mars (Flahaut et al, 2012).

Elysium Planitia is interesting as a deep area of what may be a frozen sea, ancient ice trapped below surface layers, and unusually, still present in the equatorial region of Mars (Murray et al, 2005)

The Noachian period Eberswalde delta, rich in clays and a great place to find preserved organics from the original river that flowed into the sea, and a candidate site for Curiosity (Pondrelli et al, 2008).

 The nearby Holden Crater below was another candidate for Curiosity as well as for Mars 2020, because it also has many features suggesting liquid water in the past, and because of its mineral diversity. With faster rovers maybe we can visit both.

Marwth Vallis, the third site proposed for Curiosity, in the search for ancient life on Mars, an area of Mars with layered clay deposits, also happens to be close to an easy place to land, which could preserve ancient organics and micro-organisms could be preserved within those clays which preserve organics well on Earth (other good places to look for them are in the salt flats). It's on the boundary between the Southern highlands and the northern lowlands, where the land slopes steeply. It has layered cliffs which contain clay, one of the best materials for preserving ancient organics. There are many sites on Mars with clay deposits, but the interesting thing about these is that they are in clear stratified layers as beloved by geologists trying to work out sequences of geological events (Michalski et al, 2010b).

Recent craters would remove the surface dust, excavate materials from below the surface, and expose the subsurface, make it easier for our rovers to examine them in pristine condition (Lucchetti et al, 2104)
 
The Mars ice caps have layered deposits which surely have trapped bubbles preserving fluctuations in the Mars atmosphere composition. In 1976-8, a group of scientists in Purdue developed an idea for an ice core sample return from the Martian south polar ice cap. The idea was to send a core driller to Mars to dig a 50 meter core and then return this to Earth (Staehle et al, 2013). More recently, a team at Cornell university is working ona Martian Cryobot to explore the layers of the Martian ice caps by a team at Cornell university (Aharonson)

The most interesting area perhaps is the area around the polar ice cap, the Dorsa Augusta, of late Noachian, early Hesperian period. These ridges are interpreted as eskers in the Dorsa Argentae region - places where water flowed under the ice in the late Noachian period (Fastook et al, 2012)

Recent volcanism formed several lakes 210 million years ago on one of the flanks of Arsia Mons. That's relatively recent in geological terms, so recent that there seems no reason why it couldn't happen again today. It probably formed two lakes with around 40 cubic kilometers of water each, and a third one of 20 cubic kilometers of water. They probably stayed liquid for hundreds, or even thousands of years (Scanlon et al, 2014) 

Much of this can be done remotely from Earth initially. NASA planned dedicated satellite om 2022 with optical broadband communication with Earth, and 30 °Cm resolution imaging of Mars. It was planned to have a bandwidth of 800 gigabits a day, enough to return more than all the 500 gigabits of data from the Pluto New Horizons mission in a single day (Reichhardt, 2016).  However they have canceled this in order to focus their funding on the Mars sample return mission (Smith, 2016). 

We need high bandwidth communications to return high resolution images from Mars from the surface and from orbit. It would also greatly speed up the science done on Mars. At present the light speed delay is not the bottleneck, it’s the bandwidth. They typically communicate once a day. Our rovers could be on distant Sedna, and we would hardly notice any difference due to the extra light speed delay of 12 hours.

Once we have high bandwidth, the next bottleneck is the latency and for this humans in orbit around Mars could  increase the pace of discovery again. In this way we can aim for several orders of magnitude increases in the pace of exploration and discovery from Mars.
[bookmark: _9upjgn8yxf3a]Is transfer of life possible from Mars to Earth?

Most of the papers on transfer of life between the planets Earth and Mars focus on the direction from Mars to Earth. That is the easiest direction for transfer of life, especially in the early solar system when Mars had seas. At 5 km/sec, its escape velocity is less than half that of Earth’s. This leads to a lower shock of ejection, for materials originating in a zone a few meters below ground level on Mars. 

One example organism used in these studies is the polyextremophile Chroococcidiopsis. It is one of our top candidates for photosynthetic life that might be able to survive on Mars today, as a primary producer, requiring little more than sunlight, trace elements, nitrogen and water, and able to use high humidity in the atmosphere as a source of water, also UV resistant and able to survive partial shade conditions on the Martian surface, or protected by a thin layer of dust. 

Although Chroococcidiopsis is  classified as a single species, it reproduces asexually (and can also share gene fragments even with completely unrelated life forms via gene transfer) and there are many varieties of it. For instance desert varieties have especially high resistance to UV light, and lose some of that resistance when brought into the laboratory.

However, as far as is known, chroococcidiopsis doesn’t have the capability to form hardy spores or dormant resting states to resist the shock of ejection from Earth. It has to survive any transfer between planets as an ordinary cell.

Typically ejection from Mars imparts a shock of 5 - 55 GPa, based on analysis of the Mars meteorites (Nicholson, 2009).  Chroococcidiopsis can survive up to 10 GPa. The microbe Bacillus subtilis and the lichen Xanthoria elegans survived up to 45 GPa (Stöffler et al, 2007)

The more highly shocked meteorites had the shortest transit times, as predicted by modeling, since the most shocked also have the highest residual velocities, and so can reach Earth sooner.

ALH84001 was heated by 100 C,  to a temperature less than 40 °C (because it retained magnetism that would be destroyed at that temperature), and a shock of 32 GPa (Fritz et al,  page 1402). 

The two least shocked martian meteorites were Lafayette and Y-000593 with shock of 5-14 Gpa. Both had ejection ages (time spent in transit) of 12 million years. The shortest ejection age is for EET 79001 with an ejection shock of around 36 GPa and a temperature increase of around 560 C (560 ± 120) (Fritz et al, table 1 page 1401)

If Chroococcidiopsis can get onto a meteorite and survive the shock of ejection, Chroococcidiopsis can withstand many of the stresses of panspermia. It can survive the low temperatures and vacuum of space and the UV radiation at least for 1.5 years, and probably much longer, tested in experiments flown on the exterior of the ISS (de La Torre, 2010). Also, it can be protected from UV radiation by a thin layer of a few mm of rock.

The main challenge for photosynthetic life is that it has to survive the fireball of entry into Earth’s atmosphere. (Cockell, 2008)

This happens at a minimum re-entry speed of over 11 kilometers per second. Typically 10% - 20% of the radius of a hand sized rock ablates away. The rock also has to be larger than 20 centimeters in diameter to avoid heating up to 100°C all the way through to the center (which would sterilize it of photosynthetic life). Since photosynthetic microbes normally grow at most a few millimeters below the surface of a rock, it's clear already that it's going to be tricky for it to survive entry into our atmosphere.

Cockell did an experiment in which he inculcated some Chroococcidiopsis into an artificial gneiss rock, at a depth where it could be expected to grow naturally. He fixed the rock into a heat shield of a re-entry capsule launched by a Soyuz rocket. None of the microbes survived re-entry, nor did any of their biomolecules (Cockell, 2008).

The interior of a rock can be better protected. The interior of ALH84001 never got hotter than 40°C during entry into our atmosphere (Weiss et al, 2000). But how does the photosynthetic life get deep into a martian rock? It can flourish in cracks, if light filters in through them - but that also would give cracks that channel hot gases into the interior of the rock during re-entry.

Another factor is cosmic radiation. This sterilizes the surface of a meteorite to a depth of 2 cm within 100,000 years by breaking up the nucleic acids . That's below the maximum depth you'd expect to find photosynthetic life in normal circumstances, even in fine cracks. 

It follows that nearly all the rocks that get to Earth from Mars will be sterile of photosynthetic life by the time they get there, even not taking account of the ablation of the surface of the meteorite.

It is theoretically possible for some rocks to get to Earth as soon as ten years after ejection from Mars. But most take between a hundred thousand and ten million years to get there. Assuming a maximum ejection velocity of 6 km / sec, then in a simulation with 2100 particles, incorporating the gravitational effects of all the planets from Venus through to Neptune, most took over 100,000 years in transit.  The fastest transfer in the simulation was 16,000 years (Gladman et al, 1996).

Charles Cockell's concludes that it might not be impossible for photosyntehtic life to get to Earth from Mars, but it would need a rather extraordinary combination of events (Cockell, 2008):

"Thus, the planetary exchange of photosynthesis might not be impossible, but quite specific physical situations and/or evolutionary innovations are required to create conditions where a photosynthetic organism happens to be buried deep within a rock during ejection to survive atmospheric transit."

His final conclusion is that photosynthetic life has the potential to make dramatic changes to a planet, but that this transfer of photosynthetic life is less likely than for heterotrophs (which use organic carbon) or chemotrophs (which use chemical reactions as a source of energy and synthesize all their organics from carbon dioxide, living in places such as hydrothermal vents).

Could there be other forms of photosynthetic life on Mars that could survive the shock of ejection more easily than chroococcidiopsis? 
In one paper, samples of a marine photosynthetic algae nannochloropsis oculata frozen in ice were able to survive 6.93 km / sec impacts into water with approximate shock pressure of 40 GPa (Pasini, 2014). 

However this only solves some of the issues. The life would still be ablated by the fireball of re-entry as well as most of it sterilized by the ionizing radiation of the transfer.

Perhaps transfer of photosynthetic life would be easier in early Mars with porous rocks on a sea or lake bed that could be infused with shock resistant photosynthetic marine life through ocean and lake currents, and then transferred to Earth before they die? [ANY CITES FOR THIS?]

[NEED TO ADD MATERIAL FROM Can life get into the ejecta from an asteroid impact on Mars - the meteorites we have from Mars come from at least 2 meters below the surface in the southern uplands (air thinner and the glancing impacts that can send material to Earth send material from deep below the surface). This is one of the least likely locations for present day life on Mars]
[bookmark: _w18lxh14foya]Has life from Mars caused mass extinctions on Earth in the past? Was the Great Oxygenation Event such an extinction?
It’s possible that there has been life transferred from Mars to Earth. This does not mean that it is safe to return material from Mars. 

The best time for transfer was in the early solar system, and transfer in recent times is unlikely since the martian meteorites come from what may be a largely lifeless zone on modern Mars a few meters below the surface (from both impact modeling and study of the meteorites themselves). 

The Great Oxygenation event could potentially be caused by a martian microbe. Chroococcidiopsis is an ancient microbe that may be one of the ones that caused the oxygenation of our atmosphere. One suggestion to explain the ionizing radiation resistance of Chroococcidiopsis is that it originated on Mars (Pavlov et al, 2006).

Whether it caused mass extinction of microbial life is a matter of debate because microbes are far more numerous than animals, can evolve quickly and share genes via lateral transfer, and many anaerobic habitats survived. They may have instead retreated to anaerobic habitats as obligate anaerobes, which we still have today (Lane, 2015). It might have forced rapid evolution rather than extinction.

There is evidence for exceptionally large sulfur reducing bacteria from this time, 20 to 265 microns in size. They also occasionally occur in short chains of cells. This may be part of a diverse ecosystem that predated the GOE (Czaja et al, 2016).

Could this anaerobic ecosystem have included multicellular life? The metabolic rate required by an organism depends on its size with larger ones requiring a higher metabolic rate in a comex relationship (super linear power law for prokaryotes, linear for protists, sublinear for metazoans)  (DeLong et al, 2010). There are small 1mm scale anaerobic metazoans that use the less efficient hydrogenozomes which don’t require oxygen and produce hydrogen as a waste product  (Danovaro et al, 2010).  These however seem to have evolved from mitochondria, through multiple times through convergent evolution  (Yarlett et al, 2005).

A genetic analysis of modern cyanobacteria suggests that the majority of species evolved from multicellular ancestors and this may push the origin of primitive multicellularity in cyanobacteria back as far as the great oxygenation event (Schirrmeister, 2011). Fossil multicellular life in strands decimeters long has been found dating back to at least 1,560 million years ago (Zhu, 2016)

However so far none of this points to the existence of multicellular life predating the GOE. So, there is nothing yet to suggest it could have caused extinction of multicellular life, but it does seem not impossible that it had major impacts on a diverse ecosystem including large complex sulfur reducing anerobic microbes over a quarter of a millimeter in diameter.

Whether or not the GOE was a mass extinction, and whether or not it was caused by martian microbes, there are many confirmed later mass extinctions in the fossil record. In many cases the cause is not known or debated, and the possibility can’t be ruled out that some were caused by life that got here from Mars.

The National Research Council looked into this question in their "Assessment of Planetary Protection Requirements for a Mars Sample Return". They don't go into their reasoning in any detail, but they say that they were unable to rule out the possibility that life from Mars could have caused mass extinctions on Earth in the past (Board et al, 2009, page 48).
[bookmark: _gpwpvsqp1i19]Transfer of life is hard in the direction from Earth to Mars - and especially so for photosynthetic life (MID EDIT)

(WORK IN PROGRESS)

Though life on Mars is likely to be able tolerate oxygen in surface habitats, introducing photosynthetic life that competes with native photosynthetic life based on different principles could be a major change. It’s also possible that native martian life never developed photosynthesis, since it may not have had liquid water for extended periods of time and its oceans may have been frequently covered in ice  (Westall et al, 2013)..

So, could photosynthetic life be identical on Earth and Mars? Or indeed, could any photosynthetic life have got from Earth to Mars already?

To take an example, the polyextremophile Chroococcidiopsis is potentially adapted to survive over much of the Mars surface using just the night time humidity according to the DLR experiments. If so, it could, potentially, have a huge effect on Mars if it is not there already. 

The shock would probably be greater for an ejection able to send photosynthetic life from Earth to Mars.

So, would chroococcidiopsis get there on meteorites? Is it already there perhaps? Or might it perhaps have come to Earth from Mars? Or must any photosynthetic life on Mars be native to the planet?

The UK astrobiologist Charles Cockell looked at the possibility of transpermia for both single celled and multicellular photosynthetic life (such as lichens)  (Cockell, 2008)

He found out that it is possible, but difficult and rather unlikely, except perhaps in the early solar system.

into the interior of the rock. Cracks like that would also be places where the rocks are quite likely to break apart during ejection from Mars or re-entry to Earth.

Also, chroococcidiopsis is rather susceptible to shock of ejection from Mars. It's killed at only 10 GPa (Nicholson, 2009). Typically ejection from Mars requires 5 - 55 GPa, based on analysis of the Mars meteorites . So that suggests that it can just survive ejection from Mars at the lower end of impact shock levels. Lichens manage somewhat better here. But that's not much use if they can't survive entry into the Earth's atmosphere when they get here.

In the other direction, from Earth to Mars, with escape velocity 11.2 km / sec, so more than twice the escape velocity of Mars of 5.02 km / sec, the higher shock levels would make it very hard for Chroococcidiopsis to survive ejection.

The speed of the ejecta never exceeds half the impact velocity. So, for any ejecta to escape Earth the impact velocity has to be over 22 km / sec. About half of asteroid impacts and most comet impacts exceed this (Gladman et al, 2005, page 8). 

You can work out scenarios by which photosynthetic life could get from Earth to Mars. For instance, make the original impact into an ocean, and then the photosynthetic life gets forced into rock as a result of the impact and that rock, now impregnated with photosynthetic life to some depth, now gets ejected into space.

Lichens and some photosynthetic algae are more resistant to the shock than Chroococcidiopsis.

Also, what is the minimum shock of ejection for the larger impacts needed for the Earth to Mars direction, for a really huge impact like the Chicxulub one? When the Martian meteorites were discovered, researchers were surprised to find that they were so lightly shocked. But this is something that is now well understood, first explained in 1984. The low levels of shock arises from interaction between the shock wave moving away from the forming crater and a reflected shock wave moving backwards. The shock moving back is 180 degrees out of phase so the two shock waves cancel, creating a lightly shocked "spall" zone where the two interact.

The spall zone depth is proportional to the radius of the impactor, so a large impactor would have a thicker spall zone (summarized in section 2 of this paper, original paper here). 

Some of the ejecta would survive shock of less than 1 GPa according to (Mileikowsky et al, 2000) 

mi
https://arxiv.org/ftp/arxiv/papers/1311/1311.2558.pdf

79 particles from Earth to Mars, shortest time for transfer 112,689 years. 
1,048 from Mars to Earth, shortest time for transfer 281,754 years (Worth et al, 2013)

If Mars never developed photosynthesis, and never evolved it, then any photosynthetic life introduced on our spacecraft could potentially have a major impact. It could make some species of native Mars life extinct (if they exist) by competing with it for resources or shading it, or by creating chemical byproducts that make the habitats inhospitable to other lifeforms already there. Of course it could also serve as food for the right kinds of organisms there. Either way, it would be a major change in the microbial ecology and the ecology of micro habitats of Mars. If it was was able to survive on the surface just using night time humidity, as in the DLR experiments, and spread over large areas of Mars, perhaps it could also reduce the carbon dioxide levels in the atmosphere slightly too, cooling down the planet more than it is already. 

Or if not now, it could have that effect in the future when Mars' climate warms up as it does from time to time in chaotic fashion. It could also act to counteract attempts to warm up the planet by artificial means if we ever attempted that, by removing more carbon dioxide from the planet, reducing its greenhouse effect, as the planet gets warmer. 

You might be interested in my speculations in the section Could oxygen generating photosynthetic life set up an "anti Gaia" feedback on Mars? below.

Photosynthetic life flourished on Earth at just the right time to cool it down as the sun got hotter, but Mars doesn't need cooling down at present. One way or another, it might not be the most brilliant of ideas to introduce photosynthetic life to Mars, if it doesn't have it yet, until we have a clear idea of what the effect may be.

What about other microbes?

Most of the papers that study this topic focus on viable life transferred from Mars to Earth. They are generally agreed that this is theoretically possible, though we can't yet prove that it has ever happened. But what about the other direction from Earth to Mars. That direction is central to Zubrin's meteorite argument. This direction is rarely studied, and we get much more cautious statements in the literature in the papers that do mention it.

The big problem with transfer of life from Earth to Mars is the shock of ejection because the material has to leave Earth's surface at very high velocities - not just escape velocity. It has to leave the surface at such a speed that it is still traveling with the escape velocity of 11.2 km / second when it leaves the Earth's atmosphere. The smaller fragments especially have to be traveling much faster than that when they leave the Earth's surface. After all, in the other direction, the debris from meteorites typically hits the atmosphere at many kilometers per second, but slows down to terminal velocity, measured in meters per second, before it hits the ground. Imagine how big a rock has to be, and how fast it has to be traveling, to survive ejection from the Earth's surface and still have some of it left to exit the atmosphere at 11.2 kilometers per second!

So the surface of any rock that gets from Earth to Mars will get boiled away, just as for meteorites re-entering our atmosphere and even more so, at least, so long as it has to punch through our atmosphere on the way there. But even more significantly, it's going to experience high levels of shock of ejection, to achieve an even higher initial velocity than 11.2 km / sec, which will damage cells throughout the rock. The best chance for still viable life to get from Earth to Mars is in the early solar system during impacts that were so violent that they blow away part of the Earth's atmosphere, so clearing a gap for the ejecta to travel through on its way into space, without the resistance of the Earth's dense atmosphere. Large impacts also have a larger "spall zone" where the expanding shock wave from the impact meets its reflection (below the surface of the rock) - for details see

We don't get impacts that large any more, so the last chance for something like this to happen is probably more than 3.75 billion years ago. That leaves us with a big question. Was such early life already robust enough back then to survive interplanetary transfer?
More recent impacts would indeed send material all the way to Mars. The Chicxulub impactor did just that, 66 million years ago. It would surely have transferred organics, and fossils too. The main question is whether any of the life in that debris was still viable after the shock of ejection from Earth and transit through the Earth's atmosphere. There, there is no way to be certain, but the authors of papers that I studied are often skeptical that it happened in such geologically recent times. 

Here is a quote from the conclusion of a 2007 paper  (Stöffler et al, 2007).

“'Lithopanspermia' also includes a potential transfer of microorganisms in the opposite direction, i.e., from Earth to Mars. A direct transfer scenario is severely limited because very high ejection velocities in the solid state are required to escape the Earth's gravity field and to pass its dense atmosphere. Favorable transfer conditions may be only achieved by very large impact events, which blow out at least part of the atmosphere. Such impact events happened frequently during the 'early heavy bombardment phase',”

These impacts only happened on early Earth, soon after formation of the Moon. After sterilizing Earth to some depth, they might have reseeded Earth and Mars and maybe other places in the solar system. So if life got off to an early start and was already hardy enough to survive these encounters, Earth and Mars could easily have a common origin for life. Perhaps early Venus, Ceres and other places could also share life with us, or indeed be the source of this life.

We have only limited ground data on the ages of the lunar craters, from Apollo, as they sampled only a small part of its surface, most of it affected by the debris from Mare Imbrium. As a result, most of the earliest cratering history timetable for the Moon, the timescale for the very largest craters, is informed guess work. According to some recent research, such as this paper, perhaps those dates may need to be revised. It's possible that the very largest impacts on the Moon may all date back to as long ago as 4.35 billion years ago or earlier, soon after the formation of the Moon. They think there were no ocean boiling and Earth sterilizing impacts after that. However, there probably were many later large impacts that, though not large enough to boil away Earth's oceans or melt its crust, covered large areas with melts (and could have boiled away the surface of the oceans). See this paper.

There have been no impacts anything like that for nearly four billion years - Jupiter protects us by breaking up larger comets, diverting them to hit the sun or itself, or ejecting them from the solar system. The asteroids in between us and Jupiter are easily large enough, but they are in stable orbits, and have been for billions of years, and should continue in them for at least hundreds of millions of years into the future (there's a very small fraction of a percent per billion years of Vesta hitting Ceres in the distant future). This is confirmed by the impact crater history on Mars, the Moon, Mercury, what we have of the history of Earth, and the recent few hundred million years,, all that's available, since the last global resurfacing volcanic event, on Venus.

This suggests that for microbes generally, the situation may be similar to the situation for the less shock resistant photosynthetic life. There was a brief window of opportunity for a few hundred million years, during which it may have been somewhat easier for life to be transferred from Earth to Mars (if already hardy enough to survive the journey) during the period of bombardment of Earth by huge impactors that blew away great holes in our atmosphere, and also would have had large "spall zone" where the shock wave meets its reflection so reducing the shock of ejection for the microbes (see More background on whether photosynthetic life could be transferred from Earth to Mars - other photosynthetic species, shock, and spall zone (above). Since then, with the smaller Chicxulub type impacts, the situation is much more uncertain and depended on unusual events.

In short, the transfer from Earth to Mars may have happened billions of years ago. Perhaps it could have happened since then. It's also possible that it never happened.

There is another interesting possibility here. Suppose there was an early transfer but no transfer of any complete microbe for the last three billion years, say.

Though the microbes themselves might not be able to survive transfer from Earth to Mars, their genetic information might be able to get there, as fragments of DNA or RNA. If so, perhaps that genetic information could be taken up by Martian microbes. Perhaps we could find indigenous Martian microbes that incorporate genetic sequences that came from Earth more recently, even as recently as 66 million years ago - even though the microbes themselves did not. This could make us more closely related genetically, through horizontal gene transfer, than you'd expect otherwise for a last common ancestor billions of years ago (McLean et al, 2010)

The bottom line here is that so far we have no confirmed case of life transferred to another planet (panspermia) to base all these ideas on. It is just theory. The direction from Earth to Mars is especially challenging. If there is any life transferred to Mars on meteorites, then surely most life on Earth wouldn't be able to do it.
[bookmark: _3qc72yt1tqqm]Accidental similarity of amino acids
We gave the example of BMAA which resembles l-serine, which can be misincorporated in its place, causing the motor neurone disease, Lous Gehrig’s disease. Though such occurrences are rare on Earth, in the case of a biosphere collision there may be many amino acids in one biochemistry that resemble but are not exactly the same as amino acids in the other one.

Earth life only uses a selection from the naturally occuring amino acids. Twelve non protein amino acids have been identified in the Murchison meteorite (Kvenvolden et al, 1971), and some may be biochemically active. For instance, isovaline, a commonly occurring amino acid in meteorites, is active as an analgesic, due to an accidental similarity to the amino acids GABA and glycine, inhibitory neurotransmitters in the central nervous system of mammals (Whitehead et al, 2012).

Extraterrestrial biochemistry could use any of thousands of other amino acids. Merringer et al used software to develop a list of nearly 4,000 biologically relevant amino acids that non terrestrial biology could use (Meringer et al, 2013) (Doyle, 2014)

Could motor neuron diseases  and other disturbances of nervous systems be the norm after an interplanetary biosphere collision?
[bookmark: _nv8m95nwa6eh]Exotoxins, protoxins, allergens and opportunistic infection

Other issues may arise from secondary metabolites, for instance, Wallemia an airborne extremophile fungus is found in food, especially highly salted or sweetened food such as salted fish, jams and cake. It is adapted to low water activity, and produces the secondary toxic metabolites wallimidione, walleminol and walleminon. W. sebi is a common cause for spoiled food through its production of secondary metabolites. The most toxic of these is wallimidione (Desroches et al, 2014). 

Fungi are possible on Mars, some are facultative anaerobes, and as we saw, black fungi are an example of a lifeform that could metabolize in Mars conditions, even without any source of water except the humidity in the air, in the close to anaerobic conditions. (Zakharova et al, 2014)

Mars conditions are likely to favour life adapted to low water activity levels, and so could be a nuisance particularly for highly salted or sugary foods through production of secondary metabolites, similarly to w. sebi. 

For another example, sesquiterpines, is a toxic signaling chemical (semiochemical) produced by potatoes under stress (Matthews et all, 2006). Could semiochemicals produced by an alien biochemistry be accidentally toxic to Earth life.

Alien biochemistries could also produce, or contain protoxins, which when metabolized break down into toxic products. For instance hypoglycin A, which is not itself toxic, is broken down into the highly toxic MCPA-CoA on digestion and can lead to the fatal Jamaican vomiting sickness after eating the unripe fruit of the Ackee tree, a national foodstuff in Jamaica (Holson, 2015). A more commonplace example is methanol which is converted into toxins when digested (Mégarbane, 2005).

Again, perhaps toxicity may be more common if the secondary metabolites or protoxins are based on a different biochemistry. And all these effects could be harm Earth’s biosphere, even if humans are immune but other creatures we depend on are affected.

W. sebi has also been found to cause allergic sensitization (Desroches et al, 2014).

Aspergillus is example of a fungus that acts as an allergen causing asthma in humans.
Aspergillus also sometimes acts as an opportunistic infection, and can cause the more serious illness of aspergillosis (Latgé, 1999), and death. Fungi like these kill an estimated 1.5 million people worldwide every year (Brown et al, 2012).

The common allergic reaction to poison ivy is due to Urushiol, a Catichol C6H4(OH)2 with one or more alkyl chains substituted in the 3 position. It forms antigens by binding to surface proteins of the dermis or epidermis so forming an antigen, which leads to an allergic response on the second exposure (Bryson, 1996, page 680). 
[bookmark: _xygsmgmemi1p]Chemical transformation of habitats by life 

Life transferred to another planet could also transform the habitats there and this could make most or all the life in that habitat extinct. We have one potential example of this on Earth, in the Great Oxygenation Event, which made its oceans and atmosphere oxygen rich. This process retained many habitats for anaerobes but most of the planet became habitable only to facultative or obligate aerobes. 

Some of the original anaerobic microbes might well have evolved in response to the changes and retreated to anaerobic habitats as obligate anaerobes, which we still have today (Lane, 2015). In the section “Is transfer of life possible from Mars to Earth and could it have caused mass extinctions in the past?” we discussed whether this event could have been the result of martian photosynthesis transferred to Earth, and whether it could have been a mass extinction, perhaps of earlier multicellular anaerobic life.

In the forward direction, if, on the other hand, oxygen producing photosynthetic life is transferred to Mars for the first time on our spaceships. this may not be so dramatic in its effects as the Great Oxygenation Event on Earth, as in the superoxygenated conditions there life may well be adapted to tolerate oxygen. But if Mars has chemotrophs only, the proliferation of photosynthetic life in microhabitats could introduce organics, waste products, its toxins, protoxins, etc and so, still change the chemistry of the microhabitats locally, change the oxygen concentration in the brines, outcompete native life, and colonize previously uninhabited habitats on Mars.

As a minor example of this type, habitats can be transformed through biomineralization. The blueberries found by Opportunity may be an example of biomineralization according to one hypothesis. 

The most common form of biomineralization on Earth is the formation of calcium carbonate. There are many biological pathways that bacteria can use to form cement, with some of them used in self healing concrete (Rummel et al, 2017) (Dhami et al, 2013)

One such method may be of special interest to Mars. A consortium of methane oxidising and sulfate reducing bacteria can convert underground aquifers to calcite through anaerobic oxidation of methane (Drake et al, 2015). Perhaps these conditions may occur in the martian subsurface, for instance at the sources of the methane plumes if these originate in geothermally heated underground aquifers. If there is no native martian life or it hasn’t developed the capability, then this could result in the aquifers getting converted to cement.

In the backwards direction, if the photobionts in Earth’s oceans were replaced by more efficient martian photobionts that happen not to produce oxygen (similarly to our haloarchaea), this could have the opposite effect of the great oxygenation event, and remove the oxygen from the atmosphere over a timescale of thousands of years (residence time of oxygen in the atmosphere). 

As a minor effect, if life from Mars proliferating in our biosphere produced large amounts of hydrogen sulfide or some other gas which is toxic to humans in minute concentrations, this could also impact on the habitability of Earth for humans without protection. Similarly if it proliferated in water or aquifers and produced toxic chemicals such as perchlorates, again this could impact on us through transformation of the habitats we rely on.

If for some reason, the life from Mars produced significant amounts of methane or other greenhouse gases, more so than Earth life, then this could also impact on Earth’s climate through global warming, amplifying warming effects.
[bookmark: _mnlq0z11j5m]Global modification - is a martian Gaia possible and could anti-Gaia lead to a martian swansong biosphere? - NEEDS CITES

Jack O’Malley-James introduced the idea of swansong biospheres (O'Malley-James et al, 2013) (O'Malley-James et al, 2014) (O'Malley-James 2014). These are biospheres on planets that were once habitable and had abundant life but as the conditions changed, they became less and less habitable until life only survives in trace quantities. In such biospheres, life would still linger, but be extremely hard to find and detect.

Consider a future Earth too hot for life, a billion years into the future. It might well have life for a while, living on the edge in a planet that is just barely still habitable. Most, or all of the life there would consist of microbes that can tolerate extremely hot conditions (extremophiles), such as the ones that live at very high temperatures in our hot springs. Eventually even those extremophiles would only survive in a few niches such as caves at the top of high mountains.

As Jack O’Malley-James put it (O'Malley-James 2014, page 36 of his thesis)

"As the limits of life on Earth are explored, the boundary conditions for habitability are pushed further away from the constraints of the traditional HZ. This allows for planets to be considered habitable, but not necessarily Earth-like. Ocean planets, arid planets, ice planets and even rogue planets that have been ejected from their original systems and are traveling through interstellar space can all potentially be considered habitable. For these cases, it is the extremes of life on Earth that hint at the possible biospheres."

Mars may be in a similarly extreme state, Earth-like and very habitable in the early solar system, except, that instead of getting too hot, it got too cold for most forms of life. He makes this comparison in section 6.3 of his thesis.

"Mars could provide a local example of a planet in the very end stages of its habitable lifetime, albeit a planet that has become largely uninhabitable as a result of low temperatures and losing an atmosphere, rather than from runaway heating."

If we introduce Earth life to Mars, effects on its biosphere  could be much more extensive than Cassie Conley’s example turning methane rich subsurface aquifers to cement. 

On Earth photosynthetic life helps make Earth more habitable. It evolved at just the right time to cool down Earth as the sun got warmer, during the Great Oxygenation event. This  didn’t necessarily evolve as a biosphere response to a warming sun, and may have been accidental. 

In the case of Mars, cooling down is the opposite of what is needed. Introducing photosynthetic life would remove carbon dioxide from the atmosphere, already in minimal quantities. It could form an “anti-gaia” on Mars.

Indeed, could this have already happened? 

Well, it doesn’t actually need life to happen. The Martian atmosphere is remarkably close to the triple point for water at 6.1 millibars average. Perhaps this isn’t a coincidence? CO2 is supplied through volcanic outgassing, at a gradually diminishing rate, and the amount of outgassing during the more recent cold dry Hesperian period is thought to have been modest. Then there are two main processes involved in carbon dioxide loss, carbon dioxide sputtering and carbonate loss. (Hu et al, 2015). 

If the atmosphere increases above the triple point for water as a result of volcanic outgassing, it leads to liquid water forming, either as open lakes, or as transitory pockets of water or moisture, which increases the rate of carbonate formation through carbon dioxide dissolving in the water and that leads to the atmosphere thinning back to 6.1 millibars average (Kahn 1985) (Nolan, 2008 page 137) (Haberle et al, 2001)

Photosynthetic life would speed up the process. Let’s assume that Mars somehow developed carbon fixating photosynthesis or got it somehow from Earth. In that case, photosynthetic life on Mars would set up feedback cycles that limit its own growth, similar to the geological process but on a faster timescale.

This is how it would work:

· Suppose at some point Mars is warm enough for a fair bit of photosynthetic life
· This takes carbon dioxide from its atmosphere sequestered as subsurface organics. 
· This thins its atmosphere and cools it down.
· This makes it less habitable, and reduces the amount of photosynthetic life there.

This feedback loop continues until it stabilizes at a level where it is just barely habitable. At that point, at Mars’ distance from the sun, it would be so cold and dry that its photosynthetic life that it has negligible effect on its atmosphere. 

The prediction, if this is correct, would be that if there is carbon fixating oxygen producing photosynthetic life there, it’s likely to be hard to detect. We would expect Mars to have enough CO₂  to be barely habitable, but not to have lost so much as to have no life at all. It would occur in such trace amounts that its effect on the atmosphere is only barely detectable, if at all. Indeed, it would look pretty much the same as Mars does to us now, with no life detectable from orbit. There is enough oxygen in the atmosphere to mask any seasonal fluctuations in marginal habitats.

Whenever Mars becomes briefly more habitable, if carbon dioxide is released, then the photosynthetic life could then sequester it below the surface.

The strength of this feedback effect could be amplified by forams in the early lakes and oceans, if Mars developed similar micro-organisms with carbonate shells.

· Some of the dissolved carbon dioxide may get incorporated in the shells of forams so accelerating sequestration of carbonates in lakes and oceans
· This cools down the planet and makes the lakes and oceans less habitable until they freeze over

Once photosynthetic life is no longer active and the forams no longer forming shells, then Mars is free to warm up, and its atmosphere thicken, due to changing eccentricity, or a period of increased volcanic emissions of greenhouse gases, but as it does so, the spread of life across the planet then takes more carbon dioxide from its atmosphere and cools it down again.

The reason there is any carbon dioxide left may be because of the continuing low levels of volcanic emissions on timescales of millions of years, superoxygenated surface layers, and ionizing radiation that dissociates surface organics back to gases such as methane and carbon dioxide and water vapour.. 

If this was the situation, Mars could be locked in a kind of "anti Gaia" feedback loop, which continually keeps it only just marginally habitable. Whenever it warms up and gets a bit more habitable this "anti Gaia" feedback loop would kick in making it less habitable again.

We suggest that the reason it is a swansong biosphere could be partly due to an “anti Gaia” effect. In turn, photosynthetic life could be one of the main causes for that.  On the other hand, if it has no photosynthetic life yet, then introducing it could lead to it developing into an anti-Gaia.

If Mars is to develop its own Gaia then it needs to retain as much carbon dioxide as possible, suggesting an anaerobic ecosystem. Instead of a biosphere based on carbon fixation, it would have a biosphere that uses the infall of organics from interplanetary dust, comets and meteorites, together with methane emitted from the subsurface perhaps from ancient sequestered clathrates.

Perhaps such a system would produce methane and hydrogen sulfide. These would replace the negative feedback of carbon fixation with a mild positive feedback leading to increasing habitability as life proliferates (Johnson et al, 2008). 

Something like this can also happen abiotically, but only as a one off event. One hypothesis due to Kite et al for the climate optimum that seems to have happened around 3.7 billion years ago on Mars (at around the time of Gale crater lake) is that it could have been due to release of methane from clathrates. These would come from hydrothermal circulation in the crust in early Mars, formed over a period of up to 100 million years in warm conditions, released in about a thousand years due to sublimation of the ice that traps the methane as the Mars atmosphere collapses. The methane leads to a feedback effect as it releases the carbon dioxide trapped as dry ice, and in turn releasing more methane on a timescale too fast for the ice to form to retrap it, and the result is a climate with typically about 50 mbar of C O₂ but at times of high obliquity over 1 bar with 1-5% methane. In this case it is a one off event as the climate optimum lasts for only of the order of 100,000 years, not enough time for the methane to be sequestered as clathrates again. Instead the methane is dissociated photochemically. The authors warn that an exoplanet with a similar signature of methane might well seem to have signs of a life bearing atmosphere in disequilibrium but would be potentially of abiotic origin (Kite et al, 2017). 

Could a similar atmosphere at a lower partial pressure be maintained longer term by some positive gaia effect? The life would need to produce more methane as it becomes more abundant. Indeed if the methane plumes observed on Mars are real and are the result of life processes, for instance feeding on hydrogen released through serpentization in the deep subsurface, then they might be example of such a mild positive gaia effect, though not enough to counteract the photosynthetic anti-gaia. If we try to interpret everything as due to biotic processes reinforcing abiotic processes, that could be an interpretation..

If a Mars like planet could set up a Gaia with production of methane based on serpentization as well as organic infall from interplanetary dust, meteorites and comets, it would not be so abundant in its production of organics, as Earth’s biosphere, but it would have longevity that a planet with an anti-Gaia couldn’t have.

If a martian gaia could be developed to reinforce habitability, it might encourage H₂S, which is toxic to humans, or more benignly, methane which is not a toxic gas (except as an asphixiant). While photosynthetic oxygen producing life might be the basis of an anti-gaia, making it less hospitable. Indeed, if there has been oxygen producing, carbon fixating photosynthetic life on Mars in the past, it would have contributed to build up of organics and carbonates buried below the surface, and because Mars has no continental drift, little of this would ever return to the surface (McKay, 2009).

(ADD CALCULATION OF AMOUNT OF OXYGEN IT WOULD PRODUCE)

If it has no photosynthetic life then introducing it may make its atmosphere even thinner right now, and make it much harder to restore conditions of a more habitable earlier Mars. Chris McKay suggested this as an objective, if we were to find native life there, to make it more hospitable for the native life (McKay, 2009). If we do this, then we may need to be especially careful not to introduce photosynthetic life, to avoid reinforcing or setting up an anti-Gaia. On the other hand introducing methanogens able to create methane through deep subsurface serpentization or surface processes, or that release H2S could help set up a reinforcing positive Gaia.
[bookmark: _tq60efur8qpz]Global impacts or minor nuisances in backwards direction to Earth
In the backwards direction, any of these life forms could be a minor nuisance or have a major global impact on the environment depending on how well the introduced life adapts to Earth’s environment. Microbes with a short generation time of a few hours in Earth conditions could also evolve quickly. 

If not yet well adapted to Earth conditions, but related to Earth life, even distantly, since the Last Universal Common Ancestor (LUCA) of Earth life, they could also take up capabilities from Earth life via lateral gene transfer. In the other direction, martian microbes could transfer capabilities evolved in Martian conditions of low temperatures, low water activity etc to Earth life. This happens rapidly in suitable conditions. In one experiment cited in the ESF sample return study (Amman et al, 2012), gene transfer agents for antibiotic resistance were taken up readily between unrelated spaces of archaea with many of them antibiotic resistant after being left overnight in seawater inculcated with the agents.

An example of a minor but significant nuisance would be a microbe that spoils food at temperatures below -20 °C requiring freezers to be operated at lower temperatures, or that spoils jam and salted fish at water activity levels below 0.6, so requiring jam and salted fish to be kept in freezers.

An example of a major impact would be a microbe that disrupts the basis of an important part of Earth’s biosphere, such as a photosynthetic life form that doesn’t produce oxygen.
[bookmark: _79z3pkbzk1tn]Potential for a more efficient photosynthetic life form based on exobiology - example of a global impact

Photosynthetic life on Earth hasn't reached anything like the theoretical peak efficiency for photosynthesis. To start with, there’s a synthetic CO₂-fixing cycle was designed using 17 enzymes from nine distinct organisms including humans which fixes CO₂ at 20% greater efficiency than the Calvin cycle in plants. (Schwander et al, 2016) A 20% competitive advantage might already be enough to edge out Earth life with otherwise similar capabilities. 

But if it uses some radically different principles, it might be far more effective than that. A "mix in a pot chemistry" experiment added cadmium, and the amino acid cysteine (which contains sulfur) to a microbe M. thermoacetica that as a natural defense covers itself in nanocrystals of cadmium sulfide, a semiconductor, to protect itself from the cadmium.

This natural semiconductor acts as solar cells and the microbe can use them to achieve 80% efficiency in conversion of CO₂ to acetic acid when the incoming light produces an electron / proton par from hydrogen. The proton reduces the amino acid cysteine to cystine and the reaction proceeds for as long as a supply of cysteine is present (Sakimoto  et al, 2015). Sakimoto wonders if such a combination could occur naturally with other microbes and other metals  (ACS, 2015) 

For another example, the Bionic leaf version 2.0 is able to convert 10% of the sunlight to biomass, using a catalyst made of cobalt and phosphorus with the help of a bacteria Ralstonia eutropha (Biello, 2016). Earth photosynthetic life is only one percent efficient at converting sunlight to biomass. 

Also there is no reason for photosynthetic life to produce oxygen. Some consume hydrogen sulfide converting it to sulfur (CO₂ + 2H2S = CH2O + H2O + 2S, the traditional photosynthetic equation with the O that enters into the reaction replaced by S). (Lindquist, 2006)

More radically,the salt loving haloarchaea convert light directly into energy (through a proton gradient) much as the cells in our retina do, not producing any chemical byproducts at all. 

If a more efficient photosynthetic microbe became the dominant photobiont in our oceans, this could lead to an eventual depletion of oxygen in our atmosphere thousands of years into the future, to the point where humans and most land animals can’t breathe the air. It could degrade the environment more rapidly if it is also inedible or poisonous to Earth life or produces hazardous secondary metabolites.

In the forwards direction, with fewer potentially habitable niches on Mars, a relatively small number of polyextremophile species could potentially colonize all or most of the surface habitats. 

A minor nuisance would be a microbe that confuses the search for life by co-existing in habitats with the native life, or a microbe that turns the methane generating aquifers on Mars to cement. 

The most major impact would be complete extinction of all life that uses the alien biochemistry (as described in the section on Early life above)

[bookmark: _i5rrym6wjggq]Impossibility of quarantine provisions until you can assess the risk 
The idea of quarantining returning astronauts, as used for Apollo, was never subject to peer review.  In particular, would a two week quarantine guarantee that they are free of diseases? Carl Sagan gave the example of leprosy which may often be symptom free for decades. 

Then you have to consider, how would NASA or any other space organization respond in the case where an astronaut in quarantine does get sick? Should hospital treatment be refused because it’s not known if this is a disease caused by Martian life or an unusual Earth based disease? It also raises issues of human rights.

Can an astronaut be held to a prior commitment to stay in quarantine facilities when it’s not possible to prove that it would be hazardous to Earth to leave them?

Margaret Race mentioned that similar legal issues apply to a robotic sample return. What is the status of a worker inadvertently exposed to the sample? Should they also be kept in quarantine indefinitely, until their release is shown to be safe for the environment of Earth, and if so, is that consistent with human rights? (Race, 1996)

However this issue with quarantining astronauts  gets far more acute when considering a wider range of microbial life than human diseases alone.

Astronauts could be passive carriers of microbes, although symptom free on Mars, and completely free of any microbes that can cause disease in humans. 

They could return microbes to Earth in their spaceship, in their clothes, the air, or in and on their bodies that may lead to anything from a minor nuisance to a major impact on our ecosystems. 

To take a concrete example, suppose that they return mirror life to Earth.This  might not show up any issues in a habitat on Mars or during the journey home. The microbes could also evolve and adapt in Earth conditions after return here and at some point spread widely.

Related martian life could also share capabilities with Earth microbes by parallel gene transfer, either gaining the abilities from Earth life to survive here, or conferring new ability to terrestrial life.

The conclusion seems inevitable, that quarantine is not able to protect from backwards contamination in the initial phases, when you do not yet know what it is you need to quarantine against. There is no substitute for understanding what is present there first. 

Once you understand the alien biochemistry and have knowledge of particular hazards that need to be contained, then quarantine procedures could be useful for some types of hazard.

Other potential biohazards in the backwards direction could not be quarantined against at all, such as the example of spores of photobionts that risk causing degradation of Earth’s biosphere if returned to Earth. If a hypothetical spore can remain viable for millions of years, no quarantine period could be long enough. If biohazards like this exist on Mars, Europa, Enceladus or elsewhere, they would have to be prevented from entry to Earth’s biosphere by sterilization and / or 100% containment. Those are measures that can’t be applied to astronauts.
[bookmark: _oqgdh7ga2fwl]Legal and practical issues for sample returns - a likely minimum of 20 years from initiation of legal procedures to permission for launch of the sample return mission
Each review has added new requirements. Originally the requirement was a simple glove box compartment in a biocontainment level 4 facility. 

Requirements got more stringent in two subsequent studies by the NRC and then by the ESF, with the discovery of ultramicrobacteria and then the discovery that archaea can readily transfer capabilities overnight in lateral gene transfer via GTAs, and the work on the limitations of size of early life which produced theoretical models of micro-organisms that may be able to replicate with cells only tens of nanometers in diameter, requiring containment of particles at well below the resolution limits of a diffraction limited optical microscope.

Currently the recommendations are for a $500 million facility with design requirements never fulfilled before. The last study by the ESF left open the possibility that future studies may increase the requirements further.

The facility also has to be operational and in use at least two years before the mission to collect the sample is launched from Earth. Preliminary studies have warned that it may take as many as 7 to 10 years to get it operational, followed by an estimated 5-6 years to become familiar with the procedures (NRC, 2009)

But the legal situation would have to be sorted out too, before the mission could be launched, and most likely the facility would not be built until the legal provisions are in place. 

Margaret Race looked in detail at the legal processes that would have to be completed before we can return a sample from Mars to Earth, even to a purpose built receiving facility (Race, 1996). 

Before a sample return, we have to accomplish, in this order

· Several years: Formal environment impact statement for NEPA + laws on quarantine to be enacted, involving broad public consultation. The average length of time for an EIS in the twelve months ending 30th September 2016 was 46 months (DOE, 2016).
· Several years: Presidential review of potential large scale effects on the environment, after other domestic laws.
· Can be done alongside the other work: International treaties to be negotiated and domestic laws of other countries

Margaret Race does not estimate a total time for all this. As a rough estimate, a decade would seem optimistic to complete it all.

· 7 - 10 years: building the facility  (NRC, 2009)
· 2 years: operational before launch (minimum requirement, more likely 5-6 years)  (NRC, 2009)
· 2 - 4 years: to collect the sample and return it 
(if we follow the Mars 2020 plan then the follow up rover has to retrace at least part of the path of Mars 2020 to retrieve the samples, in tubes that are dropped on the surface of Mars in small caches from time to time).
Total 11 - 20 years.

If everything went without a hitch, it would be optimistic to aim for a sample return mission that launches less than 20 years after the legal  process starts. The process of building and testing the facility alone could take 20 years. 

This means that if we want a sample returned to Earth by 2040 we should start on this process right away in 2018 - there is no time to lose. Indeed, it is probably already too late to achieve a launch date of 2040. It would be no great surprise if it was delayed to 2050.

What makes the legal process so complex, and the facility so expensive is that we have to prove that the facility and the sample return provisions can protect Earth from any conceivable alien biochemistry when the only biochemistry we know of is on Earth. 
We would build the same facility to receive an unsterilized sample from a habitat in the Proxima Centauri system! 

Over a period of two decades it takes to pass all the laws, then approve the facility, build it and test it, our understanding of Mars through in situ searches could develop to the point where we prove that native Mars life is harmless and discover that the building is unnecessary.

Yet the lessons learnt from Apollo show that we have to take great care, if our backward contamination measures are to be more than a token measure. If we are to take protection of Earth seriously we have to do far better than they did (Meltzer, 2012). Many examples of environmental issues have led to a situation where protecting the environment of Earth is considered to be of  utmost importance to humans. If this is accepted, then it is right that such a procedure should have detailed impact assessments, and that public involvement is encouraged at every stage of the process.

So, what can we do? Some sample returns are unproblematical. We can return samples from asteroids or comets, based on the “Natural contamination principle” (Goodman ). Earth is constantly hit by samples from such objects anyway. The Moon has also been passed for unrestricted sample return.  

However the conclusion seems inescapable for situations where we can’t demonstrate natural contamination processes like that. Legally, as a result of both domestic and international laws, we can’t return an unsterilized sample from Mars, Europa or Enceladus, before 2040 if we start on the legal proceedings right away. The process might well take several more decades to complete, especially if there are objections at any stage. 

Perhaps there is an easier way to handle this? All the legal and practical issues arise from the requirement to return the sample to Earth’s biosphere for study. Suppose we return them to some other location close to Earth?
[bookmark: _i5u8avqx3lte]A method for 100% safety for sample returns without the legal complexity or the issues of building the receiving facility
Carl Sagan wrote in his book Cosmic Connection (Sagan, 1973):

...The likelihood that such pathogens exist is probably small, but we cannot take even a small risk with a billion lives

Following the same approach as for the forward direction, I suggest we should respond to these issues by being more, rather than less ambitious, and shouldn’t set our sights any lower than 100% safety for sample returns, following Carl Sagan’s suggestion that we shouldn’t take even a small risk with a billion lives. 

This is not an impossibly idealistic goal. Indeed, there are at least two ways to achieve this. Either study the life in situ first until it is thoroughly understood, and devise precautions accordingly - or else  - return it to a location where contamination of Earth is impossible.

The natural place to do this may seem to be the moon. However, this would constitute a possible contamination of the moon by martian life. The problem is that in the near future humans are likely to return to the Moon. With the prospect of frequent travel back and forth, this means that the Moon also has to be kept free from backward contamination from Mars and further afield, to protect humans on the Moon, and also the Earth from materials that may have got there as a result of the sample returned to the Moon.

The COSPAR guidelines for category 5 (sample return) missions currently say that (COSPAR, 2011)

“Category V missions comprise all Earth-return missions. The concern for these missions is the protection of the terrestrial system, the Earth and the Moon. (The Moon must be protected from back contamination to retain freedom from planetary protection requirements on Earth-Moon travel.)”

Arguably, it’s possible to keep a facility in a remote area of the Moon biologically  isolated from the rest of the surface. Perhaps this could be a solution.  It would be necessary to consider levitation of the lunar dust, especially after rocket landings, and it would also involve contingency planning for sample return missions that crash on the Moon, but it seems not impossible. It would be far easier to modify the COSPAR guidelines for the Moon than to introduce the legislation needed to permit return to Earth.

However a simpler approach would be to return samples to a few thousand miles above GEO. This is an orbit that is as far as possible  from both Moon and Earth in terms of delta va as possible - more than one kilometer / second in both directions.

Satellites in Geo have low relative velocities, all orbiting in the same direction around Earth in geostationary orbits. So, It is far enough from GEO and also from its graveyard orbit, even if satellites there are serviced by humans in situ.  It’s also close enough to Earth to make it easy to send instruments to the facility to examine the samples telerobotically, especially with future heavy lift.

It is also a feasible orbit to return samples too. This can be done by first returning them to a distant retrograde orbit around the Moon as suggested for the Asteroid Redirect project, without need for risky aerobraking in the Earth’s atmosphere. 

The facility could start out as a single spacecraft to receive the sample. It would have tools to do preliminary analysis, and sterilize sections of it to send back to Earth. Once these are examined, if it is proven to have no life, the whole thing can be sterilized using ionizing radiation to make sure there is no life in it, at similar sterilization levels to Mars meteorites that have spent a few million years in transit, and returned to Earth. This would not impact on the geological or geochemical interest of the sample, and in the remote case that there is life in the sample, not detected in the preliminary analysis, it would still be recognizable as such.. 

If there is interesting astrobiology in the sample, then, depending on its characteristics and whether it is thought to have potential to impact on the environment of Earth, then it can be studied in situ as part of a growing telerobotic facility. This can be done until whatever time it is proven that it is not hazardous to Earth’s biosphere. 

This would 
· Obviate the need for a decades long process of passing laws sequentially to permit return of a sample to the Earth’s surface.
· Remove need for an upfront cost to build the receiving facility. Instead the telerobotic facility in orbit is only developed after the sample is returned, if study of the sample shows that it is required
· Fully protect the sample from Earth’s biosphere, and Earth from the sample. The 40,000 miles of vacuum between the facility and Earth provides more than adequate protection.

If eventually we do return it, after telerobotic study, it would be in a situation where we know what is in the sample, and what it’s capabilities are, and can then decide what precautionary measures are needed based on what we have. For one example, if it is an early form of life, based on RNA, imperfectly replicating with metal catalysts and requiring agitation to replicate, then we’d probably be able to decide early on that there is no risk to Earth life at all. 

In those circumstances, the sample return could then be handled through COSPAR similarly to a sample return from a comet or asteroid, and there would be no need to pass any new legislation. 

While if it is a photobiont that’s more efficient at photosynthesis than any Earth based life, or it has a metabolism that Earth life would not recognize as life, or it produces toxins, or exotoxins or its metabolism itself is poisonous to Earth life, or it is capable of replicating at temperatures below those of our freezers, etc, we’d need to take appropriate measures or continue to study it in situ in orbit using telerobotics. 

In this case new legislation would be needed to return it, if that decision was made, but it would be in a context of dealing with a known danger with known containment requirements. The process would be simplified by that.

In this way we never need to jeopardise the safety of either our astronauts or Earth itself. We can also reduce upfront cost and legal complexity and build only what is needed, rather than build a multi-purpose facility to return all samples with any conceivable astrobiology. At each stage the process is based on knowledge rather than attempts at extrapolating the capabilities of an unknown biochemistry from our understanding of Earth life.
[bookmark: _it11w152zu0u]Assessing the risk - Drake type equation approach

Astrobiologists, when asked to assess the chance of degradation of Earth’s environment or other hazards for studies of a Mars sample return, generally say words along the lines of “the chance is probably low, but we can’t say that it is zero”. But even this much is really asking far too much of them. With no experience at all of any biosphere collisions, how can we guess any probabilities here? Might it be best just to guess 50 / 50 that it could be harmful, not knowing anything about it?

I will present a Drake equation approach that may help with thinking about the probabilities of damaging biosphere collisions. Although it can’t answer the question, yet,  by putting various numbers into the equation, it may help clarify thought on this topic, similarly to the Drake equation. 

Let’s define probabilities as follows, where each one is conditional on the previous one:
·  pg   that life ever evolved on Mars or got transferred to Mars from elsewhere via panspermia 
·  ps  that if life was there in the past that it survives to the present
·  pa that the surviving life includes advanced life as capable as Earth life or more so
·  pd  that this advanced life is capable of degrading the environment of Earth.

Then, the chance of severe degradation of the environment of Earth after unsterilized uncontained sample return is pg×ps×pa×pd 

Setting all these numbers to ½ gives us 1/16 for the chance that what we encounter on Mars would cause severe degradation of the environment of Earth if returned unsterilized without containment.

The equation doesn’t rule out the possibility of multiple independent evolution of life on Mars, or that some Earth life has got transferred to Mars in the past. Also life could have been made extinct many times and re-evolved, or it could have shadow biospheres, even multiple simultaneous types of biochemistry, or a mix of habited and uninhabited habitats (Cockell, 2014).

The idea with this equation is to keep it simple. If wished, one could devise more complex equations to cover more elaborate ways in which life could have survived to the present and what form it could take, 

The main point here is that it’s not really fair to ask this of astrobiologists, to try to come up with a probability based on zero previous experience of other biospheres. But this may help focus ideas about possibilities, and though it can’t give a definite answer, and nothing can, it could be instructive to look at the range of numbers resulting from differing approaches and assumptions.

[bookmark: _kvgdp1h8eim4]Mathematics of backwards contamination

In the backwards direction, the planetary protection requirements for a Mars sample return facility are typically based on the idea of a “one in a million” chance of part of the sample escaping containment as the “gold standard”. This is not based on any calculation, it is just a figure that is traditionally used for biosafety facilities. But in this case, if the backwards contamination risks degradation of the environment of Earth, is a one in a million risk low enough?

Some colonization enthusiasts are so keen to colonize Mars that they might answer without hesitation that 

“Yes, of course we shouldn’t hesitate from taking a risk as small as one in a million of degradation of Earth’s environment for something of such value as setting up a colony on another planet”. 

If you are like Carl Sagan who thought we shouldn’t take even a small risk with a billion lives you may find that puzzling. However,  it is understandable if you read that one chance in a million as a personal risk. 

We run far higher risks than that in our personal lives. For instance the lifetime chance of dying in a motor vehicle crash in the US is 1 in 112 (NSC, 2017), and compared to that this back contamination risk is indeed negligible on a personal level.

The difference is that this time, rather than a personal risk, it is a risk taken by someone else that in the worst case can impact on the whole of humanity.

Even for a minor nuisance, how many would say it is worth taking a one in a million chance that from now on, after the sample return, that we have to buy new freezers that operate at -70  °C instead of -20 °C because returned Mars microbes make food mouldy even kept at -20 °C? Or that honey, jam, cake and salted fish have to be kept in fridges? When it becomes an action that could become as much as a minor nuisance in their lives, people may think differently about such matters. 

When it comes to a major impact on the environment of Earth, many would agree with Carl Sagan that we can’t take even a small risk with a billion lives.

For instance, is it okay to take a one in a million risk that one or other of these things happens:

· Many people develop a severe motor neurone disease leading them to be confined to wheelchairs, have shorter lives, and eventually only able to speak with a speech synthesizer, as a result of the sample return leading to life proliferating that uses BMAA in place of l-serine - and from then on humans can only avoid this disease if they eat food that’s grown in special greenhouse enclosures designed to keep out the martian life
· A returned photosynthetic life form takes over from the oceans leading to eventual depletion of oxygen in the atmosphere a thousand years from now and need for humans to live in enclosed habitats with photosynthetic life or artificially supplied oxygen starting from a few centuries from now
· Or some other major impact such as some of the ones explored in this article

There’s an interesting way of working with this mathematically derived by Nick Bostrom which may help understand the perspective of those who think a one in a million chance of a severe impact like this is unacceptable. His approach is to multiply the probability by the population to get the expected number impacted (Bostrom, 2002).

Let’s apply his approach to this back contamination scenario. With a population of 7.5 billion and a 1 in a million chance of a severe impact, suppose that it affects half the population, then that multiplies out to an expected 3,250 people that would be impacted by the sample return. 

But if it is something that has long term future effects on our ecosystem, leaving Earth significantly less habitable to humans for all future time - then the numbers become far greater. For instance, if you look forward a 100,000 years, or 3,000 generations, those 3,250 people become 9.75 million. 

Nick Bostrom suggests that this can give a way to think about these existential risks, that take us out of our instinctual responses. 

As he explains in his paper, it becomes even more of an impact if you consider a possibility of human extinction. The potential numbers of future humans that could be impacted by extinction (can no longer come into existence) in our solar system alone may number in the trillions. The asteroid belt has resources sufficient to make habitats spinning for artificial gravity (not spinning hollowed out asteroids, but rather, the asteroid materials made into habitats) with total living area equal to a thousand times that of the land area of Earth. Future populations could easily amount to trillions, or even more if they expand out to the resource rich icy bodies of the outer solar system and then the Kuiper belt and beyond using large thin film mirrors to concentrate the sunlight.

However, I’d argue that total extinction of humans is unlikely in the case of back contamination. One way or another it should be possible to keep out the alien microbes from enclosed habitats designed like space habitats even in the worst case scenarios. They would be far easier to construct on Earth with equal pressure inside and out, and sterilization procedures to prevent a by then known and well characterized exobiology from entering the habitats. 

That leaves us with those expected numbers of millions of future people dying or severely impacted if there is as much as a 1 in a million chance of severe degradation of the environment of Earth after a breach of sample return.

There is no way to argue this case in a logically conclusive way, without going into areas of ethics where agreement is unlikely. However  perhaps this can help some of the Mars colonization enthusiasts to appreciate the point of view of those who, like Carl  Sagan, advocate a more cautious approach for sample return.

Sample return studies have so far used a value of 1 in a million chance of contamination as acceptable. But I would submit that considered in this way, the number should be far lower, at least for any sample that risks degradation of the environment of Earth, as described in the Outer Space Treaty text. Or best, we should not run a small risk but have a method that 100% guarantees that Earth is safe from back contamination until we know what it is that we could return from Mars.
[bookmark: _eodsj6ng6xkp]Drake type equation approach to extinctions in the forward direction

When it comes to collisions of entire biospheres, it’s possible that our imaginations are not able to prepare us for what we may find. We have had no previous experience of such a collision. At any rate we have to think beyond the limitations of what happens with Earth analogue environments.

Again the Drake type equation may help. With each probability conditional on the previous one, let’s define
·  pg  that life ever evolved on Mars or got transferred to Mars from elsewhere via panspermia
·  ps  that if there was life on Mars in the past, that it survives to the present
·  pe that  surviving life includes early life either as the only form of  life or as a shadow biosphere
·  pt  that this early life is made extinct in its totality after it encounters modern Earth life.

The chance that forward contamination means that we lose the opportunity to study prebiotic chemistry in a world that has never had life would be just
· 1 - pg  = probability that what is there is pre-biotic chemistry that never developed life
We’d have a chance of 

· 1 - pg×ps= probability that what is there is pre-biotic chemistry that never evolved to life or that developed life but then lost it.


With this approach of just assuming a 50% chance for pg and ps, then that would be a 50% chance that with forward contamination we lose the opportunity to study prebiotic chemistry on Mars.and an additional 25% chance that we lose the opportunity to study uninhabited habitats with non biotic chemistry on a previously habited world.

The chance that all Mars life is eventually made extinct after irreversible forward contamination is 
pg×ps×pe×pt 

Setting all these numbers to ½ gives us 1/16 for the chance that what we encounter on Mars is made extinct in its entirety by Earth microbes. Where, once more, as for the Drake equation, readers can try other numbers in place of ½ for each of those possibilities.

In both cases, Earth microbes might rapidly spread to all habitats in the vicinity of a human landing, after the first dust storm. It might take a fair while to recognize what it is we had lost.

[bookmark: iudyi7a3z3oq][bookmark: _vs09fslh1szw]New version of the precautionary principle for superpositive outcomes

The precautionary principle was developed to help deal with some of the new unprecedented challenges faced by humans.

"We believe there is compelling evidence that damage to humans and the worldwide environment is of such magnitude and seriousness that new principles for conducting human activities are necessary.

"While we realize that human activities may involve hazards, people must proceed more carefully than has been the case in recent history. Corporations, government entities, organizations, communities, scientists and other individuals must adopt a precautionary approach to all human endeavors.

"Therefore, it is necessary to implement the Precautionary Principle: When an activity raises threats of harm to human health or the environment, precautionary measures should be taken even if some cause and effect relationships are not fully established scientifically.

"In this context the proponent of an activity, rather than the public, should bear the burden of proof.

"The process of applying the Precautionary Principle must be open, informed and democratic and must include potentially affected parties. It must also involve an examination of the full range of alternatives, including no action."

(Raffensperger, 1998) 
This applies in the backwards direction, to a sample return, if we decide to return a sample to Earth. The affected parties there are everyone on the Earth because it could, potentially, impact on the habitability of the Earth.
The main point there is that it has to involve examination of the full range of alternatives including no action.
It's not so clear though in the forward direction. If we contaminate Mars or Europa or Enceladus with Earth life, there is no risk to human health or the environment, at least, not the environment of Earth, so we can't motivate this in the same way as the precautionary principle, by looking at the negative effects. 
However, we can also have a mirror version this, what we might call a "super-positive outcome". There might well be discoveries to be made in the field of biology, such as XNA life or using it as a window into the stages between life and non life - that we could only find out otherwise by travelling interstellar distances (and maybe not even then).
We don’t have a risk of immense harm, but what we do have is a risk of destroying a potential future benefit of immense value. This suggests the need for a positive version of the precautionary principle. It’s based on the idea that with the technology we now have, we may meet situations where we can see a prospect of a potential for a vast future benefit, but we can't prove that this benefit will occur. We could call such an outcome a "super positive outcome".
Proposed definition: a "super positive outcome" is one which has positive transformative effects on us, our children and all future generations and civilizations. For example, discovering some alternative form of life or early life on Mars could revolutionize biology, could potentially benefit medicine, agriculture, and indeed anything that we do that uses products of life, also nanotechnology. It could potentially, in the best case scenario be a hugely positive transformative discovery.
The principle then would cover situations where we have a potential, but not proven, future positive outcome, and actions that can undermine that outcome.
As with the precautionary principle, there may be no way we can establish the cause and effect relationships thoroughly before it happens. Until we can do a biological survey of Mars, there is no way to prove that Earth microbes could make Mars life extinct, or to prove the other way that they will cause no harm. To do that we need to find out whether Mars has habitats for Earth life, whether those habitats contain indigenous Mars life, and whether Earth microbes can make the Mars life extinct. We also have no way to decide how much of a benefit our scientific knowledge of it can be. 
So, I suggest we should have similar guidelines to the precautionary principle for super positive outcomes - outcomes of potentially overwhelming positive value for humanity. So, let's try just replacing "threats of harm to human health or the environment" by "super positive outcome" and rephrase the rest of it accordingly in a positive way. We get something like this:

"When an activity impacts on a potential super positive outcome that may be of overwhelming positive and transformative value for humanity, precautionary measures should be taken even if some cause and effect relationships are not fully established scientifically.
"In this context the proponent of an activity, rather than the public, should bear the burden of proof.
"The process of applying the precautionary Principle for superpositive outcomes must be open, informed and democratic and must include potentially affected parties. It must also involve an examination of the full range of alternatives, including no action."
We can still do things that impact on extraterrestrial life. The principle is saying, however, that if we do, then as with the precautionary principle, it has to be on the basis of knowing clearly the consequences of our actions. Also it can't be a decision of a few enthusiasts making on the spot executive decisions. When there is a super positive outcome involved, we need public debate and open and informed democratic discussion of whether we should do it. As with the precautionary principle in the backwards direction, "no action" always has to be on the table as an option.
Also, as for the precautionary principle,  when we don't know the effect of our actions, the burden of proof has to be on the proponent for the activity, such as to land humans on Mars. They would be responsible for providing the evidence we need to assess whether it is going to impact on a super positive outcome. If they can't do that, then it's reasonable to ask for "no action" until we understand the situation better.
We can then use a positive version of Nick Bostrom’s approach. For instance, a 1 in 10,000 increase in the probability of a super positive outcome for a billion people, due to more care taken over planetary protection measures, means that the expected number of people who benefit is a hundred thousand.
It's well worth going to a fair bit of effort to do something that has an expectation of a positive benefit to a hundred thousand people. My new suggestion is that it is worth doing that, even if it is a tiny probability of a super-positive outcome that could benefit billions of people.
Then, as with Nick Bostrom's argument, if you take account of future generations as well - all the future generations that would be able to study your contamination free Enceladus ocean - then potentially trillions, and even quadrillions or more people may be affected by a decision about whether or not we take a 1 in 10,000 risk of contaminating the Enceladus ocean right now.
[bookmark: _5hwwo8z3d8gf]Mundane value of astrobiology for business - example of the billion dollar extremophile enzymes industry

I think many would agree that it is important not to extinguish native life on Mars for astrobiology, because of a shared interest in learning about our origins, and about whether life is possible around other planets and other stars, and what such life might be like. 

However many may not realize that it can also be important in more mundane ways too. For instance study of extremophiles has lead to enzymes that are widely used (Sarmiento et al, 2015)
· in the $1 billion industry of enzymes for detergents - this is another application - they work at cold temperatures so removing the need for heating and saving energy. 
· in the food industry, including bread making, fruit juices, for lactose free foods, for making syrups for wood pulp and paper processing
· in the textile, cement, cosmetic industries.
· in various research techniques for experts studying DNA and RNA
They are used to reduce costs, make the processes more eco friendly, reduce CO₂ emissions, enable more efficient faster processing, etc etc.

The cold adapted enzymes are more active, so less of the enzyme is needed, and they can be used at lower temperatures, saving energy. The heat adapted enzymes are active and efficient at high temperatures, extreme pH values, high concentrations of the substrate, and high pressures. They are also highly resistant to organic solvents, and other things that stop enzymes working (denaturing agents). They are easier to separate during purification steps (because they don't break up) and they catalyze faster reactions.

Discoveries from study of a novel biochemistry could be far more radical than these enzymes, with implications for pharmaceuticals, understanding processes in medicine, agriculture, nanotechnology, and many other fields. They may form materials with novel properties too (many materials we use in everyday life are the results of biology).

Indeed, it’s impossible to know what the results would be. These lifeforms if they exist, and any discoveries that would flow from them, are part of our natural heritage as human beings living in our solar system.

Is it right to take a 1/16 risk of losing this heritage - or whatever number we come to when we plug in our figures into the equation?

If the risk could be reduced to as low as 1 in 10,000 - would that then be acceptable as a risk of forward contamination? This 1 in 10,000 figure is one that is used in planetary protection discussions as an acceptable per mission risk for forward contamination. Although it is no longer a requirement to calculate probabilities as it was for Viking, the motivation is still a 1 in 10,000 probability, for historical reasons. zzz

[bookmark: _Hlk132299158]The origin of this figure is unclear. It may be from an COSPAR resolution from 1964 which used this figure, but not as a probability of contamination, rather, as the probability of there being a single viable microbe present on the spacecraft, a far stricter requirement (Young et al, 1965). It may alternatively come from a chapter written by Carl Sagan and Sidney Coleman, published in 1966 and reporting on a study carried out from 1964 (Sagan et al, 1966). In that case it was a figure he used to illustrate a method of calculating a per mission probability to achieve a desired overall probability of contamination of Mars over a fixed exploration phase of 1 in 1000.

The participants in the COSPAR workshop in 2000 on preventing forward contamination of Europa  agreed that there is no justification possible other than historical precedent for any particular figure over any other figure, but decided to go with this customary figure on the basis that they had no reason to change it to any other number  (Board et al, 2000). 

If you transfer such a probability to some other area of life where people handle items of great value, suppose an antique dealer has a track record of accidentally dropping 1 in 10,000 of the items they handle. Would you give such a dealer a precious Ming vase to appraise it? Should we be less careful about such a unique heritage and birthright as early life on Mars, or in the Europan or Enceladus oceans as we are about a Ming vase?

Our near future decisions may become more important than we realized. If the potential effect of Earth microbes on Mars, Europa or Enceladus is to make native Mars microbes extinct, or to erase traces of prebiotic chemistry that we could have studied in situ on a pristine planet, the stakes for successful planetary protection may become high indeed.

As the participants of the 2000 workshop commented, there seems no particular reason to choose any other figure in place of that 1 in 10,000. But what if we can achieve 100% certainty of no forward contamination?
[bookmark: _v2c2v4n0kqzx]Are 100% sterile rovers and instruments possible in the forward direction?
(work in progress)
Dry heat sterilization (actually with a small amount of humidity to help decompose the organics, despite the name) is the most established method for planetary protection, used since Viking. The other methods that are approved by NASA and ESA are gamma radiation, and low pressure hydrogen peroxide. There are many other ideas under investigation (Pugel et al, 2017).  

However none of these currently have the design goal of 100% sterilization. That design goal is feasible if we can find some process that electronics can withstand and life can’t.

Heat sterilization seems the most promising. No Earth life can survive temperatures of hundreds of degrees centigrade. At high enough temperatures, organics get decomposed as well, and not even gene transfer agents, RNA or proteins will survive.

The main issue with heat sterilizing modern spacecraft is that many modern instruments can’t tolerate these high temperatures either. They can be damaged or go out of alignment, Solders and resins may melt, monolayers can evaporate, and even the sterilization temperature for Viking of 112 °C for 40 hours is too much for many modern electronic components.

However this is only because normal consumer electronics do not need to be designed to withstand high temperatures. They can be built at a lower cost with components that are not heat tolerant. Our capability to design components that function at high temperatures has improved significantly since Viking, but is only used for components that need this capability.

So far, this idea of high temperature tolerant spacecraft has been explored mainly for Venus surface missions. This is for ideas of a rover to operate at Venus surface temperatures for long periods of time. One option is to cool it to 200 - 300 °C. Another is to design it to run at 500 °C with no cooling. NASA are exploring both options

The lower temperature range of 200 - 300 °C is easiest to design for. Many commercial components including microprocessors and memory devices, already function at these temperatures. They are used in oil wells, aviation and electric cars. 

The temperature of an oil well goes up by 25 °C for each kilometer of depth. Now that shallower oil fields are exhausted, oil is extracted from "hostile wells" with temperatures in excess of 200 °C and pressures in excess of 25,000 psi (over 1,700 atmospheres). Cooling is not practical in those conditions so they need electronics that can work at those temperatures. 

High temperature electronics also save weight on planes. They don't have to be cooled, and they can be placed closer to the engines. This helps with cost, weight and most important, reliability (there are no worries about what happens if the cooling system fails). Electric cars also can be more reliable, weigh less and cost less if the electronics can be placed right next to the engine components at high temperatures. High-Temperature Electronics

High temperature mechanical components, sensors and cameras are all possible with the correct choice of components. The batteries and solar panels are best replaced by RTG’s (Radioisotope Thermal Generators)  which can withstand high temperatures. Radio communication can be done with high temperature components and high temperature mechanical components are also possible. All these ideas have been explored in the Venus rover design studies.

If we adopt this approach then future instruments for Mars special regions and subsurface oceans of icy moons and dwarf planets will need to use chips, solders and other components that work up to high enough temperatures for 100% sterilization.

Since these temperatures are only used for sterilization, unlike the situation for a Venus rover, the instruments do not have to operate at 200 - 300 °C. They just have to be able to survive heating at that temperature for several months on the journey to Mars. Once there, they would operate at normal temperatures. 

In the system of planetary protection used for Curiosity and our other modern rovers, the computer section has to be isolated from the rest of the spacecraft with filters to keep the microbes inside it. This is no longer needed if the electronics is certified to operate at 200 °C or 500 °C. The whole spacecraft can be sterilized, as for Viking, but at a far higher temperature using modern more heat resistant electronics.

The simplest way to do this might be to use the spacecraft to heat itself. If it uses an RTG as a source for power, it can also be used as a heat source too. Typically an RTG has an active  cooling system or heat radiators. If this is disconnected, with the insulation of the vacuum of space, the RTG could heat the entire spacecraft during the journey out.

The lowest temperature of 200 °C would sterilize it of all life during a six months cruise.

This might still permit forwards contamination by RNA, proteins, etc. This could be significant, especially if it might explore prebiotic chemistry or early life. Also, GTAs could transfer properties of Earth microbes via lateral gene transfer to life related to modern DNA based Earth life.

However, at 250 °C the half life of the RNA bases under hydrolysis is between 1 and 35 minutes, with U the most stable, G and A of intermediate stability and C decomposing most rapidly. This suggests that if it is heated for several months at 250 °C, so long as some water vapour is available for hydrolysis of the bases, then there is not likely to be any genetic material remaining by the time it reaches Mars. If the temperature can be raised to 350 °C then the half-lives are between 2 and  15 seconds (Levy et al, 1998).

300 °C should be enough to destroy proteins too. Eight of the 20 amino acids, G, C, D, N, E, Q, R and H,  have been proven to not just evaporate or liquify but to decompose at temperatures between 185 for Q (Glutamine) to 280 for H (Histamine)  For the other amino acids, they were not able to completely characterize the gases emitted. (Weiss et al, 2018)

There might be other more recalcitrant organics remaining but it seems that this should be sufficient to make sure no genetic material reaches the destination.

(Sauder et al, 2017 section 5.0) estimated that it would take 5-6 years to develop their automaton rover, at a cost of hundreds of millions of dollars, able to operate at 500 °C. A rover able to operate at 300 °C would be easier to develop.

It’s beyond the scope of this paper to explore whether higher temperatures are needed or whether this is a sufficient level of sterilization to prevent contamination of pre-biotic or early life. However if higher temperatures or more sterilization is needed, there are ways to do it.
[bookmark: _gdjy6umekjhg]Designs for 500 °C to decompose organics if higher temperatures than 300 °C are needed

Higher temperatures would also decompose the organics, so leaving nothing to contaminate the special region or subsurface ocean with biomolecules that could be incorporated in native life there. However they are more challenging to design for, and this may not be necessary depending on whether biomolecules that resist sterilization at 300 °C for months are of concern.

High temperature sterilization at 500 °C for extended periods is feasible for small probes. It is more of a technical challenge for a complete surface rover with broadband communications, but that may also be possible in the future.

There have been several design studies for a rover that can withstand the higher temperatures of the Venus surface without cooling. This would need new components, and with this in mind, in 2007, NASA developed a silicon chip capable of 17,000 hours of continuous operation at 500 °C.

Landis has shown that solar cells can operate at Venus surface temperatures of 450 °C and tested them at those temperatures  (Landis, 2013), and has sketched out a proposal for a camera to operate at up to 500 °C  using similar principles to the imaging camera used for Viking (Landis, 2014). 

Sauder et al have done a NASA concept study for an automaton rover using mechanical components similarly to the early mechanical ballistic computers that were used in the 1950s before the first digital computers, with a mix of mechanical components with occasional use of high temperature electronics but no centralized CPU. It would communicate either with a transceiver - but they say that this is not yet at a technological readiness level to send to Venus - or else using radar reflection from spinning disks with three orders of magnitude lower bit rates. They suggest that this idea could be used for 100% sterile rovers on Mars capable of visiting the RSL’s perhaps deployed from a more capable but less fully sterlized master rover. (Sauder et al, 2017, section 6.2)

Brian Wilcox is working on a 100% sterile probe to descend into the Europan ocean. It would have vacuum insulation like a thermos flask, a blade that cuts ice chips that the body then melts and analysed. It would be heated to over 900 °F (500 °C) during its cruise to Europa which would not only kills microbes but also decomposes organics that would confuse the results.

In his abstract he says (Wilcox, 2017)

"A central thesis of this work is that we must start by addressing the Planetary Protection constraints, and not to try to add them on at the end. Specifically, all hardware in the probe would be designed to survive heat sterilization at 500 °C for extended periods, as required to meet the COSPAR 1-in-10,000 probability per mission of biological contamination of the ocean"

The NASA press release says (NASA, 2017)

"To ensure no Earth microbes hitched a ride, the probe would heat itself to over 900 degrees Fahrenheit (482 degrees Celsius) during its cruise on a spacecraft. That would kill any residual organisms and decompose complex organic molecules that could affect science results."
[bookmark: _ssdrwauornf4]CO₂  snow sterilization - alternative to temperatures high enough to decompose organics - MID EDIT

An alternative to such high temperatures as 500 °C is to use CO₂ snow. This is not enough to sterilize components on its own, but if the components are pre-cleaned then it can kill any remaining dormant microbes and not only that, also decompose the organics too. This could be done at the end of the journey after the heat sterilization phase. 

Carbon dioxide snow is one of the few techniques that removes everything, if it is used to sterilize a part that is already reasonably sterile. This is a new technique for spacecraft sterilization currently being evaluated by ESA. See Deep cleaning with carbon dioxide. and Science Daily article about it. JPL are also exploring it. The main difficulty is scaling it up to sterilize a complete spacecraft. Also, although it is great at removing micron scale contamination, it's not so good at dealing with complete microbes.

So far, neither NASA nor ESA have approved it for planetary protection.

The great advantage of this is that it sterilizes at low temperatures, has no adverse effect on electronics, and also removes the organics completely if the robot starts off reasonably clean. It can also penetrate into tiny cracks and holes. It also has the additional advantage that it removes impurities that could interfere with the electronics. 

If this method can be made 100% effective, you not only get no life on the spacecraft, but no DNA fragments or GTAs, or indeed, anything organic at all.

There are two ways to do it. One is to use supercritical liquid carbon dioxide, and enclose the instrument in a pressure vessel for small and delicate parts. The other way is to generate tiny particles of carbon dioxide snow which impact on the surfaces. See also wikipedia article on carbon dioxide cleaning.

With the supercritical liquid method, the liquid carbon dioxide penetrates into tiny holes, dissolves the organics, and then, as it escapes as snow, it takes the organics with it, and changes back to gas, so leaving the spacecraft completely dry with no residue.

The pressurized supercritical method is:
· Inject CO₂ in a supercritical state. It behaves much like a liquid at 74 atmospheres upwards and 31 C.
· In this state, it dissolves organics readily
· It then forms snow which captures the organics and gets blown / sucked away.
· The snow evaporates rapidly into the gas state, leaving no residue
· Can be mixed with Hydrogen peroxide and other chemicals to increase effectiveness.
· Can be used even with sensitive electronics.
· It has been used to clean USB drives in testing and they functioned afterwards.
· Surface is left with no trace of organics, not even dead organisms. Major plus!
The impacting snow method is what ESA are investigating and use already in an operating spacecraft clean room. It relies on tiny explosions of carbon dioxide snow to clean the spacecraft.

They mix the liquid CO₂ in advance with clean dry air, where it forms tiny snowflakes. So they then hit the spacecraft with minute snowflakes which penetrate into every nook and cranny. The spacecraft surfaces are relatively hot for the snowflakes. So when they hit those "hot" surfaces, they suddenly expand 800 fold, in mini explosions, taking the organics and other matter away with them. Instead of injecting with supercritical liquid which forms snowflakes later, they hit the surface with CO₂ that has already formed into snowflakes, soon after it left the nozzle. 

They plan to use this method to help with sterilizing ExoMars due for launch in 2018. See this press release from August 2015.
"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. "

More about planetary protection for ExoMars here.

This shows scientists using a similar technique to clean all the organics from the surface of a test mirror:

Scientists using CO₂ snow cleaning to clean a test mirror - if the James Webb mirror gets contaminated by organics they can clean it in this way before the launch. The advantage of this approach is that it doesn't just sterilize the equipment. It also removes all trace of organics.

We could use this, first on Earth before the final heat sterilization stage.

We could also take a container of CO₂ and use it for a final CO₂ snow sterilization stage, or in the case of Mars, use carbon dioxide in the Mars atmosphere for an extra CO₂ snow sterilization stage after landing there.

Of course this adds somewhat to the complexity of the mission. But if you value the Europa ocean highly, then it's worth it, to make sure we have no practical chance of making life there extinct.

One advantage of CO2 snow is that it is especially easy to sterilize microsats, and microrovers, to the extent that there are no organics left. 

Another approach, useful for microrovers that will re-enter an atmosphere, such as the Mars atmosphere, is to pre-sterilize the entire reentry spaceship and enclose it in plastic before the launch. The plastic cover would then simply burn away during re-entry exposing the sterile spacecraft inside. 

Staehle et al. propose this method for their miniature paraglider to run piggyback on larger missions. It would re-entry as a parawing glider, capable of 10+ km of guided flight at a 3:1 glide ratio, with the entire spacecraft massing 10-20 kg including deployer and de-orbit propulsion  with science payload 1-2 kg and cost $20M reducing to $10M if 2-3 copies are made (Staehle et al 2015) 

[bookmark: _e6bddry6yamx]Sterilizing in situ life detection experiments that need amino acids, polyclonal antibodies and other delicate components

What about organics and other sensitive components of the experiments themselves? The chiral labeled release experiments needs to have chiral amino acids to feed to the microbes to test for presence of a metabolism. SOLID3 needs its polyclonal antibodies. 

Most organics can’t survive high temperatures. Glutamine, one of the less heat stable amino acids, decomposes thermally at 185 C (Weiss et al, 2018).

Viking did use amino acids, but a lower temperature for heat sterilization. So maybe we just have to choose a temperature low enough so that the amino acids and other organics survive the heat. It would still be sterile of all life, but with less decomposition of the organics, so then we would be more reliant on other methods to remove those.  The amino acids would also lose their chirality for the chiral labeled release at lower temperatures than the temperatures that decompose the amino acids.

So, the need for 100% sterilization might restrict some of the possibilities for in situ biological experiments. Or could those organics be transferred in some way to the spacecraft after it is sterilized, or manufactured in situ? 

We could also use a sterile rover or lander to collect a sample and return it to less sterile instruments at some distance from the site of interest. This might work for small special regions such as RSL’s on Mars, or it could be returned to orbit for immediate analysis and then returned to Earth. But this reduces some of the advantages of in situ study, the ability to examine many samples and study them in situ in a short period of time, many more than could be returned for study, also to use the results in decisions about what to sample next.

With Europa's low gravity and fairly low orbital velocity, and especially with Enceladus, with hardly any gravity and very low orbital velocity, it might be relatively easy to return samples to orbit for the less well sterilized instruments to study.

Perhaps another approach might be to have most of the spacecraft sterilized using heat sterilization but a separate section, perhaps a tank with these organics, insulated from the rest of the spacecraft and pre-sterilized using another method that is effective enough for a simpler component  such as a tank. CO₂ snow sterilization might be a good way to achieve that too.

If the rover will re-enter an atmosphere, for instance for Mars, the easiest way to handle temperature sensitive organics might be the idea from the last section to pre-sterilize the entire rover using CO2 snow (after first adding the organics in sterile form inside of a container), including re-entry vehicle, and enclose it in a plastic cover that burns away during re-entry. (Staehle et al 2015) 
[bookmark: _xc91xov4yesf]Biosphere collisions can be mutually beneficial as well as harmful

So far we’ve focused on situations where the biosphere collisions are harmful, either mutually or in one direction. However we should also recognize that the collisions can also be beneficial.

Here on Earth, invasive species aren’t always harmful. Schlaepfer et al did a survey of invasive species and in their table 1 they find many non native species that are actually beneficial. Some were deliberately introduced for their value for conservation. Many of the best examples were introduced unintentionally. (Schlaepfer et al, 2011). Here are some of their categories.

· Habitat, shelter, and food for native species (e.g. non native tamarisk as nesting sites for nesting birds, and non native plants in California for native butterflies to lay their eggs and for the caterpillars to feed).

· Catalysts for restoration - e.g. non native guava trees in Kenya support fruit eating birds and encourage seed dispersal leading to forest restoration

· Ecosystem engineers - e.g. non-native sea squirts (ascidian) in intertidal waters in Chile creating three dimensional matrix that increases species richness
 
· Taxon substitution - e.g. Aldabra giant tortoise replacing extinct Cylindraspis giant tortoise in the Mascarene island (this one was intentional)

This could happen in the forwards direction to Mars or indeed backwards direction to Earth too.

For example, introduced lichens, if Mars has never evolved them, could provide habitat, shelter (from the UV) and food, as a prime producer, using just carbon dioxide, water vapour, and trace elements from the basalt. If Mars had lichens in the past and they went extinct, it could help through taxon substitution.

Cockell gave an example of another beneficial interaction, that if a martian species was at risk of going extinct through lack of nitrogen we might be able to prevent its extinction through introducing nitrogen fixating microbes from Earth (Cockell, 2005).

If this nitrogen fixation was combined with photosynthesis, it could convert many previously uninhabited habitats on Mars into habitats that are also habitable to the native life there by providing them with organics, nitrates, and shelter in biofilms. Cyanobacteria could do this, or haloarchaea, or Lichens or any other photosynthetic prime producer. If nitrogen fixing is important the lichens need to be cyanolichens as the cyanobacteria photobiont compnent of the lichen then will do the nitrogen fixing (Seneviratne et al, 2006).

This could expand the range of habitats for native life, and encourage its diversity. 

Cockell suggests an approach of “biorespect” rather than preservation (Cockell, 2005):

“The ethical approach suggests that contamination is acceptable. The shedding of microorganisms from human habitats and space suits, microorganisms which themselves originate from unsterilizable humans, is acceptable provided that they do not destroy the integrity of indigenous microbial communities."

He argues that many species of microbes from Earth would be able to survive only in certain restricted habitats on Mars because they required a limited range of conditions such as pH, chemical tolerances, and temperature. However he urges caution for Europa because of the globally connected ocean. This is from 2005 before the Phoenix results, discovery of the RSLs and so on at a time when it seemed that any habitats on Mars must be below the surface at geological  hot spots and probably localized to small oases.

The modern picture of Mars is more globally connected, through the dust storms, because of the surface thin brines that may well be habitable in many locations on Mars.  They may be similar enough for the same microbe to inhabit them all, and we also know of many polyextremophiles like chroococcidiopsis that are versatile and could survive in many different microhabitats on Mars.

It might be that humans, by going to Mars and shedding micro-organisms, just provide a wider range of habitats for martian life - and that in turn the martian life never harms us either but is only beneficial in its effects on Earth life too. Perhaps it may be a wonderful symbiosis of the two biospheres.

However, as we have seen in this paper, there are enough biosphere interactions that could go very wrong, that we need to be careful. Much may depend on the outcome of this biosphere collision.

[bookmark: _bfhjk2rup73m]Earth using us to reach into space and “it will be magnificent” - Robert Zubrin

Robert Zubrin has an argument which he presented in the "Making of" episode 0 of season 1 of the National Geographic series Mars (Zubrin, 2016).

"I would say that we have not only the right, but the obligation, to go and establish ourselves on Mars. We are the creatures with all of our flaws that the Earth's biosphere has evolved to allow itself to reach out and establish itself on additional worlds. And we will take this nearly dead world and we will create a fully living world there. And so there'll be new species of birds and fish and plants. And it will be magnificent. No-one will be able to look on it and not feel prouder to be human."

We provide a way of getting into space, yes. But if Earth evolved us to reach out and establish itself on other world,s, it also evolved us with the intelligence, foresight, and deep scientific and ethical understanding to guide that exploration. We are the Earth's biosphere's guiding intelligences in space, and that may be one of our main roles.

For instance one of the main reasons for going into space may be to protect Earth from hazards (such as asteroids), or to find resources for use on Earth, or to increase our understanding of ourselves, and of science, biology and the universe, or indeed, as a place for adventure and recreation. We have already found many benefits for Earth’s biosphere, already, through our satellites in Earth orbit.

It's not automatic that what anything humans find inspiring and want to do is going to work, and is going to be harmless to ourselves or to others. For instance deliberate introduction of the European wild rabbit into Australia for sport led to many problems (Fenner, 2010). 

Also, the solar system is vast with many other places of great interest where we can visit, and even set up home, without risk of contaminating them.

Yes, we can set up those magnificent habitats that Robert Zubrin talks about in settlements constructed from materials in the asteroid belt. There is enough by way of materials there to create habitats with total living area equal to that of a thousand times the land area of Earth. We can also set them up on Callisto, and in the lunar caves, which may be over 100 kilometers long and up to 5 kilometers in diameter in the low lunar gravity. 

We could paraterraform Titan if there is no native life there to be made extinct, more easily than anywhere. It has abundant wind and hydro power which could power electric lighting for agriculture in vast habitats that straddle the entire moon.

So, yes, we could set up habitats in space and indeed they could be magnificent. But there is no urgent need to go to Mars right away to do this. There are many other places to try it, and given the special planetary protection issues for Mars, we can take the time to study Mars first and decide what to do based on what we find there.
[bookmark: _zhum6tltegg3]What if the decision is to keep Mars, Europa or Enceladus biologically isolated for ever?

What if we find independently originated early life on Mars, Europa or Enceladus, or intricate prebiotic chemistry, or some other form of life that Earth life would make extinct? Should we leave these destinations pristine to avoid contaminating it? 

In the other direction also, if we find something in any of these places that endangers the environment of Earth,  should we keep them biologically isolated from Earth indefinitely?

Either of these could lead to a future where serious consideration is given to the need for biological isolation of Earth from Mars.

The backwards direction is easier to argue. In that case it might depend on whether it is a major or minor nuisance. But even a relatively minor nuisance such as fridges that have to operate at -80 C would probably have most humans arguing against relaxing restrictions. 

In the forwards direction, then it would be like having our own exoplanet, with its distinct biology, in our own solar system. The nearest terrestrial planet like that, other than Mars, may be light years away. Depending on future technological progress, it might be centuries before we have a similar opportunity - or if life is rare in our galaxy, maybe even millions of years. Some might argue however, that once we fully understand the life on Mars we can find a way to replicate it in space habitats or in biologically isolated habitats for martian life on the planet.

We can expect much debate in either of those two cases. However, on the basis of what is known so far, it is a possible outcome of our studies that the decision is made to keep Mars, Europa or Enceladus biologically isolated from Earth.

This would be a future where you have agile rovers on the surface. and increasingly sophisticated humanoid avatars on the surface as well, directed and teleoperated by colonists in orbital colonies. It is a future where the Martian past and present turn out to be so interesting (or so hazardous to Earth’s environment), that humans never land on the surface in person, in their physical bodies, to preserve a biologically pristine Mars.
[bookmark: _dyydnnfootsh]We are our biosphere’s noosphere - its thinking component

We are our biosphere’s way of getting into space and visiting other planets as Zubrin suggests. But we are also its noosphere (de Chardin 1932), its intelligence that it can use to avoid potentially catastrophic consequences. We already have used this, for instance to prevent extinction of blue whales, and to feed billions through the green revolution. By acting as a thinking biosphere, we can plan our missions in space in such a way as to keep our options open, and to advance into space as humans and robots together, each doing what we do best, with the robots as our eyes, and hands, in regions we cannot yet explore in person. 

If it is true that other biospheres are as potentially vulnerable as this article suggests, perhaps this is a time to start a serious development program with the aim of 100% sterile landers and rovers for astrobiological exploration. This would be a joint program with the Venus rover project.

Although this would take some time and would involve some expense, the pay off would be huge. With 100% sterile rovers we could then send our robotic astrobiological explorers anywhere in our solar system, including the depths of Enceladus and Europa, without any more concerns about forward contamination.

Once we have 100% sterile rovers, if we have Elon Musk’s BFR to send 150 tons to Mars orbit in one go, then the astrobiological exploration phase could develop quickly. The BFR couldn’t land on Mars itself as it can’t be sterilized. However, its 150 tons per payload would be enough to have several tons of equipment landed on each of over a dozen landing spots on Mars. Also, with two BFRs in orbit around Mars connected by tethers and spinning for artificial gravity we’d have an instant space station to permit dozens of people to explore the Mars surface via telepresence. By sending many instruments to study Mars in situ from Earth first, and then from orbit, we could have the results from astrobiological instruments that have directly studied all the known surface habitats on Mars in diverse locations with just one human mission to Mars orbit. It would be bound to turn up more questions to ask, more instruments to send. But within a decade we’d have advanced our understanding of Mars astrobiology hugely. 

At that point we’d be able to make decisions wisely. There might well be many views on what we do next but at least we’d make the decisions based on knowledge rather than guesswork.

Meanwhile at our current level of technology, we already have a way to study Enceladus and Europa with flyby missions that collect samples from the plumes, to study in situ immediately after collection, with no risk of contamination in either direction, and search for unambiguous traces of life there. 

On Mars we can continue to search for past life, and search for spores of past life in 

This would seem to impact on the hopes of Mars colonists. But is it not important to evaluate the effects of Earth’s biosphere on Mars and vice versa before proceeding?

This is not a rubber stamping exercise. Yes it’s possible that Earth and Mars life gets on nicely together in a wonderfully symbiotic joining of biospheres.

But it is also possible that there’s a clash in which one or other or both biospheres suffer hugely, to the point of degrading the environment of Earth, possibly to the point of mass extinctions, and in the forward direction possibly to the point of complete extinction of native martian life. We have as yet no sure way to assess which of these we face in the case of a collision with the biospheres of Earth and Mars. We need to know this before we can make our decisions wisely.
[bookmark: _5flw9cy6vjxi]Value of experimental biosphere collisions in large kilometer scale habitats first
One way to help eliminate many of the unknowns involved in introducing life to a new planet or moon would be to start by experimenting first with larger and larger habitats. They are far more controllable, as unlike a planet, they have a “reset button”. If necessary you sterilize the whole thing and start again.

With habitats made from materials from asteroids and comets, spinning for artificial gravity, we can experiment with any level of gravity, and use thin film mirrors to reflect sunlight into it at varying intensities, and vary the day length. It can have miniature lakes as well as “oceans” of salty water too. This is a level of technology much more accessible than terraforming. We could take such a habitat to completion in a decade or less.

Once such habitats are available, varying the gravity level, insolation, day night cycle, ocean, atmospheric and soil chemistry would be an easy matter. If desired we can simulate perchlorate soils, even the Martian atmosphere and dry ice geysers, not in a small simulation chamber but a large habitat. Any desired atmospheric, ocean, and soil conditions can be simulated. It would be a natural step by step future development from the current small Mars simulation experiments left on the exterior of the ISS for BIOMEX, part of Expose R2 (Gronstal, 2014).

We can also set up large habitats to parateraform moons and planets with no risks of forward contamination. These can include Callisto, Titan, possibly the Venus upper atmosphere, and nearest to us, the Moon with its lava tube caves, that may be up to 5 kilometers in diameter and a hundred kilometers long, larger than an O’Neil habitat. All of these have potential for paraterraforming, using technology that is far more accessible to us at present than the megatechnology planet scale mirrors and other methods suggested for Martian terraforming.

For example, if a destination turns out to be lifeless, with uninhabited habitats, perhaps we should not be in a hurry to seed a lifeless Europa, or indeed, Mars? We want to understand what happens in such a huge habitat without life. How far does it get towards life? Is there perhaps some primitive almost alive organism that's not quite life, or not reproducing exactly, in its hydrothermal vents or some surface  habitat? Are there multiple sporadic attempts at biogenesis that constantly then go extinct again? Do we want to seed it with modern life, or do we attempt at triggering a new abiogenesis by repeatedly seeding it with plausible protocells, or leave it “as is”?

We covered Cassie Conley’s example of certain microbes that, if introduced to Mars, would turn the underground aquifers to cement in the methane rich conditions there. If there is no life this won't have happened. Is this what we want to do to the planet? Is there some form of life we could introduce first to prevent it?

As another example, a natural way to try to warm Mars up would be to engineer it with microbes that produce hydrogen sulfide, poisonous to humans. Do you engineer such microbes and turn Mars into a planet that smells like a sewer but is a little warmer for indigenous life or introduced life? Maybe warm enough for liquid water especially if the H₂S thickens the atmosphere too  through CO₂  release + the H₂S itself?

Or, maybe you don't want that to happen, but if so how do you direct it into some other direction? What about long term cycles like carbon dioxide recycling?

Then, human pathogens can also escape into the biosphere, evolve, and may return to us with new capabilities. The atmosphere or the water may itself become toxic to us as in the example of hydrogen sulfide generating microbes, or cyanobacteria producing BMAA and toxins that can kill cows. It may produce allergens, protoxins and so on. 

This may be something that is under our control, if we introduce life to the biosphere in the correct order. But we may need to undertake experimental research first to find the optimal way to do it.

Introducing life to habitats is experimental science because the environment is controllable and we have a “reset button”. We can run controls, we can try varying the conditions and so on. Introducing life to a planet is not so much an experiment, as an irreversible bioengineering project with commitments that stretch for millennia into the future or longer.

It may be that it takes careful planning, to ensure that colliding biospheres can do this in a symbiotic way that is mutually beneficial. If we find a second biosphere on Mars, we can experiment with biosphere collisions on a smaller scale first in large space habitats, in locations where there is no risk of either Earth or the other biosphere (Mars, Europa, Enceladus etc) being directly affected.
[bookmark: _vpak5xsduej7]Seeding Earth life on exoplanets

The physicist Claudius Gros looks at a clash of interpenetrating biospheres in his paper on a "Genesis project" to develop ecospheres on transiently habitable planets, (Gros, 2016). As we mentioned before he suggested the worst case scenario is that both the host planet and any introduced multicellular life from Earth is reduced to a microbial slush due to the inability of either type of multicellular life to recognize the microbes from the colliding biosphere as “non self”.

"In the worst case scenario more or less all multicellular organism of the planet targeted for human settlement would be eradicated. The host planet would then be reduced to a microbial slush in a pre-cambrian state, with considerably prolonged recovery times. The leftovers of the terrestrial and the indigenous biospheres may coexist in the end in terms of ‘shadow biospheres’ "

In his paper he suggests sending microbes to planets that will be habitable only briefly. From our experience on Earth, it took billions of years for the first eukaryotes (cells with a nucleus) and multicellular organisms to arise. So what if we were to try to kickstart all that? 

To do this, first, he suggests, we find a planet that has only a few hundred million or a billion years of habitability left - still plenty of time for higher lifeforms, with future prospects not unlike our Earth - but it's got no life there yet. Then the idea is to seed it with a few eukaryotes and other higher lifeforms from Earth. Hopefully that then saves its ecosystem billions of years of evolution and means that new complex life will arise there that would never have done so without our intervention.

He would look for a planet with no life at all, to avoid issues of clashing biospheres and incompatible biochemistry. It would be a very long term experiment, indeed, unusually, it wouldn't matter how long it takes to get there, so long as the process can be automated. The aim is to make the planet into one with complex life, and perhaps intelligence, hundreds of millions of years into the future, so a few extra centuries now will make no difference.

This raises many ethical questions, as well as practical ones
· How do we know that there is no life there yet? What if it is cryptic, hidden from view unless you examine the planet close up, or has only just started to evolve?
· Is it true that life always takes billions of years to evolve multicellular life as it did on Earth?
· It's bound to have life precursor complex molecules, as even meteorites and comets have those. Perhaps it will have protobionts too, almost alive life precursors. Might we be interfering in the early stages of development of a form of biology that we don't understand yet?
· If we introduce new life to a planet, do we not have some responsibility for the creatures that will arise there billions of years from now? Maybe what we think will be a stable biosphere turns out to be a disaster for them, just as they evolve to complex intelligent life like ourselves?
· What if the planet then evolves intelligent creatures that turn out to be a harmful to our galaxy?
· Is it always a good thing to increase the amount of complex life, and intelligence, in our galaxy and universe?

On the other hand, if we knew what we were doing, perhaps it is a beneficial thing to do, bringing life to an entire biosphere which wouldn't be there otherwise. In that case, it's not unlike bringing a desert to life. The idea of bringing new life to a desert certainly has its appeal and it seems a worthwhile thing to do, somehow, maybe even irrespective of whether any humans or other intelligent beings enjoy it? However the responsibilities to those future biospheres are high and perhaps to do this successfully is something that needs more experience than we have quite yet.
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Meanwhile there is much humans can do on the Moon. The spacesuits and habitats designed for Mars also work on the Moon. Whatever we do further afield, the Moon is bound to be the main place tourists visit outside of Earth for the foreseeable future, and a science hub, and it is of astrobiological interest too. If we get human settlers anywhere in our solar system, there are bound to be some on the Moon. So why not start our settlement experiments there? Sending humans into space is hard. The Apollo astronauts were test pilots that made decisions in seconds with a cool head that would have killed less able astronauts. Returning to the Moon is dangerous enough at present, and we don’t need to make it more exciting and dangerous than it is already.

The Moon is of astrobiological interest too. It collects meteorites as readily as Earth, and  should have meteorites from early Earth, Mars, Ceres and possibly Venus too. The amounts may be substantial. According to one estimate, 7 ppm from Earth. A 10 by 10 square kilometer area of the Moon may have 20 metric tons of materials from early Earth. The materials transferred from Venus over the same area may be 1-30 kg and from Mars as much as 180 kg (Armstrong et al, 2002). 

If any of those places had life, the organics may be preserved on the Moon at liquid nitrogen temperatures in the permanently shaded craters at its poles. These also present no risk of forward or backwards contamination. The lunar caves are also of great interest and the Moon may have many surprises in store for us.

Once we have the ability for safe interplanetary travel then humans could study Mars from orbit via telepresence with both astronauts and the public engaged in the in situ search for life. Further afield, the natural place for humans in Jupiter’s system is not Europa, but Callisto, outside of the main radiation belts, with lower levels of ionizing radiation even than Mars, with abundant ice as well as deposits from carbonaceous meteorites, and other resources. Although it has a deep subsurface ocean, the surface is ancient, unchanged for billions of years, and it is classified as planetary protection category II similar to the Moon(Adams et al, 2003).

In the Saturn system the natural place for humans is Titan, which has vast potential for both wind and hydropower.  The atmosphere protects not just from ionizing radiation and micrometeorites but even large meteorites, similarly to Earth’s atmosphere. A human there would not need a spacesuit, often likened to a miniature spaceship in its own right. They just need a closed system rebreather and insulation from the cold. Even in those cold conditions, adequate insulation is well within our capabilities, and is similar in technological sophistication to the equipment you buy in an outdoor sports shop, and this moon has abundant raw materials suitable for making plastics. This would depend on planetary protection assessment, for instance, does it have cryovolcanoes? But if it is suitable then it could be one of the easiest places for humans to live outside of the Earth.

There are the moons of Mars also, Mercury, possibly airships in the clouds of Venus, and many asteroids (though Ceres may have planetary protection considerations as a result of the observation of water vapour plumes). When it comes to potential settlement, the asteroid belt has materials sufficient to make habitats (spinning for artificial gravity) with a total habitable surface area of a thousand times the land area of Earth. These “thousand planets” can be constructed on timescales of a decade or less per settlement. Human settlements further away from the sun are also possible with thin film mirrors to concentrate the sunlight out to Pluto and beyond. Such a future civilization would be immune to anything that could happen in our solar system for billions of years right through to the red giant phase and final end state of the sun as a white dwarf, by moving the settlements further away or closer as needed.

In this way - let’s not move into a future of uneasy compromises where Mars colonization enthusiasts struggle but fail to keep Earth contamination contained to their settlements and astrobiologists out of frustration plan rapid astrobiological surveys that they know will cause extensive forward contamination.

Meltzer put it like this  (Meltzer, 2012 page 479)

“We humans have a burning desire to increase our understanding of everything around us, but we are accountable to future generations of scientists to explore our solar system without destroying the capability of others to conduct their own investigations. The planetary protection field is thus driven by a deep regard for the importance of both present and future scientific inquiry. Careless planetary exploration in the present could forever obfuscate the answer to a vital question: Are we Earthlings alone in the universe?”

Let’s move to a “win win” situation. Let’s be even more ambitious with humans, aim to send them as far as Jupiter, Saturn and beyond, study Mars from orbit, explore the Moon - and at the same time, let’s be equally ambitious with our astrobiological searches, to aim for 100% sterile landers and rovers, where necessary. 

In that way we can leave our children with a solar system with the same opportunities and the same heritage that we received ourselves. And if we do send humans to these places, let’s do it in knowledge and understanding of what is there and what our microbes will do to it, and indeed, what its native life will do to us. And if we are going to lose something as a result of sending humans there, let’s at least know what it is we are going to lose, before we lose it. Let’s make our decisions based on knowledge of what the true situation is there.
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