
1 of 231 
1 

Space agencies must keep Earth safe 

from microbes in Martian dirt – a review 

of the planetary protection literature with 

new worst case mirror life scenarios 
 
Author: Robert Walker (contact email robert@robertinventor.com)  

 

Preprint DOI …  

For latest version of this preprint please visit: (url …) 

(This version 8th January 2023) 

Titles of sections are like mini-abstracts and summarize the details of the section. For a first 

overview of this paper read the section titles.  

This preprint is not yet peer reviewed and is currently in the process of development. This 

preprint is not intended for widespread sharing at present. I plan to write a shorter self contained 

7,000 word version of it next, as this version will likely take a while to complete peer review. 

This preprint is uploaded here for convenience so that anyone commenting on it has access to 

the latest version at any time. I will upload any changes here in response to comments as I 

check it with the original authors of the research. 

Contents 
Abstract 2 

Review of central results in the recent planetary protection literature for Mars Sample 

Return missions for attention of space agencies 3 

Method and limitations 151 

Factors for space agencies to look out for that may lead to them assigning planetary 

protection of Earth much less significance and attention than the general public 156 

All sections – for an outline of this paper 177 

References 185 

Supplementary Information 185 

 

mailto:robert@robertinventor.com


2 of 231 
2 

 

Abstract 
Next section – all sections – end 
In the late 2020s to 2030s, China, NASA / ESA and Japan plan to return samples from Mars. 

We need to keep Earth’s biosphere safe from any Martian microbes. Japan’s agency JAXA has 

the simplest mission, to return samples from the top few centimeters of Mars’s innermost moon 

Phobos.  

 

JAXA can safely return unsterilized samples without any precautions, because any microbes 

already withstood ejection from Mars, most recently, 700,000 years ago. They then experienced 

conditions on the surface of Phobos similar to conditions inside martian meteorites arriving at 

Earth today from that ancient impact. 

 

JAXA warned their meteorite argument is not valid for surface samples never ejected from 

Mars. NASA’s draft EIS incorrectly says any life from Jezero crater can get here faster and 

better protected in a meteorite than in a sample tube. Surface dirt and dust can’t get here at all. 

 

NASA’s EIS also proposes to return its samples to a Biosafety Level 4 facility. However, the 

European Space Foundation study in 2012 set size limits well beyond capabilities of a BSL-4 

and indeed beyond any current air filter capabilities. 

We can avoid all these issues and keep Earth 100% safe by sterilizing samples before they get 

here. with the equivalent of a few hundred million years of Mars surface ionizing radiation. This 

has virtually no effect on geology, while Perseverance’s forward contamination makes most 

astrobiology impossible. 

We can greatly increase science value with bonus samples in a sterile container returned to a 

martian gravity centrifuge in an unmanned satellite above GEO, to start Sagan’s “vigorous 

program of unmanned exobiology”.  

This is a short review of central results in planetary protection literature, with new worst case 

scenarios of mirror life, to encourage space agencies to ensure Earth’s biosphere is adequately 

protected when they return samples from Mars.  
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Review of central results in the recent planetary 

protection literature for Mars Sample Return 

missions for attention of space agencies 
Next section – all sections – previous section 

This review focuses on NASA’s draft EIS only because it is the first environmental impact 

statement for a Mars sample return ever published. If NASA and ESA can make mistakes of this 

order, when they paid so much attention to planetary protection in the past, other space 

agencies could easily do the same.  

For a list of the main issues found in the draft EIS see: 

• Questions for NASA 

• Reasons for these questions: controversial or mistaken statements in NASA's draft EIS 

and the report of the sterilizing subcommittee  

 

It would be a major omission if this review didn’t mention at least some of the many new findings 

since the last comprehensive Mars sample return study in 2009 (SSB, 2009).  

 

• This paper frequently covers recent research findings – because if it didn’t it would be 13 

years out of date – however it is not itself a comprehensive review and shouldn’t be used 

as such  

 

It would be impossible to do a comprehensive review here, and instead the review focuses on 

material likely to be of especial interest to space agencies based on the mistakes in NASA’s 

draft EIS. 

 

• Scope of this review – material likely to be of especial interest to space agencies, based 

on mistakes in NASA’s draft EIS – rather than any attempt at a comprehensive review  

 

Sections or paragraphs are prefixed with the year of the research if they are: 

 

• relevant to a Mars sample return from after the last major review in 2009. 

• Relevant to forward contamination from after the last major study used by the EIS in 

2014.  

 

Some other material may be new to this paper, such as the new mirror life scenario, labelled 

NEW.  

 

This paper is written to be maximally accessible. See: 
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• Note on use of language – this paper is designed to be maximally accessible – by 

careful use of vocabulary and grammatical structures, but never with loss of precision in 

the meaning of the text 

The meteorite argument can’t be used for potential life in surface 

dust, salts and dirt as these materials can’t mechanically survive 

ejection from Mars 
Next section – all sections – previous section 

Let’s start with the meteorite argument. NASA’s Environmental Impact Statement (EIS) argues 

that (NASA, 2022: 3-3): 

The natural delivery of Mars materials can provide better protection and faster transit than the 

current MSR mission concept. 

However, the NRC Mars Sample Return study in 2009 said (SSB, 2009: 48)  

 

The potential hazards posed for Earth by viable organisms surviving in samples [are] 

significantly greater with a Mars sample return than if the same organisms were brought 

to Earth via impact-mediated ejection from Mars 

 

The NRC goes on to say, in its discussion of large scale effects: 

 

... Thus it is not appropriate to argue that the existence of martian meteorites on Earth 

negate the need to treat as potentially hazardous any samples returned from Mars by 

robotic spacecraft. 

 

So, how did NASA’s EIS come to such a different conclusion? It reasons that potential Mars 

microbes would be expected to survive ejection from Mars:  

First, potential Mars microbes would be expected to survive ejection forces and pressure 

(National Academies of Sciences, …, 2019), … 

 

The background here is that the Japanese space agency JAXA plan to return samples from 

Mars’ innermost moon Phobos. In their cite, JAXA conclude that any microbes ON PHOBOS 

would have already survived ejection from Mars because they had to, to get to Phobos.  

 

However JAXA specifically say that this reasoning does not apply to Mars sample return 

missions because, amongst other reasons, any putative lifeforms in Mars samples might come 

from sites that mechanically can’t survive ejection from Mars (SSB, 2019 : 4) saying: 

 

The main differences between MSR and Phobos/Deimos sample return missions are as 

follows: 

 

https://www.nap.edu/read/12576/chapter/7#48
https://nap.nationalacademies.org/read/25357/chapter/2#4
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• MSR sampling sites will be specifically selected to maximize sampling of evidence of 

extinct or extant life, whereas materials deposited on the martian moons originates from 

randomly distributed crater impact sites. 

• Martian material present in a Phobos/Deimos sample would have undergone several 

physical sterilization processes (e.g., excavation by impact, collision with Phobos, and 

exposure to radiation), before it is actually sampled. Material collected on the surface of 

Mars will not have undergone such processes. 

 

• MSR [Mars Sample Return] material might come from sites that mechanically cannot 

survive ejection from Mars and thus any putative life-forms would de facto not be able to 

survive impact ejection and transport to space. Such mechanical limitations do not apply 

for material collected on Mars Phobos. 

 

Therefore, the committee finds that the content of this report and, specifically, the 

recommendations presented in it do not apply to future sample return missions from Mars 

itself. 

 

[The report has a   typo as shown, it says “Mars” where “Phobos” was clearly intended.] 

 

Martian surface dust, salts, and dirt couldn’t mechanically survive ejection, as they would burn 

up in the atmosphere before reaching escape velocity.  

 

NASA’s EIS get their conclusion through mistaken citing, as they don’t mention this caveat, or 

the NRC statement.  

For planetary protection, what matters are any species that can’t get to 

Earth – invasive starlings can’t fly across the Atlantic and the invasive 

freshwater diatom Didymo can’t cross the seas to New Zealand – similarly 

there could be species in Martian surface dust or dirt, perhaps living in a 

biofilm, that can’t get here in a meteorite  
Next section – all sections – previous section 

 

NASA’s cites do say some very hardy terrestrial microbes such as b. subtilis might rarely 

survive transfer from Mars to Earth in a meteorite. However, this doesn’t prove all or even any 

martian life ever got to Earth from Mars, as we don’t know its capabilities, if it exists. European 

Barn swallows were in the Americas already, but European starlings are an invasive species in 

the USA which can’t fly across the Atlantic. 
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Starling photo from: (Johnstone, 2017)  

Barn swallow photo from (Batbander, 2020)  

Didymosphenia geminata (Lyngb.) from (Schmidt, n.d.)  

 

For a microbial example, the invasive freshwater diatom "Didymo" (Didymosphenia geminatum) 

in New Zealand can't get from one freshwater lake to another on the same island without human 

help (Spaulding et al, 2010). It could never get from Mars to Earth. 
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This is an example sign in New Zealand warning sailors about the risk of carrying didymo to 

another lake in New Zealand.

 

Text on sign: Your boat may now be carrying didymo. Please clean using approved 

methods. Protect our waters … 

Image from: (Thorney¿?. 2006) 

Any diatoms on Mars, perhaps in the lakes beneath the polar ice (Davis, 2018), may well be 

unable to tolerate six months of vacuum or the extreme shock of ejection from Mars, and if so, 

likely evolved independently from terrestrial diatoms. 

 

[2015, 2020] For an example of how we could encounter a similar situation on Mars, Curiosity 

found very cold brines which form in the late evening / early morning on the surface and 5 cm 

below the surface in Gale crater (Martin-Torres et al, 2015:fig 3b). Perseverance doesn’t have 

Curiosity’s Dynamic Albedo of Neutrons (DAN) instrument, so can’t detect these brines in situ. 

But according to models these brines should be stable for even longer in Jezero crater than in 

Gale crater (Chevrier et al, 2020: figure 7).  
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[2015] The surface warms as the day approaches, and may get above 0°C, and as it warms 

these brines get warm enough for life but get too salty and then dry out completely. At other 

times they have enough water but are far too cold at -73°C for even the most cold tolerant Earth 

microbes to flourish, (Martin-Torres et al, 2015).  

[2015] However, Nilton Renno suggested life could use biofilms to make these brines habitable 

(Pires, 2015), a strategy often used by terrestrial life to live in microhabitats in deserts (SSB, 

2015 :11). In this way they could prevent the water from evaporating. They could also use 

various chemicals to help them function at lower temperatures and also grow very slowly with 

doubling times of millennia (Rummel et al , 2014:897).  

 

[2015] The Curiosity brines were still found on the surface through to spring, see Martin-Torres 

et al, 2015:fig 3b). The last day in the year shown with surface brines (0 cm) also shows them 

through to 6 am, in the northern autumn, at solar longitude of Ls ~ 219° [the solar longitude 

specifies the position in the Martian year (NASA, n.d.)], By then, the surface at Gale crater in the 

middle of the day reached 288 °K = 15 °C (Martin-Torres et al, 2015:fig 2a). These are very 

warm conditions for Mars, for any microbes in the biofilms able to retain the water through to 

mid-day.  

 

[2019] If Jezero crater does have biofilms like this, they might transfer in larger propagules, or 

perhaps as windblown fragments of a biofilm (Billi et al, 2019a), (Billi et al, 2019b), which could 

help start up a new biofilm faster. Also solitary microbial spores in these biofilms might transfer 

to other seeps, perhaps attached to a dust grain and shielded from UV in dust storms (Bak et 

al., 2019). They could spread like this even with only one spore or biofilm fragment succeeding 

every few millennia. This possibility is discussed below in: 

 

• 2019: A thin (0.03 microns thick) fragment of desiccated biofilm of chroococcidiopsis 

would be still viable after blowing 100 km in moderate winds (5 meters per sec) in full 

Martian sunlight (and following sections) 

 

These spores, propagules or biofilm fragments don’t need to be able to survive the journey to 

Earth in a meteorite to survive and propagate on Mars. They don’t need the capabilities to resist 

extreme shock, live below the surface of a rock, survive extended periods of vacuum, and so 

on. Also, living on the surface, they may never get into the rocks that are ejected to Earth. 

Similarly to Didymo, some or all putative martian species might have no way to get to Earth on a 

meteorite. For them, a sealed sample tube is like a miniature spaceship complete with dust, 

shielding from UV, and a small amount of martian atmosphere, much less desiccating than a 

vacuum. 

https://nap.nationalacademies.org/read/21816/chapter/4#11
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It is safe for Japan to return unsterilized samples from Phobos without any 

special precautions because any life in samples from the most recent 

impact already survived ejection from Mars 
Next section – all sections – previous section 

 

JAXA did establish it is safe to return samples from Phobos because they will have a similar 

history to the martian meteorites arriving today. (SSB, 2019 : 38 ff). 

 

They compared two chains of events: 

 

Ejection from Mars → Impact on Phobos → Remains in top 10 cm of the Phobos surface 

for 800,000 years → returned to Earth in the Phobos sample return 

 

Ejection from Mars → spends 800,000 years in space traveling from Mars to Earth → 

reenters Earths atmosphere and delivered to Earth. 

 

For all except the last in the chain of events the amount of sterilization is similar for the 

meteorites ejected from Mars and the returned samples. he ejection velocity is higher from Mars 

to Earth than from Mars to Phobos but a small percentage of the ejecta is only weakly shocked 

so this difference has a modest effect. 

 

Then for the last step they found that any microbes from Mars would be far more sterilized as a 

result of the impact on Phobos than the reentry fireball of Earth because only the surface of the 

rock is heated 

 

They estimate that about 100 kilograms of Martian meteorites arrives every year and that about 

100,000 tons of material have been delivered to Earth from the Zumil impact in the last million 

years.  

 

This is the backward contamination version of Greenberg’s “Natural contamination standard”. If 

Earth frequently encounters Martian life, we have no need to protect Earth with special 

precautions, more precisely (Greenberg et al, 2001): 

 "As long as the probability of people infecting other planets with terrestrial microbes is 

substantially smaller than the probability that such contamination happens naturally, 

exploration activities would, in our view, be doing no harm. We call this concept the 

natural contamination standard." 

 

The main points in this argument are that: 

 

1. Any material from Mars on the surface of Phobos already survived ejection from Mars. 

- Doesn’t apply to a Mars sample return 

 

https://nap.nationalacademies.org/read/25357/chapter/5#38
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2. Our martian meteorites last left Mars at least 700,000 years ago (ejection ages between 

0.7 and 18.5 million years ago (Udry et al, 2020:table S4) ) 

 

3. Any material they return from Phobos from that collision spent those 700,000 years on 

the surface of Phobos had a similar amount of ionizing radiation to our martian 

meteorites from the same collision 

- Doesn’t apply to a Mars sample return (any viable life in the sample may have 

been growing somewhere on the surface of Mars not long before collection) 

 

4. That leaves the fireball of re-entry to Earth’s atmosphere but the heat of re-entry doesn’t 

penetrate far into the meteorites arriving from Mars (and Phobos has the extra impact 

shock). The committee assumed a 10% survival of microbes (underestimating a likely 80 

to 100% survival) (SSB, 2019 : 40). 

 

There may be a slight omission here for photosynthetic life, since their 10% survival figure 

wouldn’t apply for photosynthetic life that lives on or near the surface of rocks. In an experiment 

with a re-entry aeroshell Cockell found that not only Chroococcidiopsis but all associated 

organics were destroyed.  

 

But if so, this is a relatively minor issue – because the Martian microbes come from at least 3 

meters below the surface in the high Southern Uplands where photosynthetic life is unlikely, and 

if it is found there, would be using alternative metabolic pathways in darkness, so would still 

have no reason to live on the surface of rocks. The JAXA analysis seems correct with this minor 

tweak to account for photosynthetic life. The more eyes that look at these studies the better 

given how important it is to protect Earth’s biosphere. For details see supplementary 

information: 

 

• New: extending the JAXA analysis to photosynthetic life on or near the surface of any 

Martian meteorites 

 

 

2015: Jezero crater seems uninhabited from orbit – but so do 

terrestrial Mars analogue deserts – the EIS doesn’t cite the 2015 

MEPAG review which overturned all the main conclusions from 

2014 relevant to Jezero crater and drew attention to transport in 

dust storms, microhabitats, and biofilms that can make deserts 

locally more habitable 
Next section – all sections – previous section 

 

NASA say the Martian surface is especially inhospitable for life in Jezero crater, where 

Perseverance is collecting samples, arguing that the choice of landing site helps keep Earth 

safe, saying (NASA, 2022: S-4)  

https://nap.nationalacademies.org/read/25357/chapter/5?term=Earth#40
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Consensus opinion within the astrobiology scientific community supports a conclusion 

that the Martian surface is too inhospitable for life to survive there today, particularly at 

the location and shallow depth (6.4 centimeters [2.5 inches]) being sampled by the 

Perseverance rover in Jezero Crater, which was chosen as the sampling area because it 

could have had the right conditions to support life in the ancient past, billions of years 

ago (Rummel et al. 2014, Grant et al. 2018).  

 

 

NASA’s draft EIS refers to SR-SAG2 (Rummel et al , 2014), but NASA and ESA commissioned 

a review in 2015, the MEPAG review (SSB, 2015 which modified all the main conclusions that 

NASA relies on for this statement about Jezero crater. NASA’s draft EIS doesn’t cite this review. 

 

SR-SAG2 relies on maps like this. This map shows that the equatorial region of Mars including 

Perseverance’s landing site in Jezero crater has no shallow ice observed or suspected  

 

 
 

Source: (Rummel et al , 2014 : Fig. 45 ) Colour coding shows elevation. 

Perseverance landing site shown at 18.44°N 77.45°E (NASA, 2022) 

 

It then maps out the RSLs. These are potentially habitable features that grow in spring, expand 

through the summer and fade away in the autumn on sun facing slopes on Mars  (McEwen, 

2011). Stillman suggests some may be explained by a wet dominated mechanism while 

numerous other sites are caused by dry granular flow (Stillman, E., 2018:81). The ones with a 

wet dominated mechanism might be habitable.  

 

https://www.liebertpub.com/action/showImage?doi=10.1089%2Fast.2014.1227&iName=master.img-044.jpg&type=master
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These can be detected from orbit and SR-SAG2 recognizes the need for buffer zones around 

them.  

 
 

Source: (Rummel et al , 2014 : Fig. 47 ) 

 

The 2014 report uses these maps to map out “Special regions” which are defined as regions 

(SSB, 2015 :6).  

 

“within which terrestrial organisms are likely to propagate, or a region which is 

interpreted to have a high potential for the existence of extant martian life forms.” 

 

The 2015 MEPAG Review of this 2014 report says that such maps can only represent the 

current (and incomplete) state of knowledge for a specific time (SSB, 2015 :28). 

 

In general, the review committee contends that the use of maps to delineate regions with 

a lower or higher probability to host Special Regions is most useful if the maps are 

accompanied by cautionary remarks on their limitations. Maps that illustrate the 

distribution of specific relevant landforms or other surface features can only represent 

the current (and incomplete) state of knowledge for a specific time—knowledge that will 

certainly be subject to change or be updated as new information is obtained. 

 

… 

Identification of a Special Region needs a multiscale approach ... and thus, as far as 

missions to Mars are concerned, conservatism demands that each landing ellipse be 

scrutinized on a case-by-case basis.  

 

https://www.liebertpub.com/action/showImage?doi=10.1089%2Fast.2014.1227&iName=master.img-046.jpg&type=master
https://nap.nationalacademies.org/read/21816/chapter/3#6
https://nap.nationalacademies.org/read/21816/chapter/7
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Jezero crater does seem uninhabited from orbit, but there are many ways it could have habitats 

not easy to detect from so far away. 

 

Many potential microhabitats would be undetectable from orbit, for instance it wouldn’t be 

possible to detect the micropores in the gypsum or salt pillars in the Atacama desert from orbit. 

It is hard even to detect fossil evidence of past microbial habitats from orbit. 

 

[2018] To reliably detect potential evidence of past microbial habitats from orbit an orbital visible 

imager would need to have a resolution of 1 cm per pixel [This is feasible for Mars unlike Earth 

because of the thin atmosphere]. A resolution of 10 to 15 cms per pixel could identify bulk 

features consistent with a habitat but wouldn’t be diagnostic (Cabrol, 2018). 

 

The MEPAG review single out two ways terrestrial life could potentially contaminate Mars from 

regions that seem safe from these maps from orbit. First through dust transport and secondly, 

the desert might not be as uninhabitable as it seems from orbit because of microhabitats and 

because of the way microbes can use biofilms to inhabit regions that are otherwise 

uninhabitable. 

 

Research since then backs that up their conclusions. Since there hasn’t been a comprehensive 

forward contamination review since then, this paper looks at some of the highlights of the most 

recent research, as otherwise it would be 8 years out of date. 

 

Then there are several other possibilities available to Martian life which they can safely ignore in 

these forward contamination studies, as they don’t apply to the few microbes, short timescale 

and known biology of the terrestrial life on our rovers. Those haven’t been looked at in a 

comprehensive review since 2009. 

 

• Life on Mars may be adapted to conditions beyond the range of terrestrial life.  

• Martian life has had time to colonize habitats that may take thousands of years to 

colonize. The SR-SAG2 had a limited time frame and said it didn’t need to consider 

forward contamination that takes more than 500 years to get established (Rummel et al , 

2014:894). 

• Martian life could use fragments of biofilms blown in the winds to create its own 

microhabitat in a region that is otherwise inhospitable to life (Billi et al, 2019b). It could 

do that even if local conditions don’t permit it to establish a biofilm by slowly growing 

from a few microbes today, so long as some time in the past biofilms were able to form, 

propagating ever since then using these broken off fragments (Mosca et al, 2019). The 

small numbers of microbes on spacecraft sent to Mars so far can’t build up biofilms and 

the MEPAG Review says whether there are enough terrestrial microbes on a spacecraft 

to build up a biofilm is a central question in forward contamination (SSB, 2015 :11).  

 

Then there is another possibility for both terrestrial and martian life that’s been researched since 

the MEPAG review 

 

https://nap.nationalacademies.org/read/21816/chapter/4#11
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• Microbes can be protected inside larger dust grains up to half a millimeter in size which 

can travel hundreds to thousands of kilometers by bouncing across the sand dunes a 

few meters at a time in the dust storms (Kok, 2010:4). (Bak et al., 2019). 

 

All these factors mean that we can’t use SR-SAG2 to exclude the possibility of extant martian 

life in Jezero crater. We will look at this in detail in the following sections: 

 

• 2015: MEPAG2 review draws attention to potential for viable life transported through the 

atmosphere (for instance in dust storms) 

 

- 2019: A thin (0.03 microns thick) fragment of desiccated biofilm of chroococcidiopsis 

would be still viable after blowing 100 km in moderate winds (5 meters per sec) in full 

Martian sunlight  

- 2019: Curiosity found UV radiation fell by 97% at the start of the 2018 dust storm, 

which could increase Billi et al’s 100 km to 1000s of kilometers in Martian dust 

storms  

- 2017: individual microbes can travel in dust storms imbedded in a dust grain for extra 

protection from UV  

-  2019: Microbes can be protected by bouncing sand grains up to half a millimeter in 

diameter traveling meters in each bounce, and some (less than 1 in 1000) b. subtilis 

spores remain viable after hundreds to thousands of kilometers of travel in simulation 

experiments  

- New: Martian life could evolve new strategies for dust storm transport such as spores 

with extra layers to protect against UV, and fruiting bodies for higher life that are 

detached by strong winds and may be better protected against UV than terrestrial life 

 

• 2015: MEPAG2 review draws attention to potential for local microenvironments to 

provide habitats for life that can’t be detected in large scale surveys 

 

- 2021: Potential for melting frost to form a “dew” of microns thick layers of fresh liquid 

water even in Jezero crater – as an example to show the potential for future surprise 

microhabitats 

 

• 2015: MEPAG review also draws attention to biofilms that microbes may need to use to 

create conditions favourable to them in otherwise uninhabitable microniches – this 

reduces the risk for forward contamination for spacecraft with low bioloads – however 

this argument doesn’t work for backwards contamination – such niches could be 

inhabited by Martian life that already lives in biofilms 

 

- Martian life could be more capable of coping with Martian conditions than terrestrial 

life 

- NEW: Life adjusted to Mars has had millions of years to set up biofilms – and slowly 

colonize microhabitats we may not yet know exist   
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- A Martian biofilm might consist of many species that evolved together to the local 

conditions over millions of years, similarly to the Atacama Desert grit crust [2020]  

- 2016: NASA discovered potential for current habitats for terrestrial life in Gale crater 

AFTER Curiosity’s landing 

 

The general picture here is that research since 2015 would seem to support the idea that there 

is some potential for life in Jezero crater, either local life using biofilms or microhabitats or life 

brought there from distant regions of Mars in the dust storms. 

 

 If you wish to skip to the next main section it is: 

• NASA’s draft EIS argues that existing credible evidence suggests Mars has not been 

habitable to Earth life for millions of years –– yet their cite for this sentence is about a 

search for current localized habitable regions on Mars – another conclusion reached 

through a citing error 

 

In more detail on the potential for returning Martian life from Jezero crater: 

2015: MEPAG2 review draws attention to potential for viable life 

transported through the atmosphere (for instance in dust storms) 
Next section – all sections – previous section 

The MEPAG review says the SR-SAG2 report doesn’t adequately discuss transport of material 

in the atmosphere (e.g. dust storms). (SSB, 2015 : 12).  

 

"The SR-SAG2 report does not adequately discuss the transport of material in the 

martian atmosphere. The issue is especially worthy of consideration because if survival 

is possible during atmospheric transport, the designation of Special Regions becomes 

more difficult, or even irrelevant." 

 

That last point is that if life can be transported from almost anywhere on Mars to almost 

anywhere it would be impossible to distinguish any particular regions as safe for forward 

contamination. They would all be regions (SSB, 2015 :6).: 

 

“within which terrestrial organisms are likely to propagate, or a region which is 

interpreted to have a high potential for the existence of extant martian life forms.” 

 

It highlights the potential for dust to attenuate the UV and for microbes to be protected growing 

as aggregates (SSB, 2015 : 12) 

Atmospheric transport can move microbial cells and spores over long distances, as is 

known from investigations of foreign microbes delivered to North America from Africa 

via Saharan dust … and Asia … 

… 

https://nap.nationalacademies.org/read/21816/chapter/4?term=dust#12
https://nap.nationalacademies.org/read/21816/chapter/3#6
https://nap.nationalacademies.org/read/21816/chapter/4?term=dust#12
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In addition to dilution effects, the flux of ultraviolet radiation within the martian 

atmosphere would be deleterious to most airborne microbes and spores.  

However, dust could attenuate this radiation and enhance microbial viability. In 

addition, for microbes growing not as single cells but as tetrades or larger cell chains, 

clusters, or aggregates, the inner cells are protected against ultraviolet radiation. 

Examples are methanogenic archaea like Methanosarcina, halophilic archaea like 

Halococcus, or cyanobacteria like Gloeocapsa. This is certainly something that could be 

studied and confirmed or rejected in terrestrial Mars simulation chambers where such 

transport processes for microbes (e.g., by dust storms) are investigated. The SR-SAG2 

report does not adequately discuss the transport of material in the martian atmosphere.  

Both reports are about terrestrial life, for forward contamination. They don’t examine the 

possibility of indigenous martian microbes better adapted to the Martian conditions than 

terrestrial life. 

2019: A thin (0.03 microns thick) fragment of desiccated biofilm of 

chroococcidiopsis would be still viable after blowing 100 km in moderate 

winds (5 meters per sec) in full Martian sunlight  
Next section – all sections – previous section 

 

In 2019, Billi et al found that a fragment of dried biofilm of the blue-green algae 

chroococcidiopsis mixed with regolith only 0.015 to 0.03 millimeters thick could survive 469 days 

of Mars surface UV in conditions of partial shade on Mars simulated using a 0.1% filter (Billi et 

al, 2019b). They calculate that this dose is equivalent to 8 hours of full sunlight on Mars, and 

that eight hours is enough time to transport the biofilm more than 100 km at typical wind speeds 

of 5 m/s, though they add that they only tested for the effects of UV and not the effects of 

perchlorates  (Billi et al, 2019a).  

 

Perchlorates in the dust may make this more challenging for terrestrial life because UV has 

been shown to reduce the survival times, at least for b. subtilis, perhaps by converting them to 

the more reactive chlorates and chlorites. However, this is not tested for polyextremophiles that 

may be more resilient (Wadsworth et al, 2017). Also, dust storms would reduce UV reducing this 

effect and increase the survival times for individual microbes. The biofilm mixed with the regolith 

would also shelter microbes within it from UV. Also, Martian microbes would have had the 

opportunity to evolve to become more resilient to the martian conditions. 

 

Billi et al conclude Mars (Billi et al, 2019b).  

 

… Our findings support the hypothesis that opportunistic colonization of protected niches 

on Mars, such as in fissures, cracks, and microcaves in rocks or soil, could have 

enabled life to remain viable while being transported to a new habitat 
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In this way martian biofilms could hop from one microhabitat to another a few tens of kilometers 

at a time, similarly to the way desert nomads use oases to cross deserts. 

2019: Curiosity found UV radiation fell by 97% at the start of the 2018 dust 

storm, which could increase Billi et al’s 100 km to 1000s of kilometers in 

Martian dust storms 
Next section – all sections – previous section 

 

Occasional global dust storms cover much of Mars (Shirley, 2015). They typically start in the 

south, in the southern spring or summer, encircle the planet in southern latitudes then extend 

north across the equator. Curiosity was able to give direct observations of surface UV during the 

2018 global dust storm, and found that it fell by 97% at the start of this storm, and remained at 

similar low levels for about three weeks (solar longitude 195 to 205) (Smith, 2019).  

 

 
 

UV measurements by upward pointing photodiodes on the REMS instrument suite on 

Curiosity. The UV fell by 97% at the onset of the dust storm (Figure 5 of Smith, 2019) 

 

Scaling up from Billi et al’s 100 km in 8 hours of full sunlight  (Billi et al, 2019a), this suggests a 

single dust storm could transport biofilm fragments protected from UV for thousands of 

kilometers, similarly to the dust transport from the Gobi desert to Japan (Maki et al, 2019).  

 

[New] Small biofilm fragments like these can continue moving at night too, when there is no UV 

radiation. Even during the dust storms, the wind speeds continue at night at 3-4 meters per 

second increasing to 10 meters per second or more in the day time – at least as measured from 

the Insight lander for the dust storm in 2019. Before the dust storms, the night wind speeds 

were above 5 meters per second for most of the night, increasing to a maximum of around 10 

meters per second just before dawn at around 4 am. So there seems significant potential for 

transport of biofilms for large distances at night. 
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Blue dots show the wind speeds 5 days before the 2019 dust storm as measured from 

the Insight lander site, about 5 meters per second at night, increasing to 10 meters per 

second in the middle of the day. 

 

Red dots show the wind speeds 5 days after onset which range from around 3 meters 

per second most of the night to above 10 meters per second in the middle of the day. 

(Viúdez‐Moreiras et al., 2020: figure 5). 

 

Mars doesn’t need to have conditions to form biofilms from single cells today. Mosca et al 

suggest that if such a biofilm ever formed in Martian history, it could continue to be transported 

from niches that become unfavourable to more favourable niches on Mars through to the 

present. (Mosca et al, 2019). So, Mars could continue to have life propagated using biofilm 

fragments from the same ancestral biofilm, potentially even millions of years after the ancestral 

biofilm first formed.  

 

This gives a way native evolved Martian life might be able to survive on Mars in conditions a 

single microbe or spore, Martian or terrestrial, could never colonize. This gives another way for 

Martian life to colonize apparently uninhabitable regions in Jezero crater. 

2017: individual microbes can travel in dust storms imbedded in a dust 

grain for extra protection from UV  
Next section – all sections – previous section 

 

Individual microbes might also be able to get transported in the dust including in storms. 

Microbes can get attached to dust grains in tests (van Heereveld et al, 2017) (Osman et al 

2008). Sagan suggested a viable microorganism could be imbedded in a dust grain and be 

protected from the UV by the iron oxides in the dust (Sagan et al, 1968).  

 

The protection from UV by the dust grain could also help with protection from the harmful effects 

of UV activated perchlorates along with the other factors discussed above in:  

https://agupubs.onlinelibrary.wiley.com/cms/asset/9cccafae-270b-42eb-a18a-99543d6ae91b/jgre21457-fig-0005-m.jpg
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• 2019: A thin (0.03 microns thick) fragment of desiccated biofilm of chroococcidiopsis 

would be still viable after blowing 100 km in moderate winds (5 meters per sec) in full 

Martian sunlight  

 2019: Microbes can be protected by bouncing sand grains up to half a 

millimeter in diameter traveling meters in each bounce, and some (less 

than 1 in 1000) b. subtilis spores remain viable after hundreds to thousands 

of kilometers of travel in simulation experiments  
Next section – all sections – previous section 

 

The Martian sand dunes have typical grain sizes of half a millimeter, or 500 microns. The 

Martian winds, far too weak in the thin atmosphere to suspend these grains, can still pick up 

these half millimeter diameter grains in a bouncing motion, called saltation.  

 

Once the grains start bouncing, Mars’s low gravity and lower vertical drag lets them travel 

higher and further with each bounce than on Earth. A strong wind can lift the grains a few 

meters horizontally with each bounce and lift them to a height of 10s of cms, (Kok, 2010:fig.3b). 

 

There are two important wind speeds for this process. The wind needs to go above the fluid 

threshold to start grains bouncing, and after that it has to stay above the lower impact threshold 

to keep the bounces going after each impact. The impact threshold on Mars is approximately a 

tenth or less of the fluid threshold (Kok, 2010:fig.1). That’s a much bigger difference than for 

Earth where the wind speeds can get fast enough to set the grains bouncing at only a little over 

the impact threshold, with a ratio of 0.82 for loose sand.  

 

This means that on Mars, if a gust of wind just over the fluid threshold detaches a particle from 

the surface, it will continue to bounce across the dunes until the wind speed drops to below the 

much lower impact threshold (Kok, 2010). The upshot is that even though the winds are much 

weaker on Mars, with occasional gusts to get them started, dust grains can then move 

continuously in the winds on Mars much as they can on Earth (Kok, 2010). 

 

The small ratio of the impact and fluid thresholds allows Martian saltation to occur 

for much lower wind speeds than previously thought possible. Indeed, once saltation 

is initiated by a localized wind gust, it will continue downwind until the wind speed falls 

by approximately an order of magnitude to a value below the impact threshold 

 

As an example, Proctor crater has typical wind speeds at only a third of the fluid threshold, 

however the instantaneous wind speed will occasionally exceed the fluid threshold and then the 

dust grains keep going until wind speeds falls to below the impact threshold which is far less 

than typical wind speeds in this crater (Kok, 2010:4). 

 

So, once a dust grain on Mars starts bouncing it typically continues for a long time.  
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The bounces themselves can destroy spores, through mechanical stress. In one Mars 

simulation experiment, with spores of b. subtilis, in grains of Icelandic granite to simulate 

Martian granite, half of the spores were killed in a minute. These spores were completely 

destroyed (Bak et al., 2019).  

 

However, Bak et al found some spores viable after days of bouncing. Perhaps these spores 

were protected inside cavities in the dust grains (Bak et al., 2019). Bak et al found the number 

of viable spores is reduced more than 1000 fold after 5 days of bounces (Bak et al., 2019:4). 

Based on the saltation particle speed of 3 to 10 meters per second for a particle of 400 microns 

in diameter (Kok, 2010:fig.3a), a propagule could travel 250 to 850 kilometers a day. So a 

similar propagule on Mars could travel 1,300 – 2,150 km in 5 days (rounded to nearest 50 km) 

before the numbers of viable spores are reduced a thousand-fold. 

 

This suggests that though most b. subtilis spores would be killed in the bouncing martian dust, a 

small proportion of spores could be transported thousands of kilometers, and remain viable. 

Also, they only tested one species in the experiment. Their choice, b. subtilis was a reasonable 

Mars analogue organism for this experiment as it is highly resistant to radiation and oxidizing 

chemicals. However, spores of native martian life would have evolved to resist these bounces 

and might be able to survive for more than 5 days in these conditions. 

 

New: Martian life could evolve new strategies for dust storm transport such 

as spores with extra layers to protect against UV, and fruiting bodies for 

higher life that are detached by strong winds and may be better protected 

against UV than terrestrial life 
Next section – all sections – previous section 

 

This is a speculative section about possible adaptations of native Martian life to transport in dust 

storms. From the previous sections, especially Billi et al’s experiments (Billi et al, 2019a), (Billi et 

al, 2019b), it seems likely Martian life could propagate anyway as fragments of biofilms with 

similar capabilities to terrestrial life. However, after billions of years of evolution, martian life 

might well be better adapted than terrestrial life. 

 

Terrestrial spores are already adapted for protection from UV. They encounter stronger UV high 

in Earth’s atmosphere and in mountainous and polar regions. Spores are protected from 

reactive chemicals by multiple coat and crust layers (Cortesão et al, 2019). This makes them far 

more resistant to oxidizing agents, bactericidal agents, chlorites, hypochlorites etc than 

vegetative cells (Sella et al, 2014). Spores are also more UV resistant than vegetative cells. 

Some terrestrial spores can withstand many hours of UV radiation on Mars, including one strain 

still viable after 28 hours of simulated direct UV radiation in Mars simulation surface conditions 

(Galletta et al, 2010). Adapted to such extreme conditions, Martian spores could have more 

layers of protection than terrestrial spores and resist UV for even longer than those 28 hours.  

https://www.google.com/search?q=3+*60*60*24%2F1000
https://www.google.com/search?q=10+*60*60*24%2F1000
https://www.google.com/search?client=firefox-b-d&q=3*60*60*24*5%2F1000
https://www.google.com/search?client=firefox-b-d&q=5*60*60*24*5%2F1000
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Martian life might develop colonial ways of surviving in dust storms in the larger clusters or 

aggregates of microbes like the terrestrial analogues described by the MEPAG review (SSB, 

2015 :12). Martian microbial life could have evolved larger bacterial fruiting bodies similarly to 

those of the myxobacteria. These have some bacteria that altruistically develop into non 

reproductive cells to protect the spores inside (Muñoz-Dorado et al, 2016).  

 

Multicellular martian life could reproduce by fragmentation in dust storms, similarly to fungi 

reproducing through hyphal fragments or red macroalgae (rhodophyta) which often propagate 

using multicellular propagules. These propagules would be fragments of the parent plant, a 

vegetative multicellular structure, that breaks off from the parent thallus and gives rise to a new 

individual (Cecere et al, 2011). The evolution could begin with fragments broken off in winds 

due to the impact splashes of the half millmeter sand grains bouncing on the dunes of the 

previous section and the natural movements of the dunes. Bacteria might evolve strategies to 

create propagules extended above the surface that detach in response to stronger winds in dust 

storms or dust devils.  

 

 

Combining this with the results of the previous section, a propagule half a mm in diameter could 

potentially be transported great distances in dust storms by the saltation bounces. Of course 

there is no way to know if Martian life has evolved such a method of propagation but it suggests 

a possibility for increased survival over terrestrial life for native life adapted to martian 

conditions. 

 

A half millimeter diameter propagule, or 500 microns in diameter, typical in size for saltation on 

Mars (Kok, 2010:fig.3b) can contain many spores. At a maximal packing density of 
𝝅

3√2
≈

0.74048, which is the densest packing density possible for congruent spheres (Hales, 1998) 

(Hales et al, 2017), it can contain 
𝝅

3√2
×  

4

3
𝝅 × 2503= 

𝝅𝟐× √2  × 2503

9
= 24. 2 million spherical 

spores or microbes in dormant state at 1 micron diameter.  

 

https://www.nap.edu/read/21816/chapter/4#12
https://www.google.com/search?client=firefox-b-d&q=%CF%80%5E2*sqrt%282%29*250%5E3%2F9


22 of 231 
22 

 
 

Figure 32: Bouncing dust grains or propagules would travel 250 to 850 kilometers per 

day in a dust storm (at typical saltation speed of 3 to 10 meters per sec). 

 

Dust grains on Mars of 500 microns diameter can bounce up to several meters with each 

bounce with a height of tens of cms. A biofilm propagule this size covered in iron oxide 

microparticles for protection from UV could contain over 24 million microbes at 1 micron 

diameter. 

 

Artist’s impression of a typical bounce based on figure 2b from (Almeida et al, 2020) 

superimposed on photograph of the top of a large sand dune taken by Curiosity on 

December 23, 2015 (NASA, 2016)  

 

As with the biofilm fragments, such comparatively large propagules could help martian life to get 

off to a head start in an environment where a single microbe might not be able to survive. 

 

Any fruiting bodies would have an evolutionary advantage if they evolved extra protection 

against UV, perhaps an agglutinated external cyst of iron oxides to protect themselves from UV 

held together by secreted organics similarly to the external cysts of foraminifera (Heinz et al, 

2005).  

 

Speculating further, Martian life might also perhaps evolve specialized biomaterials with much 

stronger protective layers than iron oxide to protect themselves from both UV and damage from 

impacts during the saltation bounces. To take one very speculative example [new]: chitin is an 
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essential component of the cell walls of fungi and the fungal component of lichens (Lenardon et 

al, 2010). The same material is also used in insect exoskeletons and jaws. Chitin has a Mohs 

hardness of 7 – 7.5 (Zhang et al, 2020) similar to quartz (King, n.d.). Chitin nanofibers have a 

Young’s modulus of elasticity of more than 150 GPa (Vincent et al, 2004), higher than copper or 

titanium alloy and not far below wrought iron or steel (Engineering ToolBox, 2003). A protective 

chitin coating could do a lot to protect a bouncing propagule from damage during saltation 

bounces. 

 

2015: MEPAG2 review draws attention to potential for local 

microenvironments to provide habitats for life that can’t be 

detected in large scale surveys 
Next section – all sections – previous section 

The 2014 report considers microenvironments in (Rummel et al , 2014:904). 

 

Finding 3-10: Determining the continuity/heterogeneity of microscale conditions over 

time and space is a major challenge to interpreting when and where Special Regions 

occur on Mars. 

 

It then gives a list of seven naturally occurring microenvironments on Mars: 

 

• Vapor-phase water available Vapor or aerosols in planet’s atmosphere; within soil 

cavities, porous rocks, etc.; within or beneath spacecraft or spacecraft debris 

• Ice-related Liquid or vapor-phase water coming off frost, solid ice, regolith or subsurface 

ice crystals, glaciers 

• Brine-related Liquid water in deliquescing salts, in channels within ice, on the surface of 

ice, within salt crystals within halite or other types of ‘‘rock salt’’ 

• Aqueous films on rock or soil grains Liquid water on regolith particles of their 

components such as clay minerals, on surface of ice, on and within rocks, on surfaces of 

spacecraft 

• Groundwater and thermal springs (macroenvironments) Liquid water 

• Places receiving periodic condensation or dew Liquid water on regolith particles of 

their components such as clay minerals, on surface of ice, on and within rocks, on 

surfaces of spacecraft 

• Water in minerals Liquid water bound to minerals  

 

The 2015 MEPAG review says that though SR-SAG2 considered these microenvironments it 

only briefly considered the implications of our lack of knowledge of them (SSB, 2015 :12).  

 

Physical and chemical conditions in microenvironments can be substantially different 

from those of larger scales. Although the SR-SAG2 report considered the 

https://nap.nationalacademies.org/read/21816/chapter/4?term=dust#12
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microenvironment (Finding 3-10), the implications of the lack of knowledge about 

microscale conditions was only briefly considered. 

… 

Craters, and even microenvironments underneath and on the underside of rocks, could 

potentially provide favorable conditions for the establishment of life on Mars, potentially 

leading to the recognition of Special Regions where landscape-scale temperature and 

humidity conditions would not enable it. 

… 

The review committee agrees with Finding 3-10 of the SR-SAG2 report but stresses the 

significance of the microenvironment and the role it might play on the definition of a 

Special Region in areas that (macroscopically speaking) would not be considered as 

such. 

 

Also (SSB, 2015 :28). 

 

Identification of a Special Region needs a multiscale approach ... and thus, as far as 

missions to Mars are concerned, conservatism demands that each landing ellipse be 

scrutinized on a case-by-case basis. Maps, which come necessarily at a fixed scale, can 

only provide information at that scale and are, therefore, generalizations  

 

To give an example here, relevant to Jezero crater, microbes can use spontaneous capillary 

condensation of water vapour in micropores in salt deposits in deserts when the air is otherwise 

too dry (Vítek et al, 2010) (Wierzchos, 2012). Cassie Conley (Conley, 2016) and, separately, 

Paul Davies (Davies, 2014) have suggested these micropores as potential habitats on present 

day Mars.  

 

Microbes can use micropores in gypsum too. In one study of the hyperarid core of the Atacama 

desert, microbes imbibed water when the external humidity was above 60% and gradually 

became more desiccated when it was below that (Wierzchos et al, 2011: figure 1).  

Jezero crater doesn’t have the large bright salt deposits of Mount Sharp (Lerner, 2019), but 

micropores in a small deposit could still be a potential microhabitat for a martian microbe.  

 

Any martian life would have millions of years to find these habitats and colonize them. Then let’s 

look at one other suggestion to illustrate the potential for future surprises as we find out more 

about Mars. 

2021: Potential for melting frost to form a “dew” of microns thick layers of 

fresh liquid water even in Jezero crater – as an example to show the 

potential for future surprise microhabitats 
Next section – all sections – previous section 

 

This idea fits one of the examples from S-SRAG2, liquid water from melting frost (Rummel et al , 

2014:904): 

https://nap.nationalacademies.org/read/21816/chapter/7
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• Ice-related Liquid or vapor-phase water coming off frost, solid ice, regolith or 

subsurface ice crystals, glaciers 

 

Fresh water is stable against freezing and boiling over 29% of the surface of Mars, but it is not 

stable against evaporation because the partial pressure of water vapour in the Martian 

atmosphere is two orders of magnitude too low (Martinez et al., 2013:2). However fresh water 

could form temporarily in special conditions, if there is some buffering of the water vapour. This 

could happen after rapid melting of ice, if it melts faster than the evaporation rate. This may be 

possible, on: (Martinez et al., 2013:2.1).  

 

“slopes facing the sun, under clear sky and calm wind conditions, at locations 

with low surface albedo and low soil conductivity”  

 

However there is another way that liquid water could form as the frost melts. Mars gets a 

temperature inversion of warm air over cold air, which prevents convec tion and can trap the 

water vapor close to the surface as the frost melts.  

 

The Viking 2 lander (NASA, 1997) and Phoenix lander (NASA, 2008) both imaged daytime 

frosts on the surface. The other rovers haven't photographed them but there are estimates that 

a few tens of microns of frost could have formed in Gale crater at night (Martínez et al., 2013). 

That's enough to be useful water for a microbe as it melts.  

 

There is possible direct detection of frosts in Gale crater a few microns thick (Gough et al., 

2020). Perseverance is currently attempting to detect frost in Jezero crater using Laser Induced 

Breakdown Spectroscopy (LIBS) and Raman spectroscopy of nearby rocks which they have 

named Snowy Mountain and Red Mountain, as well as by using the microphone to detect the 

sound of the LIBS laser “zap” (NASA, n.d.).  

 

If frost exists on the Snowy Mountain target, we should detect hydrogen in the LIBS 

spectra and O-H bonds in the Raman spectra in greater quantities than in the Red 

Mountain spectra. We’re also listening for a soft acoustic signal in the first LIBS shot of 

Snowy Mountain which could indicate a frost layer as thin as ~10 microns.  

 

This idea goes back to Gilbert Levin and his son Ron Levin, who suggested a cool humid layer 

could be trapped near the surface as dawn approaches, in a temperature inversion, overlain by 

a layer of warm air. This might lead to thin films of water that form briefly in the early morning 

then evaporate. Chris McKay, agrees that this process could form a layer of liquid though it may 

not last long (Abe, 2001).  

 

The frost would form at night, and melt in daytime, but the temperature inversion would trap the 

moisture long enough for it to survive evaporation for up to several hours. 

 

Experimental work shows that this is a plausible scenario. This experiment simulated conditions 

in Gale crater (Ramachandran et al, 2021) 
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Our experiments show how a pool of water is formed and remains stable for about 3.5 to 

4.5 h while evaporating and releasing water to the dry atmosphere. 

 

These experiments simulate evaporation under wind-free conditions. This scenario is not 

unrealistic as, according to REMS observations, the night-time to sunrise winds may be 

very mild with speeds under 2 m/s 

 

There is another way that Mars could surprise us with a discovery of present day fresh liquid 

water at 0 °C, which could be relevant for microbes transported in the dust storms from much 

further away. Most of the meltwater in Antarctica actually forms due to the solid state 

greenhouse effect. Ice and snow is optically transparent and traps heat, so it tends to melt a 

layer of liquid water about half a meter below the surface where the balance of the amount of 

light received and the thermal insulation is optimal.  

 

The same process on Mars would melt liquid water at a depth of about 5 cms even with surface 

temperatures on Mars as low as 180 °K (-93 °C). This habitat should exist on sun facing slopes 

in polar regions in summer, if Mars has snow or ice with similar optical and thermal properties to 

the Antarctic snow and ice, and there is no particular reason to suppose it wouldn’t be. See 

below: 

 

• 2009, 2014: Possible future surprise discovery of very terrestrial conditions on Mars: 

most Antarctic meltwater is melted inside the ice through the solid state greenhouse 

effect when the surface is far below 0 °C – so long as Mars has similarly optically 

transparent snow and ice, its ice caps should also have large amounts of internal fresh 

meltwater at 0 °C, forming even when the surface is colder than -90 °C – and it could 

also have miniature melt ponds around sun warmed dust grains 

 

 

2015: MEPAG review also draws attention to biofilms that 

microbes may need to use to create conditions favourable to them 

in otherwise uninhabitable microniches – this reduces the risk for 

forward contamination for spacecraft with low bioloads – however 

this argument doesn’t work for backwards contamination – such 

niches could be inhabited by Martian life that already lives in 

biofilms 
Next section – all sections – previous section  

 

The 2015 MEPAG review also discusses how microbes in biofilms modify microhabitats by 

surrounding themselves with “extrapolymeric substances” – proteins, polysaccharides, lipids, 
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DNA and other molecules. These can make microenvironments far more habitable for microbes 

and help them cope with environmental stressors (SSB, 2015 :11)  

 

Graphic adapted from figure 2 of (Sabater et al., 2016) 

Microbes in biofilms can use those extrapolymetric substances (EPS) to inhabit ecological niches 

that would otherwise be uninhabitable (SSB, 2015 :11) 

The majority of known microbial communities on Earth are able to produce EPS, and the 

protection provided by this matrix enlarges their physical and chemical limits for 

metabolic processes and replication. EPS also enhances their tolerance to 

simultaneously occurring multiple stressors and enables the occupation of otherwise 

uninhabitable ecological niches in the microscale and macroscale. 

This helps with planetary protection in the forward direction, as a spacecraft from Earth may 

need to carry enough terrestrial life with them to Mars to establish a biofilm (SSB, 2015 :11)  

Given the wide distribution and advantages that communities of organisms have when 

they live as biofilms enmeshed in copious amounts of EPS, it is likely that any microbial 

stowaways that could survive the trip to Mars would need to develop biofilms to be able 

to establish themselves in clement microenvironments in Special Regions so that they 

could grow and replicate. 

So when asking if spacecraft could be sources of forward contamination on Mars a 

central question is whether the spacecraft has enough terrestrial life on it to be able to 

establish a biofilm on Mars. It’s not about the species only but about how many microbes 

https://nap.nationalacademies.org/read/21816/chapter/4#11
https://nap.nationalacademies.org/read/21816/chapter/4#11
https://nap.nationalacademies.org/read/21816/chapter/4#11


28 of 231 
28 

there are to establish a “beachhead” on the martian surface for terrestrial life to start 

growing there. 

However this is a study of forwards contamination and any native Martian life may have already 

established this beachhead millions of years ago. 

Martian life could be more capable of coping with Martian conditions than 

terrestrial life 
Next section – all sections – previous section 

 

The MEPAG and MEPAG review studied forwards contamination, so didn’t look at potentially 

more capable martian life. Any life on Mars has had billions of years to evolve to survive transfer 

better in dust storms or to adapt to colder temperatures.  

 

Martian life might also use novel biochemistry (Schulze-Makuch et al, 2010a) (Houtkooper et al, 

2006), or use the abundant martian “chaotropic agents” such as the perchlorates, which speed 

up a cell’s chemical processes at low temperatures and can reduce the lowest temperatures for 

cell division for many microbial species (Rummel et al , 2014:897).  

NEW: Life adjusted to Mars has had millions of years to set up biofilms – 

and slowly colonize microhabitats we may not yet know exist  
Next section – all sections – previous section  

 

Also in such very cold conditions, the Martian surface life may colonize very slowly. There is 

evidence species of lichens and mosses are still in the process of recolonizing Antarctica since 

the last ice age, with species diversity dependent on distance from the nearest geothermally 

active sites that provided refuges during the ice ages (Fraser et al, 2014).   

 

We need to consider microhabitats that might take many millennia to slowly colonize in the very 

cold martian conditions as well as that idea of present day biofilms spread via fragments that 

originated from biofilms that first formed in slightly more habitable conditions a few million years 

ago (Mosca et al, 2019).  

 

SR-SAG2 had a 500 year time-frame for forward contamination. They didn’t consider processes 

that could lead to colonization over millennia. (Rummel et al , 2014:894) (Sun et al, 1999)..  

 

The actual low temperature limits of terrestrial organisms are currently unknown, 

primarily due to technological constraints of detecting extremely low rates of metabolism 

and cell division. But even if the actual low temperature limits of terrestrial organisms are 

lower than the currently known empirically deetermined limits, the actual limits may not 

be relevant to defining Special Regions for the given 500-year time frame because cell 

division and metabolism would be so slow.  

https://doi.pangaea.de/10.1594/PANGAEA.837185
https://doi.pangaea.de/10.1594/PANGAEA.837185
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For example, cryptoendolithic microbial communities of the Antarctic Dry Valleys (where 

temperatures rarely exceed 0°C) successfully invade and colonize sandstones over 

1000 to 10,000 years (Sun and Friedmann, 1999). Therefore, we examined the currently 

known empirically determined limits of cell division and metabolism at low temperatures 

and did not consider theoretical limits or extrapolations based on current knowledge 

[edited 10^3 to 10^4 to 1000 to 10,000] 

 

Martian life has had millions of years to colonize any potential microhabitats and billions of years 

of evolution to develop species and biofilms adapted to the Martian conditions. 

 

We can’t know that Jezero crater is uninhabitable everywhere for martian life without detailed 

study looking for: 

 

• Biofilms that might modify conditions in Jezero crater to make it habitable to martian life, 

such as Nilton Renno’s biofilms (Pires, 2015) 

• Fragments of biofilms or native propagules in the dust 

• Life in the micropores in salt deposits suggested by (Conley, 2016) and, separately, Paul 

Davies (Davies, 2014)  

• Life in other potential local habitats and microhabitats,  

• Searching with an open mind with versatile instruments so that we can find microhabitats 

in situ that could be new to science, and potentially inhabited by a novel exobiology. 

Mars may have many surprises for us still, as we saw with the melting frost example.  

 

• 2021: Potential for melting frost to form a “dew” of microns thick layers of fresh liquid 

water even in Jezero crater – as an example to show the potential for future surprise 

microhabitats 

 

Whether or not we find that particular microhabitat, we could get many future surprises once we 

send instruments to Mars better able to detect microhabitats like this, and search them for life.  

A Martian biofilm might consist of many species that evolved together to 

the local conditions over millions of years, similarly to the Atacama Desert 

grit crust [2020]  
Next section – all sections – previous section 

 

[2020] The Atacama grit crust got its name because it grows around and within small grit sized 

pebbles about 6 mm in diameter, turning them black over hundreds of square kilometers of the 

desert (Jung et al, 2022). Biocrusts are common in deserts but this particular biocrust has 

interesting special adaptations relevant to Mars. It is tolerant to high UV, and adapted to rapid 

changes of temperature and humidity. It can photosynthesize with the lowest amount of water 

known for any such community worldwide (Jung et al, 2022). Also, though frequent wetting and 
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drying is normally lethal for similar communities, it causes no problem for the grit crust which 

can respond rapidly to fogs that blow in over the desert (Jung et al, 2020). 

 

It is made up of a mix of blue-green algae (similar to chroococcidiopsis), green algae such as 

chlorella, black rock inhabiting fungi, lichens such as Pleopsidium chlorophanum and other 

microbes. The climate in the Atacama desert has been stable for at least 150 million years 

giving time for the Atacama gritcrust to evolve to adapt to it. (Jung et al, 2022). 

 

The Atacama grit crust has been considered as a possible pioneer biofilm for preparing 

extraterrestrial soils for human colonization (Jung et al, 2022). Perhaps the likely evolution of 

the gritcrust over 150 million years may also be a analogue for a native Martian biofilm if such 

exists. 

 

An analogous biofilm on Mars would have had billions of years to adapt to the current Martian 

conditions as the planet slowly became less habitable, with the species that are able to work 

together for greater resilience forming the most successful biofilm colonizers.  

 

That would be especially so for Mosca’s idea of a biofilm that is no longer able to propagate as 

individual microbes colonizing one by one, but can only establish a foothold as biofilm fragments 

(Mosca et al, 2019). The most successful biofilm fragments would include organisms that 

cooperate well with each other for mutual support. 

 

The lichen Pleopsidium chlorophanum, one of the lichens found in the grit crust, is one of the 

top candidates for a terrestrial lichen that might be able to survive on Mars. See: 

• 2014: Example of an alpine lichen Pleopsidium chlorophanum found in places like 

California and the Alps that also grows in Mars analogue conditions in Antarctica and 

can survive and even grow in Mars simulation conditions – this shows even higher life 

from Mars could be adapted to live on Earth  

 

In addition to the lichen Pleopsidium Chloraphpanum, there are many black rock inhabiting fungi 

that may be able to survive on Mars, and some blue-green algae, especially chroococcidiopsis, 

so a Martian biofilm potentially might also have close analogues to the components of the 

Atacama gritcrust.  

 

• Several candidate terrestrial microbes and even higher organisms such as lichens may 

be able to survive on Mars, with promising results in Mars simulation chambers, 

suggesting a possibility that their Mars analogues may be able to live on Earth 

 

2010: Martian life could inhabit caves that vent to the surface – and there 

are many types of cave that can only be detected by in situ observation 

unlike the easier to detect lava tube skylights already known about 
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SR-SAG2 and the MEPAG review both discuss caves and agree that there is potential for 

forward contamination of them. They are treated as (SSB, 2015 : 24) 

 

SR-SAG2 Finding 4-11: On Earth, special geomorphic regions such as caves can 

provide radically different environments from the immediately overlying surface 

environments providing enhanced levels of environmental protection for potential 

contaminating organisms. The extent of such geomorphic regions on Mars and their 

enhancement (if any) of habitability are currently unknown. 

 

MEPAG Review looks at the potential for life to survive in such caves writing: 

 

Although their number and sizes are largely unknown, caves and other subsurface 

cavities on Mars would represent environments with ambient conditions (e.g., 

temperature, humidity, exposure to radiation) that are very different from those at the 

surface, and most probably, those conditions are likely to be favorable for microbial 

colonization. Consideration of caves and subsurface cavities is paramount for two 

reasons. First, they provide a protected environment (e.g., from extremely low 

temperatures and radiation). Second, they can provide a means by which terrestrial 

contamination can access martian subsurface environments.  

… 

 

In conclusion, there could be a number of possible primary sources of the necessary 

ingredients for life inside caves and subsurface cavities on Mars, and therefore, they are 

best classified as Uncertain Regions and treated as Special Regions until proven 

otherwise. 

 

For backwards contamination we need to consider the possibility that such caves are already 

inhabited by Martian life and that life from the caves could get into the samples via dust 

transport. 

 

The 2009 NRC review didn’t look at caves – there is no occurrence of the search term in a 

search of the report. (SSB, 2009: cave) 

Penelope Boston lists these as some of the types of cave possible on Mars, many of these could 

be connected to the surface (Boston, 2010): 

1. Solutional caves (e.g. on Earth, caves in limestone and other materials that can be 
dissolved, either through acid, or water) 

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 sea) 
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. 

https://nap.nationalacademies.org/read/21816/chapter/5?term=caves#24
https://nap.nationalacademies.org/booksearch.php?record_id=12576&term=cave
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She points out a few processes that may be unique to Mars. Amongst many other ideas she 

suggests: 

1. For the solutional caves, the abundance of sulfur on Mars may make sulfuric acid 
caves more common than they are on Mars. There's also the possibility of liquid CO2 
(which forms under pressure, at depth, e.g. in a cliff wall) forming caves. 

2. For the melt caves, then the lava tubes on Mars are far larger than the ones on the 
Earth. 

3. Mars could have sublimational caves caused by dry ice and ordinary ice subliming 
directly into the atmosphere. 

She talks in more depth about the possibility of sulfuric acid caves on Mars and suggests the 

methane plumes found by Curiosity could come from subsurface caves in (Boston et al, 2006) 

 

The solutional cave and rock fracture caves are particularly challenging to detect from orbit. 

(Boston et al, 2006). For backwards contamination what matters most is the potential for nearby 

undetected caves that might be able to spread Martian microbes to the samples in dust storms 

or dust devils. 

 

On Earth many caves are not easy to find as with the example of the Lascaux cave paintings. 

Ravidat’s dog Robot got entangled in a toppled Juniper tree and he discovered the hole that 

lead to the cave as a result of going to his dog’s rescue. The toppled Juniper revealed the hole 

(Eshleman et al, 2008). 

 

A concealed cave on Mars might be revealed as a result of a slump of sand. The cave 

entrances also would be hard to detect remotely. Many caves on Earth can only be seen if you 

walk right up to them. 

 

This shows a sand slump detected by Curiosity 
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Slide 15 from (Vasaveda, 2015) 

 

A slump like that could reveal an entrance to a previously unknown cave. In addition, a large 

subsurface cave with only a small entrance to the surface could exist in complex terrain such as 

shown in that photo and often found in Jezero crater or Gale crater. It could be undetected not 

only from orbit but also undetected by the rover or even marscopters. 

 

A new review on back contamination risks for a Mars sample return updating (SSB, 2009) would 

surely have an extensive section discussing the potential for back contamination from caves 

similarly to the sections for forward contamination in SR-SAG2 which has over 900 words on it 

(Rummel et al , 2014:920-21) and the MEPAG review which has over 700 words on it (SSB, 

2015 : 24). 

2016: NASA discovered potential for current habitats for terrestrial life in 

Gale crater AFTER Curiosity’s landing 
Next section – all sections – previous section 

We have an example already of how our knowledge of a landing site can change after a rover 

lands. Like Perseverance, Curiosity is not sufficiently sterilized to visit regions where terrestrial 

life could spread. NASA thought Gale Crater had no risk for forward contamination. But then 

they discovered potential habitats for terrestrial life in Gale Crater after Curiosity’s landing (JPL, 

2016).  

 

These may be the RSLs, features that grow in spring, expand through the summer and fade 

away in the autumn on sun facing slopes on Mars  (McEwen, 2011). There are two models for 

them, dry formation by dust flows and a wet formation by brine seeps. Neither model explains 

https://nap.nationalacademies.org/read/21816/chapter/5?term=caves#24
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them fully. Stillman suggested in 2018 that the ones that score highest are explained by a wet 

dominated mechanism while numerous other sites are caused by dry granular flow (Stillman, E., 

2018:81). In 2021 Stillman et al continued to find problems with all the models they looked at but 

said that the model where sediment is brought to the top of the RSL externally, perhaps by 

saltation (bouncing dust grains) is the best model (Stillman et al., 2021): 

 

Nonetheless, we suggest that the mixed success of the external sediment transport 

model is still quantitatively better than any competitor (including water), and that we 

simply lack the model and data resolution to treat RSL at the required meter scales. 

 

Although the features close to the rover were ambiguous and not definitely RSLs, mission 

planners were concerned that Curiosity was not sufficiently sterilized to approach them because 

of the risk of forward contamination by terrestrial life, in case terrestrial life might be able to 

inhabit them. After discussion they made a tentative decision that it could approach within a 

couple of kilometers to image them but not study close up (Witze, 2016).  

 

Of numerous candidates, only two were considered to resemble RSLs sufficiently for concern 

(Dundas et al., 2015) (Vasaveda, 2015). 

 

Dundas, C.M. and McEwen, A.S., 2015. Slope activity in Gale crater, Mars. Icarus, 254, pp.213-

218. 

 

https://www.unife.it/medicina/biotecnologie-mediche/insegnamenti/Biologia-Generale/materiale-didattico/biomed-papers-2k20/Dundas_McEwen_Icarus_2k15a.pdf#hs0035
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Slide 24 from (Vasaveda, 2015) 

 

Curiosity is currently exploring the region of the possible RSLs but hasn’t approached either of 

those candidates (NASA, n.d.).  

 

Recent research favours the dry explanations more than the wet explanations, for the RSLs. For 

instance Mars analogue wet streaks in the McMurdo dry valleys fade over multiple years (Toner 

et al, 2022). The RSLs on Mars became more active after the 2018 global dust storm and 

though this is also consistent with a wet mechanism supplemented by dust, the observations 

seem more consistent with a dust mechanism (McEwen et al, 2021). The apparent connection 

with hydrated salts now seems an artefact of the data processing. The RSLs are found in 

locations not consistent with groundwater discharge such as the peaks of mountains. Frosts and 

deliquescing salts can’t supply enough water to be the main mechanism. They may be caused 

by dust and bouncing sand grains and triggered by the dust devils, most of which don’t produce 

tracks detectable from orbit (McEwen et al, 2021).  

 

Even so, none of the models fully explain the RSLs, and the questions can’t be regarded as 

resolved yet. We don’t have the surface resolution yet to be able to investigate them in detail 

and we can’t directly test for humidity as the effects on the atmosphere would be too small to 

detect with current capabilities (Kurokawa et al., 2022). 

NASA’s draft EIS argues existing credible evidence suggests 

Mars has not been habitable to Earth life for millions of years – 

yet their most recent cite for this sentence is about searches for 

currently habitable environments on Mars – another conclusion 

reached through a citing error 
Next section – all sections – previous section 

Another central argument in NASA’s draft EIS is that Mars is lifeless anyway. The draft EIS says 

(NASA, 2022: 1-6): 

 
Existing credible evidence suggests that conditions on Mars have not been amenable to 
supporting life as we know it for millions of years (… National Research Council 2022). 

 
Yet their most recent source for this sentence is about searches for currently habitable 
environments on Mars! (Smith et al, 2022: 393)  
 

Section title: “Are There Chemical, Morphological and / or Physiologic / Metabolic or 
Other Biosignatures in Currently Habitable Environments in the Solar System 

 
The exploration of … Mars (Curiosity, Perseverance) will help establish whether 
localised habitable regions currently exist within these seemingly uninhabitable worlds.  
 

https://nap.nationalacademies.org/read/26522/chapter/16#393
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[Emphasis on “currently” mine] 
 
(cited by NASA’s EIS as National Research Council 2022) 
 

Once more, as for the meteorite argument, NASA got to this conclusion through a citing error. 

 

It’s a surprising error given NASA itself was involved in extensive discussions about whether to 

divert Curiosity away from potential current habitats for terrestrial life in Gale crater (JPL, 2016) 

as we saw in the previous section . Although, as we saw, the RSLs are looking increasingly 

unlikely to be candidates for habitats themselves, this of course doesn’t mean that the entirety 

of Mars is uninhabitable for terrestrial life, never mind uninhabitable for potentially better 

adapted indigenous martian life. We don’t yet know even that the RSLs are uninhabitable. It just 

means that RSLs are less favoured as candidates for habitats on Mars than previously. It also 

won’t exclude any of the many other candidate habitats if the RSLs turn out not to be habitable. 

 

However, Curiosity continues to take precautions in case the RSLs are habitable for terrestrial 

life, which makes this statement in NASA’s draft EIS puzzling especially as it doesn’t even 

mention the RSLs or any of the other candidate Mars surface habitats and microhabitats. 

Astrobiologists have a range of views on whether current habitats exist on 

Mars – sometimes revising their assessments after discoveries suggesting 

new microhabitats on Mars or new ways that life can grow in extreme 

conditions 
Next section – all sections – previous section 

 

Astrobiologists have a wide range of views, but most of the published statements are on the lines 

that current habitats suitable for terrestrial life likely do exist on Mars. Many say habitats are 

more likely underground, in the deep subsurface or in caves, but others say there could be 

microhabitats for life over much of the surface of Mars. 

 

It’s a separate question whether any habitats if they exist could be inhabited already by native 

martian life. There again we have a range of views, all the way to a few who think we may have 

detected the effects of life already with the Viking labelled release experiment in the 1970s. A 

significant number of astrobiologists think there is a realistic possibility that Mars has native 

microbial life today (Carrier et al, 2020:804). 

 

Astrobiologists often revise their assessments about the possibility of habitats on Mars after they 

make discoveries for new potential habitats or ways that life could survive on Mars. 
 

Rummel and Conley, both former planetary protection officers for NASA, put it like this: 
(Rummel et al , 2014)  
 

"Claims that reducing planetary protection requirements wouldn't be harmful, because 

Earth life can't grow on Mars, may be reassuring as opinion, but the facts are that we 

keep discovering life growing in extreme conditions on Earth that resemble conditions on 
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Mars. We also keep discovering conditions on Mars that are more similar—though 

perhaps only at microbial scales—to inhabited environments on Earth, which is where 

the concept of Special Regions initially came from."  

 

[2014] Renno and his team used the Michigan Mars Environmental Chamber (Fischer et al., 

2013) to simulate droplets similar to the ones on the Phoenix lander’ legs and found they formed 

within a few tens of minutes at -50 °C when salt overlaid ice (Fischer et al., 2014). After they 

achieved this, Renno said (Renno, 2014):  
 

This is a small amount of liquid water. But for a bacteria, that would be a huge swimming 

pool – a little droplet of water is a huge amount of water for a bacteria. So, a small 

amount of water is enough for you to be able to create conditions for Mars to be 

habitable today. And we believe this is possible in the shallow subsurface, and even the 

surface of the Mars polar region for a few hours per day during the spring. 

 
These are the droplets they simulated 

 
Possible droplets on the legs of the Phoenix lander – they appeared to merge and 

sometimes fall off. In this sequence of frames, the rightmost of the two droplets – 

highlighted in green on this black and white image – grows and seems to do so by taking 

up the water from its companion to the left, which shrinks (Gronstall, 2014) 

 
Renno doesn’t go into details but though the temperature of the droplets in their experiment is 
very cold at -50 °C (Fischer et al., 2014), it is not as cold as the Curiosity brines, and as with the 
Curiosity brines it’s possible life could exploit them with biofilms, and also grow at lower 
temperatures using the chaotropic agents which speed up some biochemical reactions, etc 
(Rummel et al , 2014:897).  

 
[2014] De Vera et al. showed that an Antarctic lichen not only survived but grew in Mars 

simulation conditions similar to Antarctica with no liquid water just water vapor, and after that 

they wrote: (de Vera et al, 2014): 

This work strongly supports the interconnected notions 

(i) that terrestrial life most likely can adapt physiologically to live on Mars (hence 

justifying stringent measures to prevent human activities from contaminating/infecting 

Mars with terrestrial organisms); 

(ii) that in searching for extant life on Mars we should focus on “protected putative 

habitats”; and  

(iii) that early-originating(Noachian Period) indigenous Martian life might still survive in 

such micro-niches despite Mars' cooling and drying during the last 4 billion years  

 

For the background see below 
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• 2014: Example of an alpine lichen Pleopsidium chlorophanum found in places like 

California and the Alps that also grows in Mars analogue conditions in Antarctica and 

can survive and even grow in Mars simulation conditions – this shows even higher life 

from Mars could be adapted to live on Earth 

 

[2018] Stamenković with his modelling found new possibilities for brines on Mars to take 

up substantial amounts of oxygen in cold conditions (Stamenković et al, 2018) and after 

that he said (Wall, 2018) : 

 

There is still so much about the Martian habitability that we do not understand, 

and it's long overdue to send another mission that tackles the question of 

subsurface water and potential extant life on Mars, and looks for these signals  

 
[2020] In the 2020 conference “Mars extant life: what's next?”  a significant fraction of the 
participants thought that there is a possibility Mars has extant life (Carrier et al, 2020:Abstract):.  
 

Primary conclusions are as follows: A significant subset of conference attendees 
concluded that there is a realistic possibility that Mars hosts indigenous microbial life. A 
powerful theme that permeated the conference is that the key to the search for martian 
extant life lies in identifying and exploring refugia (“oases”), where conditions are either 
permanently or episodically significantly more hospitable than average.  
 
Based on our existing knowledge of Mars, conference participants highlighted four 
potential martian refugium (not listed in priority order): Caves, Deep Subsurface, Ices, 
and Salts. 
 

Also later in the report (Carrier et al, 2020:804): 

A significant subset of the actively publishing Mars science community who are experts 

in various disciplines of relevance to interpreting habitability and astrobiology concluded 

that there exists a realistic possibility that Mars hosts indigenous microbial life and that 

there are testable hypotheses for seeking it. 

 

The report from the conference looks into those four categories. It singles out surface and near 

surface salts as one of the priority targets for future rover missions because of the potential of 

finding extant life, including life that uses the sunlight for energy, phototrophs (Carrier et al, 

2020:797) 

 

One major advantage of salts as a potentially habitable microenvironment is that they 

may provide a protected environment for extant life on Mars very close to the surface 

and may harbor phototrophs …. The salts themselves may serve as a UV shield, while 

allowing the limited sunlight to be accessible to the microbes. 

 

They single out salts as of great interest for an astrobiological sample return so long as it can be 

free of forward contamination (Carrier et al, 2020: 797)  
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Cockell: There is a high chance of habitable environments on Mars – if we 

look at many planets and don’t find life we will have to try to find out what 

happened that was unusual on Earth 
Next section – all sections – previous section 

 

Cockell, who has written extensively about the possibility of uninhabited habitats on Mars 

(Cockell, 2014) says that there is a high chance that there are habitable environments. But we 

don’t know what the origin of life requires, so it’s not possible to say if there is life there, if we 

look for at many planets and many environments, and don’t find life, it will mean life is very rare 

(Deighton, 2016)  

 

Most microbes can grow in different types of extremes and the extremes that we are 

looking at, things like radiation, perchlorate salts and also sulphate salts (found on 

Mars), they will grow in that. It’s just a question of trying to determine what the limits are 

and that’s the work we're doing at the moment. Anywhere where we’ve gone to the deep 

subsurface (on earth) today, where there is liquid water, there is a high chance that 

environments are habitable, 

 

Simply because Mars is a planet of volcanic rock, and when volcanic rock weathers that 

provides an environment for microbes to grow and reproduce, I think we can already say 

there is a high chance there are habitable environments. 

 

‘At the moment we just don’t know what the origin of life requires, going from simple 

chemicals to self-replicating microbe,’  

 

‘If we looked at many planets, many environments and didn’t find life, then that would tell 

us that life is extremely rare and that early spark was an unusual event. 

 

‘And then we’d have to try and find out exactly why it was, and what happened in those 

early stages of life that was unusual on the earth.’  

The Viking landers in the 1970s remain our only attempt to search for life 

on Mars – a few astrobiologists think its labelled release may have already 

detected life in the 1970s – while others say the data can be explained by 

complex chemistry – we haven’t sent the follow up experiments needed to 

finally resolve this debate and we can’t deduce anything about whether 

Perseverance might return life even if the Viking experiment did find 

complex chemistry 
Next section – all sections – previous section 
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We have only sent two spacecraft to Mars to search for life in situ, the two Viking landers in the 

1970s. The results were ambiguous, confused by the reactive chemistry on Mars.  

 

The most sensitive experiment, the Viking labelled release, seemed to detect life. This 

experiment added dirt to organics labelled with carbon 14 and tested for radioactive evolved 

gases (such as carbon dioxide or methane). It was so sensitive it could find life in a half gram 

sample from the Victoria valley in Antarctica which had only 50 cultivable cells in it (colony 

forming units) (Levin et al, 1976).  

 

A second life detection experiment didn’t detect life, but was less sensitive than the labelled 

release. 

 

However, the Viking chemical analysis experiment (TV‐GC‐MS) didn’t detect any likely looking 

organics. It heated the samples to 200°, 350°, and 500°C to evaporate small organic molecules 

and break up large ones which it then analysed by separating them chemically and then by 

mass. The only organics it found were: 

• Dichloromethane CH2Cl2 (Viking Lander 1).  

• Chloromethane CH3Cl (Viking Lander 2)  

 

The experimenters dismissed these as likely due to terrestrial contamination, even though they 

weren’t detected in blank runs on Mars, because the chlorine 37 / 35 isotope ratios were similar 

to Earth isotope ratios. 

 

However we now know that Mars has perchlorates (first discovered by Phoenix in 2009). These 

chlorohydrocarbons are exactly what you’d get from 0.1% organics reacting with the 

perchlorates when heated in the Viking ovens for analysis (Navarro‐González et al, 2010). 

 

Perchlorates also figure in the most developed non biological theory for the apparent detection 

of life. Quinn et al in 2013 suggested that the perchlorates in the soil were decomposed through 

gamma radiation to hypochlorite (ClO-), trapped oxygen, and chlorine dioxide. Then the 

hypochlorite reacted with the 14C-labelled alanine to produce chloroalanine which then 

decomposed to produce the 14C-labelled CO₂. (Quinn et al, 2013). This didn’t explain everything 

and a follow up paper by Georgiou et al filled out the picture some more but is still not a 

complete explanation (Georgiou et al, 2017).  

 

However there are points in favour of the hypothesis of life too. Levin and Straat in a paper 

published in 2016 review some of the issues they have found with this and other abiotic 

proposals (Levin et al, 2016).  

1. Two of the labelled release experiments got inactivated after storage in darkness 

for several months 

2. Activity of the soil is significantly reduced if heated first to 50 °C.  

Miller’s reanalysis of the old Viking data in 2002 found an offset of the evolved gases from the 

diurnal maximum temperature by two hours. This is especially hard to explain by abiotic 
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processes, as the evolved gases would take only 20 minutes to reach the detector. As an expert 

on circadian rhythms, Miller said they look like circadian rhythms (Levin et al, 2016) (Miller et al, 

2002). He suggested this may be a biosignature in the data. A later complexity analysis seemed 

to support this interpretation (Bianciardi et al, 2012)  

 
So, it can’t be regarded as settled yet either way. Probably most astrobiologists would say it’s 

very complex chemistry. 

However these new insights lead some astrobiologists to say they think there is a strong chance 

the Viking landers detected life on Mars already. 

Miller et al (Miller et al, 2002).  
 

"Did Viking Lander biology experiments detect life on Mars? ... Recent observations of 
circadian rhythmicity in microorganisms and entrainment of terrestrial circadian rhythms 
by low amplitude temperature cycles argue that a Martian circadian rhythm in the LR 
experiment may constitute a biosignature."  

 
Bianciardi et al (Bianciardi et al, 2012)  
 

"These analyses support the interpretation that the Viking LR experiment did detect 
extant microbial life on Mars" 

 
Levin et al (Levin et al, 2016)  
 

"It is concluded that extant life is a strong possibility, that abiotic interpretations of the LR 
data are not conclusive, and that, even setting our conclusion aside, biology should still 
be considered as an explanation for the LR experiment." 

 
 
Davila et al. wrote: (Davila et al, 2010). 

 

"… the immediate strategy for Mars exploration cannot focus only on past life based on 

the result of the Viking missions, particularly given that recent analyses call for a re-

evaluation of some of these results. It also cannot be based on the assumption that the 

surface of Mars is uniformly prohibitive for extant life, since research contributed in the 

past 30 years in extreme environments on Earth has shown that life is possible under 

extremes of cold and dryness."  

 
What the Viking landers found was either life or very complex chemistry. Some day we’ll know 

the answer. We need follow up experiments to help resolve this question definitively, but we 

haven’t sent them yet. 

If the Viking landers did find life it must be widespread on Mars, either in microhabitats or 

dispersed in the dust, since they got similar results in two sites thousands of miles apart.  
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If they didn’t find life, this doesn’t mean there is no life on Mars, as they were stationary landers 

with no capability to explore and go looking for life. They were limited to whatever they might 

reach using a scoop extended from the lander. 

We can’t deduce anything from this either way about whether or not Perseverance could return 

life bearing samples. Even if somehow we resolve this debate, and show that the Viking landers 

didn’t find life in the 1970s, this wouldn’t rule out the possibility of a viable spore or propagule in 

the Perseverance sample return, blown in the dust or even local indigenous life in a 

micrometers thick biofilm microhabitat in the dirt which Perseverance sampled by chance.  

2012: The European Space Foundation study reduced the size of 

particle to contain at 1 in a million from 0.2 microns to 0.01 

microns, and also said a particle of 0.05 microns or larger 

shouldn’t be released under any circumstances – a BSL-4 can’t 

achieve this and NASA’s recommendation is based on the 

science of 1999 
Next section – all sections – previous section 

 

The draft EIS says they would use many of the basic principles of a Biosafety level 4 facility 

(BSL-4): (NASA, 2022: S-4):  

 

The material would remain contained until examined and confirmed safe or 

sterilized for distribution to terrestrial science laboratories. NASA and its partners 

would use many of the basic principles that Biosafety Level 4 (BSL-4) laboratories 

use today to contain, handle, and study materials that are known or suspected to 

be hazardous. 

 

Here NASA make no mention of the European Space Foundation study in 2012 which reduced 

the size of particle we need to contain at the 1 in a million level from 0.2 microns to 0.01 

microns.  

This is how the 2012 ESF report explained its decision at the time study (Ammann et al, 2012:3): 

The value for the maximum particle size was derived from the NRC-SSB 1999 

report ‘Size Limits of Very Small Microorganisms: Proceedings of a Workshop’, 

which declared that 0.25 ± 0.05 μm was the lower size limit for life as we know it 

(NRC, 1999). However, the past decade has shown enormous advances in 

microbiology, and microbes in the 0.10–0.15 μm range have been discovered in 

various environments. Therefore, the value for the maximum particle size that 

could be released into the Earth’s biosphere is revisited and re-evaluated in this 
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report. Also, the current level of assurance of preventing the release of a Mars 

particle is reconsidered. 

 

They made this change after a discovery of fast horizontal gene transfer to distantly related 

archaea in sea water via Gene Transfer Agents (GTA) (Ammann et al, 2012:19): 

 

Surprisingly, it is now estimated that GTA transduction rates are more than a 

million times higher than previously reported for viral transduction rates in marine 

environments. Clearly, GTAs are a major source of genetic diversity in marine 

bacteria. 

 

The ESF base this on research that showed that archaea can readily transfer novel capabilities 

to other distantly related species of archaea overnight in sea water (Maxmen, 2010) (McDaniel, 

2010).  

Though the EIS doesn’t cite the ESF study, the sterilizing subcommittee does cite it (Craven et 

al., 2021:4) but doesn’t mention the update on the limit of size and doesn’t mention the gene 

transfer agents. Instead they have an extensive discussion of prions, which is not cited to any of 

the previous planetary protection literature. Prions are not listed as a risk by the ESF study 

(Ammann et al, 2012) or the NRC study (SSB, 2009). 

 

The ESF also said a particle of 0.05 microns or larger shouldn’t be released under any 

circumstances because of the discovery that ultramicrobacteria remain viable after passing 

through 0.1 micron nanopores (Ammann et al, 2012:21):  

 

“the release of a particle larger than 0.05 μm in diameter is not acceptable in any 

circumstances” 

 

This is a visual comparison of the change in the size limit. The 0.01 microns bar is shown as the 

potential theoretical size limit a future review might decide on to contain early life ribocells. This 

is also the size limit for the GTAs for the one in a million threshold.  
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SEM of a bacterium that passed through a 100 nm filter (0.1 microns), larger white bar is 

200 nm in length (Liu et al, 2019).  

The ESF (Ammann et al, 2012:15): cited two studies that found ultramicrobacteria were still 

viable after passing through 0.1 micron nanopores in freshwater from Greenland (Miteva et al, 

2005), and eight different sites in Switzerland (Wang et al, 2007).  

 

The ESF study also approached this theoretically and found that a minimal size free living cell 

based on terrestrial biology has a diameter of 0.15 to 0.2 microns if it’s spherical but can have a 

width of less than 0.1 microns and a variable length greater than 0.2 microns. They also say that 

it’s possible smaller cells exist which have an obligatory requirement to co-exist with other 

organisms as the source of the required genes or gene products (Ammann et al, 2012:15). The 

ultramicrobacteria that pass through 0.1 micron nanopores for instance in the images by Liu et 

al are indeed elongated (Liu et al, 2019). Less than 0.1 microns in diameter, but 0.2 microns in 

length.  

 

NASA’s sterilizing subcommittee doesn’t consider ultramicrobacteria or the size limit for small 

organisms (Craven et al., 2021:4). 

The ESF requirement is beyond the range for testing HEPA filters – only 

tested down to 0.1 to 0.2 microns 
Next section – all sections – previous section 

 

The requirements for a BSL-4 facility depend on standards for HEPA filters. Typically it will use 

biosafety class III cabinets (which can be used for all biosafety levels). A biosafety class III 

cabinet has to be exhausted to the outside air through two HEPA filters or a HEPA filter and an 
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air incinerator (Richmond et al, 2000:37). We will look at the alternative of an air incinerator in 

the next section. 

 

These HEPA filters are required to trap 99.97% of particles of 0.3 microns in diameter and 

99.99% of particles of greater or smaller size (WHO, 2003:35). These standards don’t set any 

size limit for 100% containment.  

 

In the US, HEPA filters are tested down to 0.1- 0.2 microns (depending on the class of filter, 

some are tested only at 0.3 microns). In Europe they are tested at the most penetrating particle 

size which may vary depending on the filter. In both cases, the filters are tested according to 

probabilities (Zhou et al, 2007) (EMW n.d.).  

There is a higher standard than HEPA available. ULPA level 17 filters are rated to filter out 

99.999995 percent of particles (BS, 2009:8) in the range 0.12 microns to 0.25 microns (BS, 

2009:4), according to BS EN 1822-1:2009, the British implementation of the European standard 

(BS, 2009).  

 

However even ULPA filters don’t comply with the ESF standard of no release of a 0.05 micron 

particle in any circumstances. They aren’t even tested in this size range.  

Alternative of an air incinerator for the second HEPA filter – would need to 

be evaluated for containment of putative Martian life likely more resilient 

than standard test terrestrial spores – and for 100% containment 
Next section – all sections – previous section 

 

The alternative acceptable approach for a biosafety class III cabinet is to pass the exhaust 

through a HEPA filter and an air incinerator (Richmond et al, 2000:37). From the NIH guidelines 

for research involving recombinant or synthetic nucleic acid molecules, the guidelines are to test 

the air incinerator to make sure it inactivates any viable spores, with a challenge aerosol of at 

least 100 million bacterial spores per cubic foot. Test spores used are Bacillus subtilis var. niger 

or Bacillus stearothermophilus (Meyer et al., 2019) 

 

If this approach was used for Martian life, research would be needed into whether the same 

criteria are suitable for putative Martian life. The issue is that any martian life has had billions of 

years of evolution in conditions that may well select for higher desiccation resistance and extra 

protective coatings against UV than these terrestrial challenge spores, see above: 

 

• New: Martian life could evolve new strategies for dust storm transport such as spores 

with extra layers to protect against UV, and fruiting bodies for higher life that are 

detached by strong winds and may be better protected against UV than terrestrial life 

 

These extra adaptations could lead to additional protection against air incineration. 
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There may well be other issues to look at. For instance, any martian life in the samples may be 

already imbedded in Martian dust grains, see 

 

• 2017: individual microbes can travel in dust storms imbedded in a dust grain for extra 

protection from UV  

 

Even small dust grains could give extra protection from air incineration. Also even a 100 billion 

fold reduction per particle might not be the same as 100% assurance of non release of a single 

particle of 0.05 microns in the lifespan of the facility or a 1 in a million chance of release of a 

single particle at 0.01 microns in the facility lifespan.  

 

It would also be important to look into maintenance of the incinerator and replacement, that this 

can be done in a way that doesn’t permit release of a single unsterilized particle of 0.05 

microns. 

NEW: If the ESF requirement is met using air filters it seems to need new 

breakthrough technology rather than incremental improvements 
Next section – all sections – previous section 

Current air filters can’t achieve 100% containment at any small particle size.  
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From (Todea et al, 2020: fig 1)  

Filters generally have a maximum penetrating particle size at around 0.1 microns. Below this 

size the nanoparticles are far smaller than the gaps between the fibers, so they rely on 

Brownian motion – the random jostling of the particles by air molecules until some by chance hit 

the fibers. Above this size they rely more on the fibers directly stopping the particles. See 

section 4.3 and figure 5 from (Borojeni et al, 2022:7) and (Todea et al, 2020: fig 1)  

Recent air filter technology reviews don’t mention any attempts to achieve 100% containment 

above any size. Also they don’t mention anything approaching 1 in a million chance of releasing 

a single particle in the lifetime of a facility at all sizes above 0.01 microns (Borojeni et al, 

2022:7). The 100% requirement would seem to need some new breakthrough technique rather 

than incremental changes such as more layers of filters or varying the spacing as those couldn’t 

get it all the way to 100% containment of such small particles. 

 

It may be possible to achieve 100% containment of 0.05 micron particles in water under high 

pressure. A 2020 review of the literature found several studies that achieve a million fold 

reduction or more of small viruses in water. (Singh et al, 2020:6.3). That doesn’t quite meet the 

target but Singh et al found one study using carbon nanotubes loaded with silver that achieved 
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100% removal of very small viruses such as the polio, noro and Coxsackie viruses (Kim et al, 

2016), (Singh et al, 2020:6.3).. The poliovirus is only 0.03 microns in diameter (Hogle, 2002).  

 

However these filters for smaller nanoparticles for water treatment are easily damaged, through 

chemical and biological deterioration by aging, scratches by particle like substances, or fouling 

of the membrane (Singh et al, 2020:8). If we achieve filtration at this standard in the air, the air 

filters may also have similar maintenance issues. 

Also there is an issue with testing filters over this very small size range. The filters are tested 

with challenge aerosols such as dioctylphthal (DOP) generated on the intake side of the filter, 

and measured with a photometer on the discharge side (Richmond et al, 2000:33). These 

photometers have limited sensitivity to nanoaerosols below the 100 nm limit. 

 

In a study of a DOP aerosol using TSI model 8130 Automated Filter Tester in 2008 (table III of 

Eninger et al, 2008), particles below 100 nm (0.1 microns) constituted 10% of the count of 

particles in the test aerosol, and 0.3% of the mass. However they provided almost none of the 

light scatter in the testing photometer (less than 0.01%).  

 

Any new filter technology would need to specify how they will be checked and replaced. 

Biosafety level III cabinets need to be checked annually (Richmond et al, 2000:33) and 

equipment will sometimes need to be repaired. HEPA filters often fail these annual tests and 

need replacement. When these filters are changed, the Biological Safety Cabinets (BSCs) must 

be decontaminated (WHO, 2003:35). The method for decontamination would also need to be 

devised as well as the method for keeping the Mars samples undamaged during 

decontamination.  

 

This technology may not be impossible. But by analogy with the situation for HEPA filters, it 

would seem to require a significant research program that hasn’t yet been started to: 

 

• develop filters to achieve the ESF requirement,  

• design ways to test the filters, 

• design methods to maintain them and replace them while preserving containment of the 

samples,  

• set the necessary standards that the filters must meet, and 

• confirm that the required standards have been achieved 

ESF study said values for required level of assurance and the size limit 

need to be revisited periodically based on changes in scientific knowledge 

and risk perception 
Next section – all sections – previous section 
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The ESF study said that future reductions in the size limit are indeed possible. They expected 

later reductions to happen at a slower pace, but say the size limit will need to be reviewed in the 

future, adding (Ammann et al, 2012:21):  

Based on our current knowledge and techniques (especially genomics), one can assume 

that if the expected minimum size for viruses, GTAs or free-living microorganisms 

decreases in the future, and this is indeed possible, it will be at a slower pace than over 

the past 15 years 

 

However, no one can disregard the possibility that future discoveries of new agents, 

entities and mechanisms may shatter our current understanding on minimum size for 

biological entities. As a consequence, it is recommended that the size requirement 

as presented above is reviewed and reconsidered on a regular basis.  

[bolding as in original cited text] 

… 

RECOMMENDATION 8: Considering that (i) scientific knowledge as well as risk 

perception can evolve at a rapid pace over the time, and (ii) from design to curation, an 

MSR mission will last more than a decade, the ESF-ESSC Study Group recommends 

that values on level of assurance and maximum size of released particle are re-

evaluated on a regular basis 

 

By 2022, a decade later, another review is certainly required. 

The next review may examine new research into extremely small early life cells such as 

ribocells with enzymes made from fragments of RNA instead of proteins (Kun, 2021). Steven 

Benner and Paul Davies say the small 0.01 micron diameter structures in the martian meteorite 

ALH84001 are consistent with RNA world cells (Benner et al, 2010: 37). Panel 4 for the 1999 

workshop estimated a minimum size of 12 nm in diameter and 120 nanometers in length for 

early life RNA world cells, if there is an efficient mechanism for packing its RNA (SSB, 1999: 

117).  

 

As we learn more about the mystery of the first cell, these researches may lead to a review of 

the size limit to accommodate new ideas (Kun, 2021).  

 

We are a long way from solving the mystery of the first cell, but more and more of the 

puzzle- pieces are known. The problems, both dynamical and structural, have been 

identified, and for some, solutions proposed. Here we have reviewed some of the 

dynamical problems the first cell needed to overcome via having the right set of 

ribozymes cooperating with each other. 

 

This review would need to be done first before developing the filter and / or air incinerator 

technology and relevant testing requirements, as the requirements could change as a result. 

https://books.google.co.uk/books?id=OscgAwAAQBAJ&pg=PA37
https://www.nap.edu/read/9638/chapter/6#117
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Draft EIS does mention a 0.05 micron limit – but not for the BSL-4, only for 

the return capsule – and without mentioning the ESF study 
Next section – all sections – previous section 

 

My comment of May 15th alerted NASA to this issue. I said in its first two paragraphs (Walker, 

2022a) 

 

Are you aware of the ESF Mars Sample Return study (Ammann et al, 2012:14ff)? It 

said "The release of a single unsterilized particle larger than 0.05 μm is not 

acceptable under any circumstances”. This is to contain starvation limited 

ultramicrobacteria which pass through 0.1 micron filters (Miteva et al, 2005). Any 

Martian microbes may be starvation limited. 

 

This 100% containment at 0.05 microns is well beyond capabilities of BSL4 

facilities. Even ULPA level 17 filters only contain 99.999995 percent of particles 

tested only to 0.12 microns (BS, 2009:4). 

 

NASA didn’t respond to this comment in the section of the draft EIS where they respond to 

public comments. They did mention a 0.05 micron limit but not in the context of the ESF Study 

or a BSL-4 so it wasn’t a response to my comment. 

 

They mention a 0.05 micron limit in their response to this question from members of the general 

public: (NASA, 2022: Section 4-7):  

 

What is the smallest Mars particle that is forbidden to be on the capsule carried to 

Earth? Dust level, bacteria level, virus level, prion level? 

 

They respond that the minimum size is 50 nm – for the capsule on the journey back to Earth 

(NASA, 2022: Section 4-7):.  

 

A number of studies (National Research Council 1999, Heim et al. 2017) have estimated 

the minimum sizes for life forms from fundamental inputs such as the genetic material 

required to permit a cell to perform basic functions [e.g., (Glass et al. 2006)], 

observations in extreme environments [e.g., (Comoli et al. 2009)] or theoretical 

constraints that would apply to astrobiology investigations (Lingam 2021).  

 

Values from such studies have been used to inform findings on best practices for sample 

return missions and MSR has considered those findings in selecting 50 nm for 

engineering requirements. 

 

Their first cite to the National Research Council gives a minimum size of 250 nm ± 50 nm for 

panel 1 for spherical cells(SSB, 1999: 2), which remained the minimum size through to the 2012 

ESF study (Ammann et al, 2012:3):.  

 

https://nap.nationalacademies.org/read/9638/chapter/2#2
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However, panel 3 which looked into hypothetical early life RNA world cells finds spherical cells 

of 50 nm diameter and elongated cells down to 12 nm in diameter (SSB, 1999: 117). This is the 

only occurrence of a 50 nm figure that I found in the cites. 

 

Heim et al gives 250 nm as the minimum diameter for a prokaryote just based on the NRC cite 

(Heim et al, 2017).  

 

Lingam gives a 0.2 micron limit in diameter for spherical microbes able to sense chemical 

gradients and move in response to them (Lingam, 2021:17). It assumes the cells are spherical, 

and elongated cells could be smaller in minimum diameter (Lingam, 2021:3). It can’t be an input 

for the other studies as it is their most recent cite. Lingam may not be relevant to the smallest 

cell size for Mars, as many microbes are not able to move by themselves, including most fungi, 

and many blue-green algae. For instance chroococcidiopsis, a top candidate for a terrestrial 

microbe able to survive on Mars can’t move by itself though the daughter cells (baeocytes) of a 

similar cyanobacteria Myxosarcina are able to move by gliding across surfaces for a short while 

(Sanders et al, 2021).  

 

NASA’s other two cites don’t try to estimate minimal sizes for cells. Glass et al is about a search 

for a minimal genome but doesn’t estimate the size of the cells except that they mention that 

they passed through 0.22 micron nanofilters to break up clumps into single cells (Glass et al, 

2006), and Comoli et al is a paper about a successful attempt to image a particular sub-micron 

microbe with inner membrane fitted to an ellipsoid of 402 nm by 442 nm by 312 nm in diameter 

associated with much smaller particles that they concluded are probably viruses (Comolli et al, 

2009). 

 

It’s not clear from these cites why they selected 0.05 microns for engineering requirements for 

particle release from the return capsule. But apparently nothing to do with the ESF study and 

they make no connection with HEPA filters or the recommendation to use a BSL-4. 

NASA’s draft EIS says there is no significant risk of environmental 

effects – yet the NRC study in 2009 warned the potential for even 

large scale harm to human health and the environment isn’t 

demonstrably zero and the potential for negative impacts can’t be 

assessed – NASA don’t cite the NRC study on this, only the 

report of their sterilizing subcommittee  

Next section – all sections – previous section 

 

Another major change made by NASA’s EIS compared to previous published work on planetary 

protection is a finding of no significant risk of environmental effects for life returned from Mars. 

This is what the draft EIS says (NASA, 2022: 3-3):  

 

https://www.nap.edu/read/9638/chapter/6#117
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The relatively low probability of an inadvertent reentry combined with the assessment 

that samples are unlikely to pose a risk of significant ecological impact or other 

significant harmful effects support the judgement that the potential environmental 

impacts would not be significant.  

  

The National Research Council’s 2009 study said it is not possible to assess the potential for 

negative impacts. 

 

The 2009 NRC study also said the potential for [even] large-scale negative effects appears to 

be low but is not demonstrably zero (SSB, 2009 : 48 ) 

 

The committee found that the potential for large-scale negative effects on Earth’s 

inhabitants or environments by a returned martian life form appears to be low, but 

is not demonstrably zero 

 

… it is not possible to assess past or future negative impacts caused by the 

delivery of putative extraterrestrial life, based on current evidence. 

 

In this case the discrepancy is based on an assessment by NASA’s sterilizing subcommittee 

(Craven et al., 2021).  

 

The EIS doesn’t alert the reader to the discrepancy between the sterilizing subcommittee’s 

conclusions and the conclusions of the National Research Council study in 2009. As we’ll see, it 

also doesn’t alert the reader to many other cites that came to the same conclusion as the NRC 

that we need to consider the potential for even large scale harm to the environment or to human 

health. 

 

The sterilizing subcommittee do mention the NRC study but single out a different passage, from 

the section of the NRC study discussing the potential for large scale negative pathogenic effects 

on humans (Craven et al., 2021:4). 

 

‘...the potential for large-scale pathogenic effects arising from the release of 

small quantities of pristine Mars samples is still regarded as being very low.’ 

...‘extreme environments on Earth have not yet yielded any examples of life 

forms that are pathogenic to humans’ 

 

The passage they quote continues with a “However” saying that though extreme environments 

on Earth haven’t yielded any human pathogens so far, they have yielded microbes with 

interesting evolutionary connections with human pathogens. The passage concludes that since 

the potential risk for life returned from Mars can’t be reduced to zero a conservative approach to 

planetary protection is essential (SSB, 2009: 46)   

 

“… It follows that, since the potential risks of pathogenesis cannot be reduced to zero, a 

conservative approach to planetary protection will be essential, with rigorous 

https://nap.nationalacademies.org/read/12576/chapter/7#48
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requirements for sample containment and testing protocols of life forms that are 

pathogenic to humans’ 

  

As we’ll see, papers since then on planetary protection have agreed with this conclusion and 

found several specific examples of ways Martian life can be pathogenic to humans not 

mentioned in the NRC report, with analogies with Legionnaires’ disease, tetanus, and others.  

 

An updated version of the NRC Mars Sample Return report would have a far more extensive 

section on the potential for large scale negative pathogenic effects on humans, based on the 

research done since then. 

The sterilizing subcommittee report argues martian life didn’t co-evolve with 

us so can’t harm us and that martian life would be extremophile not able to 

survive on Earth – these arguments were previously presented in an op. 

ed. by Zubrin in 2000 – and planetary protection experts at the time found 

many errors in them and said it was like a recommendation to build a 

house without smoke detectors 
Next section – all sections – previous section 

 

The basic arguments for the sterilizing sub committee are  

 

• that Martian life didn’t co-evolve with humans so it can’t harm us  

• that Martian life would be extremophile, only able to survive in the extreme conditions on 

Mars 

 

We will see both these arguments miss out important exceptions, such as diseases such as 

tetanus and legionnaires’ disease from microbes that didn’t co-evolve with humans or other 

higher life, and polyextremophiles such as chroococcidiopsis that can survive in multiple 

extreme conditions and many can also survive in more normal conditions. 

 

The only previous source I have been able to find for these arguments is a non peer reviewed 

op. ed. by the space engineer and Mars colonization proponent Robert Zubrin, who presented 

identical arguments in 2000 (Zubrin, 2000).  

 

Zubrin got an immediate response in the next edition of the planetary report, from planetary 

protection experts. John Rummel, NASA’s planetary protection officer at the time, gave 

radiodurans as an example of a microbe that is able to colonize nuclear power plant 

environments, an environment that didn’t exist before the 1940s and quite unlike its natural 

habitats. He also gave examples of botulism and ergot disease as Earth organisms that while 

not coevolved pathogens are dangerous to humans. He used Robert Zubrin’s own example of 

dutch elm disease to show that pathogens of other organisms also have potential to cause 

environmental and economic damage, and wrote: (Rummel et al., 2000). 
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NASA ' s current policy, as recommended by the US National Research Council, is not 

extreme. Rather, it is based on the sound principle that a sample from Mars should be 

contained until scientists find it does not contain a biohazard …  

 

Still, he insists that Mars life unrelated to Earth organisms couldn't possibly cause harm. 

How does he know, when we have precisely zero experience with life unrelated to Earth 

life? … How ought others judge the cost-benefit ratio of Mars exploration if we don't take 

simple precautions to avoid potentially harmful consequences? Harshly, I suspect. 

 

Margaret Race said we do need to take care and that his proposal to drop planetary protection 

is like building a house without smoke detectors (Rummel et al., 2000).  

 

 
 

Background graphics: 

Smoke detector (Rockmelder, 2007) House on fire (LAFD, 2018)  

I work (on my own initiative) as a voluntary fact checker for scared people. For anyone who 

might read this paper and panic and expect the worst, and perhaps instantly jump to fear of 

human extinction, Margaret Race’s smoke detector analogy may help. Most people will never 

get their house burnt down, but it is still wise to install smoke detectors. We need to look at 

worst case scenarios just as the designer of a smoke alarm has to look at house fires. 

 

This particular mission is not searching for present day life, has no way to identify it on Mars, is 

exploring one of the regions of Mars considered by NASA to be unlikely to have life, is not 

looking for micohabitats, and is not sterilized sufficiently to approach any location where 

terrestrial life might be able to establish a foothold on Mars. 

 

Unless life is very common on Mars, perhaps as spores or propagules or native biofilm 

fragments in the dust or in the dirt, this mission is unlikely to return present day life at all. Also if 

there is life on Mars, it may be a harmless “drop in” replacement for its terrestrial analogue, or 
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even beneficial, or there may be no life there, or early life that is so primitive it is unable to 

compete with modern life, or only life precursors such as protocells and prebiotic synthesis.  

 

But as we’ll see, it’s not a foregone conclusion that putative life on Mars is safe. So we have to 

take precautions. We also need to take precautions as a precedent for future potentially more 

risky samples returned from other areas of Mars. Just as it is wise to install smoke detectors in 

all houses rather than just the most at risk houses, it is also wise to set a precedent for future 

safe sample returns from Mars by NASA and other space agencies. 

 

NASA’s draft EIS and the report of the sterilizing subcommittee don’t cite Zubrin, so there is 

nothing to suggest a direct influence. However, there is a striking parallel. It is the same for the 

meteorite argument that we began this article with. It occurs in Zubrin’s op ed but not in the 

planetary protection literature for Mars (only for the JAXA mission which is a different situation). 

 

There may be a common background leading to this striking similarity. We explore this more in: 

 

• Factors for space agencies to look out for that may lead to them assigning planetary 

protection of Earth much less significance and attention than the general public 

 

Many in the space exploration / colonization community have been convinced by Zubrin’s 

arguments, and so would likely find the conclusions of the sterilizing subcommittee convincing 

too. It may help to go into some detail on this point, why the arguments don’t work 

Argument by sterilizing subcommittee that martian pathogens 

wouldn’t be adapted to humans or other Earth hosts has a major 

omission – legionnaires’ disease, a disease of biofilms that 

opportunistically infects human lungs  
Next section – all sections – previous section 

First, arguing from many examples of pathogens adapted to humans, the sterilizing 

subcommittee’s assessment says the risk of a direct pathogen of humans is near-zero (Craven 

et al., 2021:6) 

 

Since any putative Martian microorganism would not have experienced long-term 

evolutionary contact with humans (or other Earth host), the presence of a direct 

pathogen on Mars is likely to have a near-zero probability. 

 

The human pathogens they mention include two that humans catch as a result of handling 

diseased animals, Ebola (from handling a bat or non human primate) (CDC, n.d.) and HIV (from 

hunting chimpanzees) (CDC, n.d.). They also mention two diseases that infect humans via 

mosquitoes, malaria (most variants are an obligate parasite of humans) (CDC, n.d.) and yellow 

fever (a viral disease of monkeys that also infects humans) (CDC, n.d.). They also mention 

Kaposi sarcoma, a cancer caused by an infection with a virus called human herpesvirus 8 and 
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Schistosomiasis also known as bilharzia, a parasitic worm transmitted from freshwater snails in 

tropical conditions (CDC, n.d.). We can agree on this, none of these are credible analogues for 

a pathogen from Mars.  

NEWCITES 

CDC, n.d. Ebola 

CDC, n.d. HIV 

CDC, n.d. Malaria 

CDC, n.d., Schistosomiasis 

CDC, n.d. Yellow Fever virus  

 

Mayo clinic, n.d., Kaposi Sarcoma 

 

Stout, J.D., n.d., Protozoa and the Soil  

 

They give two other examples which are less convincing which we’ll look at in the following 

sections. For Escherichia coli strain 0157:H see: 

• The sterilizing subcommittee’s report gives an example of an e. coli strain that they say 

became toxic by coexisting with humans – however the NRC report gave an example of 

human pathogens with close evolutionary connections with microbes in hydrothermal 

vents – meanwhile Łoś et al suggested their example, e. coli, strain 0157:H7, might have 

actually developed Shiga’s toxin to deter protozoan grazing in biofilms and only uses it 

opportunistically in humans 

[and following sections] 

 

For Candidiasis yeast infections, see below: 

 

• NEW: Subcommittee report’s gives an example of an opportunistic fungal pathogen, 

Candidiasis, adapted to humans – the omission here is Aspergillus which is not adapted 

to humans and is invasive due to adaptations to survive rapid dehydration and 

rehydration, rapid changes of temperature etc. many of which may be shared by life 

adapted to Mars – with an estimated 200,000 life threatening Aspergillus infections a 

year – mortality 30% to 95% 

[and following sections] 

 

Their discussion of potential for pathogens of humans has no cites to the planetary protection 

literature, not even to the NRC study which in the section on the potential for large scale 

negative pathogenic effects on humans concluded (SSB, 2009: 46) : 

“… It follows that, since the potential risks of pathogenesis [disease causing infection of 

humans] cannot be reduced to zero, a conservative approach to planetary protection will 

be essential, with rigorous requirements for sample containment and testing protocols of 

life forms that are pathogenic to humans. 

https://www.cdc.gov/vhf/ebola/index.html
https://www.cdc.gov/hiv/basics/whatishiv.html
https://www.cdc.gov/malaria/about/biology/index.html#tabs-1-6
https://www.cdc.gov/parasites/schistosomiasis/index.html
https://www.cdc.gov/yellowfever/transmission/index.html
https://www.mayoclinic.org/diseases-conditions/kaposis-sarcoma/cdc-20387726
https://nzetc.victoria.ac.nz/tm/scholarly/tei-Bio04Tuat03-t1-body-d3.html


57 of 231 
57 

 

They quote from that cite earlier but don’t mention its conclusion (Craven et al., 2021:4)  

Indeed the only cite for the entire section of the report about human pathogens is to a paper 

about the last common bilaterian ancestor which they use to support their statement that 

mosquitoes (which transmit malaria and yellow fever) and snails (which transmit 

schistosomiasis) had a last common ancestor 600 to 1,200 million years ago (Erwin et al., 2002) 

which presumably is to back up their argument that neither malaria nor schistosomiases are 

plausible analogues for a martian pathogen. 

However, their list of human pathogens has a major omission, Legionnaire’s disease, an 

example from (Warmflash, 2007) of a disease of biofilms and protozoa that is also infects 

human lungs and sometimes can kill us, yet it’s evolved to live in biofilms, not to attack humans. 

Researchers into Legionella say that to the microbe Legionnella pneumophila, human lungs 

must seem like biofilms, and the macrophages in our lungs must seem like large protozoa 

(Alberts et al 2002).  

Legionnella pneumophila isn’t an exact analogue for a microbe we could return from Mars, as it 

needs an oxygen rich aquatic environment to survive, can’t survive drying and can’t form 

spores. But it does show that a martian microbe could be preadapted to live in human lungs 

without ever encountering anything except biofilms. It can do that because of a close 

resemblance in relevant details between the conditions it encounters in lungs and biofilms.  

Warmflash used Legionnaire’s disease to challenge whether there is a need for human 

pathogens to co-evolve with us (Warmflash, 2007): 

 

In essence, all that a potentially infectious human pathogen needs to emerge and persist 

is to grow and live naturally under conditions that are similar to those that it might later 

encounter in a human host. On Mars, these conditions might be met in a particular niche 

within the extracellular environment of a biofilm, or within the intracellular environment of 

another single-celled Martian organism. 

It is important to note the numerous biofilms observed aboard the Mir space station, 

which were found on surfaces and within water plumbing. These films were often multi-

species and included bacteria, fungi, and protozoa. 

To be sure, the genetic similarity between humans and protozoa is much greater than 

could be expected between humans and the Martian host of a Martian microbe. 

Even in the context of a planetary biosphere that is limited to single-celled life, and even 

where there is unlikely to have been a co-evolution between agent and host organism, 

the possibility of infectious agents, even an invasive type, cannot be ruled out.  
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The sterilizing subcommittee’s report gives an example of an e. coli strain 

that they say became toxic by coexisting with humans – however the NRC 

report gave an example of human pathogens with close evolutionary 

connections with microbes in hydrothermal vents – meanwhile Łoś et al 

suggested their example, e. coli, strain 0157:H7, might have actually 

developed Shiga’s toxin to deter protozoan grazing in biofilms and only 

uses it opportunistically in humans – the origin of its virulence remains an 

open question 
Next section – all sections – previous section 

The sterilizing subcommittee’s report also mentions that microbes that co-exist with humans can 

take on a new mutation that leads to them expressing a toxin that harms humans (Craven et al., 

2021:6).  

 

Existing microorganisms that coexist with humans over long periods of time can also 

cause new diseases when the organism takes on new pathogenicity, such as the 

Escherichia coli strain 0157:H7 that acquired a gene for Shiga toxin, … 

If this hypothesis is true, that the e. coli strain 0157:H7 acquired its toxicity by coexisting with 

humans, it would still highlight a potential concern, since martian microbes can acquire new 

genes too by coexisting with us. A new microbe from Mars is a change in Earth’s biosphere, not 

just for us but for future generations. 

The 2009 NRC review which NASA’s EIS refers to elsewhere adds an example (SSB, 2009: 46) 

of hydrothermal vent organisms (SSB, 2009: 46)  

 

“However, it is worth noting in this context that interesting evolutionary connections 

between alpha proteobacteria and human pathogens have recently been demonstrated 

for natural hydrothermal environments on Earth … it follows that, since the potential risks 

of pathogenesis cannot be reduced to zero, a conservative approach to planetary 

protection will be essential, with rigorous requirements for sample containment and 

testing protocols of life forms that are pathogenic to humans’ 

 

Their cite is to two deep sea vent strains of the class epsilon-Proteobacteria, (Nakagawa et al, 

2007) now reclassified as Epsilonbacteraeota (Waite et al, 2017), that though not pathogenic 

themselves, share many virulence genes with pathogenic relatives  

 

Although they are nonpathogenic, both deep-sea vent epsilon-Proteobacteria share 

many virulence genes with pathogenic epsilon-Proteobacteria, [they give a list of 

virulence genes, and other capabilities that enhance virulence]  

… these provide ecological advantages for hydrothermal vent epsilon-Proteobacteria 

who thrive in their deep-sea habitat and are essential for both the efficient colonization 

and persistent infections of their pathogenic relatives. 

https://nap.nationalacademies.org/read/12576/chapter/7#46
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Their pathogenic relatives are Helicobacter, which can cause stomach ulcers and 

Campylobacter which can cause acute gastrointestinal disease in humans (Cornelius et al, 

2012). So the suggestion here is that they may have gained many of their virulence genes for 

humans through adaptations to hydrothermal vents. 

 

[2013] Also, the strain of e-coli the sterilizing subcommittee’s report mentions might not have 

evolved its toxicity for humans by coexisting with us. Łoś et al argue that it is rare for strains that 

express Shiga’s toxin to be transmitted human to human except during outbreaks. Łoś et al 

hypothesize that Shiga’s toxin evolved to defend against protozoan grazing and then turned out 

to be opportunistically useful in humans. With protozoa it may kill the protozoa that attempt to 

graze on it. But in humans Shiga’s toxin kills the e. coli bacteria that produces the toxin – and 

only benefits other e. coli altruistically by destroying the white blood cells (phagocytes) that 

attack it (Łoś et al, 2013).  

[2018] Experiments since then have led to conflicting results. Some studies find Shiga’s toxin 

has a survival advantage for e. coli to resist the protozoa T. pyriformis where it helps it survive in 

food vacuoles, and also helps it to kill the protozoa A. castellanii and T. thermophila. But other 

studies found it has no benefit in A. castellanii or can even decrease its ability to resist predation 

by A. castellanii (Sun et al, 2018) 

In short, it’s not clear but it’s possible that E. coli strain 0157:H7 actually evolved its virulence in 

biofilms to resist protozoan grazing (Sun et al, 2018): 

In conclusion, evolution of mechanisms that allow for survival within protozoa may have 

selected for traits that also allow bacteria to escape that harmful effects of phagocytes 

[in humans]. 

 

If E. coli strain 0157:H7 really did evolve this virulence in biofilms, it would be a similar example 

to Legionnaire’s disease, a pathogen that evolved its capabilities in a biofilm rather than through 

coexisting with humans. Also, whether or not this is finally shown to be why E. coli developed 

Shiga’s toxin, the proposed mechanism provides a plausible analogue of a process that may 

occur in martian life.  

Sterilizing subcommittee’s report doesn’t mention clear examples of 

microbes which express accidental toxins without coevolution with humans 

or higher life, such as neonatal tetanus which kills thousands of 

unvaccinated children every year  
Next section – all sections – previous section 

 

The sterilizing subcommittee’s report has another major omission in its discussion of Shiga’s 

toxin (Craven et al., 2021:6): 
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Existing microorganisms that coexist with humans over long periods of time can also 

cause new diseases when the organism takes on new pathogenicity, such as the 

Escherichia coli strain 0157:H7 that acquired a gene for Shiga toxin, … 

The origin of shiga’s toxin is unclear as we saw in the previous section. But there are many 

clear examples of microbe that harm us indirectly through secreting accidental toxins which they 

most certainly didn’t acquire through co-evolving with humans or other higher lifeforms. 

Examples include tetanus, and botulism, (Warmflash, 2007).  

 

Even with tetanus vaccines widely available, neonatal tetanus still kills thousands of children 

every year in weaker economies (WHO, n.d.) . Tetanus is a common anaerobic (non oxygen 

using) soil bacteria, and tetanus toxin is made by a plasmid (pE88), a small self-contained 

circular DNA molecule it got from somewhere else, but its origins are unclear as it seems to be 

unique to Cloristidium tetani (Brüggemann et al., 2003).  

 

Warmflash et al. also mention ergot disease, a disease of some crops (Warmflash, 2007). The 

ergot alkaloids are perhaps the best known example of many toxins produced by molds 

(mycotoxins). Ergot alkaloids are produced by fungi in the Claviceps genus (Miedaner et al, 

2015). These are often accidentally harmful to humans, and damage crops, causing millions of 

dollars of economic loss per year (Hussein et al., 2001). Microbes in the claviceps genus are 

specialized to infect ovaries of grasses (Miedaner et al, 2015).  

 

However one of the most widespread mycotoxins in food from molds is Aspergillus which is an 

opportunistic pathogen in both plants and animals. Aspergillus fumigatus (the most common 

pathogen for humans) and Aspergillus nidulans, have no adaptations to a pathogenic lifestyle. 

A. Flavus has generalist adaptations to infect wounds in plant, animal and insect hosts though 

not adapted to any specific species (St. Leger et al., 2000). Aspergillus species also often kill 

immunocompromised humans which we’ll cover in the next section (Navale et al., 2021). 

Incidentally Aspergillus Niger happens to have high resistance to UV for a terrestrial microbe, 

higher than two microbes selected from Mars analogue environments. It was selected for a 

Mars analogue as a human pathogen previously detected in the ISS as well as a microbe with 

resilient spores that might travel to Mars on the outside of a spacecraft. It was tested in a Mars 

analogue experiment in a high altitude stratospheric balloon and after 5 hours of UV at levels 

similar to the Mars surface (Cortesão et al, 2021:table 3) and ionizing radiation between a third 

and a quarter of Mars surface conditions,. 

 

There are many other forms of accidental toxins and allergens expressed by terrestrial life.  
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NEW: An unrelated exobiology may produce many novel bioactive 

compounds which could be of great benefit, but the difference in 

biochemistry could also lead to more accidental toxins than terrestrial life, 

and in some scenarios, the internal chemistry of an unfamiliar exobiology 

could be accidentally toxic 
Next section – all sections – previous section 

 

Additionally, an exobiology could itself be based on chemistry toxic to Earth life, or the 

difference in biochemistry could lead to more accidental toxins or allergens than terrestrial life  

 

 

• Allergens, e.g. Aspergillus can trigger asthma (Latgé, 1999) and is not adapted to 

humans (McCormick et al, 2010). 

• Secondary metabolites, e.g. which inhibit the growth of other microbes, Wallemia which 

is adapted to low water activity in salt or sugary solutions spoils food with secondary 

metabolites, the most toxic is wallimidione (Desroches et al, 2014).  

• protoxins, which when metabolized break down into toxic products., such as methanol 

which is converted into toxins when digested (Mégarbane, 2005), or hypoglycin A, which 

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).  

• The chemistry of alien cells may itself be toxic to Earth life. 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, 2010a).  

• As well as the internal chemistry, the waste products and metabolic intermediaries could 

also be accidentally toxic or allergenic. 

 

So, if we do find Martian life, even unrelated, it would be no great surprise to find they produce 

bioactive compounds which affect humans in various ways, sometimes beneficial, sometimes 

harmful.  

 

Biochemicals from unrelated or distantly related martian life may be of great value to us. Many 

modern medicines are based on bioactive compounds.  

 

Indeed botulism toxin itself, properly used, has many medical benefits (Jankovic, 2004). 

Extremophile fungi may be a source of bioactive compounds for medically useful drugs (Chávez 

et al., 2015). However bioactive compounds for medicine have to be screened for toxicity 

(Madariaga et al., 2019).  

 

If we do find martian life, it may bring new medicines, indeed it may benefit us in many ways. 

See: 
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• NEW: Enhanced Gaia – ways that introduced Martian life could be beneficial to humans, 

ecosystems and Earth’s biosphere  

 

However for the topic of back contamination and what we need to do to protect Earth, what 

matters is whether it can also harm us. Whether we want to introduce martian life itself to Earth 

would depend on what the effects would be on our biosphere and on humans and the animals 

within it.  

 

If martian life has potential for mixed effects on Earth’s biosphere, with some positive effects, 

and some negative, again we might prefer to leave it on Mars and exploit it on Mars. We will 

have a difficult decision about whether or not to return an alien exobiology to Earth if this means 

some terrestrial human communities and ecosystems will be positively benefited but others 

negatively impacted.  

NEW: Sterilizing subcommittee’s report gives an example of an 

opportunistic fungal pathogen, Candidiasis, adapted to humans – the 

omission here is Aspergillus which is not adapted to humans and is 

invasive due to adaptations to survive rapid dehydration and rehydration, 

rapid changes of temperature etc. many of which may be shared by life 

adapted to Mars – with an estimated 200,000 life threatening Aspergillus 

infections a year – mortality 30% to 95% 
Next section – all sections – previous section 

 

In the next section we’ll look at warnings by Sagan, Lederberg and others that there is a 

possibility that our immune system can’t detect alien pathogens generally.  

 

First, let’s look at a particular example of this, opportunistic fungal pathogens. Could our 

immune system detect an alien fungus? 

 

The sterilizing subcommittee report said that fungal infections such as candidiasis yeast 

opportunistically infected people with compromised immune systems as a result of coexisting 

with humans for a long time (Craven et al., 2021:6): 

 

Existing microorganisms that coexist with humans over long periods of time can also … 

 

opportunistically infect a host with a weakened or compromised immune system such as 

candidiasis yeast infections 

 

As they say there,  

• candidiasis yeast adapted to humans (Alves et al., 2010) .  
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The second main genus of opportunistic fungal infections that kill humans is adapted to 

mammals: 

• cryptococcus adapted to mammalian hosts (Kronstad et al, 2012).  

However that’s not true of the third main genus of opportunistic fungal infections that kill humans 

• aspergillus fumigatus [the main aspergillus pathogen of humans] is not adapted to a 

pathogenic lifestyle [in any other organism] (McCormick et al, 2010). 

According to our current knowledge A. fumigatus lacks sophisticated virulence factors 

that are solely dedicated to permit a pathogenic lifestyle. 

So once more they choose an example that supports their conclusion but there is a major 

omission in the form of an example that disproves it. 

Aspergillus is pathogenic in humans because of factors that make the fungi very resilient in 

extreme conditions, stress resistant, able to respond rapidly to dehydration and rehydration, 

able to form biofilms and penetrate tissues mechanically with filaments, which also break off and 

can spread through the body, able to withstand low oxygen in damaged lung tissue and so on. 

These are not adaptations to humans and many of them are also likely to be shared by Martian 

fungi.  

Paulussen et al. put it like this (Paulussen et al, 2017): 

Collectively, the aspergilli are remarkable fung. … there are numerous aspects of 

Aspergillus cell biology and ecology (including their metabolic dexterity when adapting to 

nutritional and biophysical challenges) which contribute to their status as, arguably, the 

most potent opportunistic fungal pathogens of mammalian hosts. 

Aspergillus species are able to utilize a wide range of substrates, highly efficient at 

acquiring such resources, and can store considerable quantities of nutrients within the 

cell; all traits which contribute to their energy‐generating capacity and competitive ability 

… 

Species of Aspergillus are also among the most stress‐tolerant microbes thus far 

characterized in relation to, for example, low water activity, osmotic stress, resistance to 

extreme temperatures, longevity, chaotropicity, hydrophobicity and oxidative stress 

It may help to give a summary of some of the key points in their section: “Biophysical 

capabilities and ecophysiology of pathogenic Aspergillus species” (Paulussen et al, 2017) along 

with (Paulussen et al, 2017: table 1) and (Paulussen et al, 2017: table 2), 

Aspergillus species are able to be pathogenic in humans because of many adaptations in 

extreme environments, as a result of which they are: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0002/
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• Capable of rapid recovery from dessication –inhaled dessicated spores can rapidly 

recover to colonize the respiratory tract 

• Have large amounts of melanin which can protect the cell membranes from breakdown 

(lysis) by the immune system 

• Produce enzymes that break down proteins (proteases) 

• Produce branching filaments (hyphae) which mechanically penetrate tissues and can 

also break up into fragments that can spread rapidly through immunocomromised 

patients 

• All these activities require a lot of energy and Aspergillus species are able to colonize a 

wide range of media, highly efficient at taking up nutrients and converting it to energy  

• Amongst the most stress tolerant of species, able to resist extreme high and extreme 

low temperatures oxidative stress (including hydrogen peroxide), UV, and ionizing 

radiation (Paulussen et al, 2017: table 2), 

• Able to protect themselves from chaotropic agents like urea and ethanol, by stabilizing 

their proteins, producing more proteins, more energy, and modifying their membrane 

composition and increase production of enzymes that remove reactive oxygen species. 

[there are many chaotropic agents on Mars such as the perchlorates] 

• Able to tolerate low oxygen levels in the lungs (as low as 1% partial pressure in inflamed 

tissue) and some strains can function without oxygen (Paulussen et al, 2017: table 2) 

• Many specific adaptations to stress including ability to produce EPS for biofilms, 

accumulate large amounts of melanin in the cell walls, and protein stabilization 

mechanisms, and they can synthesize solutes like glycerol for protection from the 

environment around them. The glycerol can protect against freeze thawing (Paulussen 

et al, 2017: table 2) 

• Naturally resistant to antifungals generally - some species of aspergillus can pump 

antifungals out of the cell (using efflux pump transport proteins) and also secrete plastic 

like substances (polymeric substances) to reduce contact with the antifungals, the 

melanin in the cell walls can bind to antifungals and they can use heat shock responses 

to reduce the entry of antifungals (Paulussen et al, 2017: table 1) 

These are all capabilities that could be shared by a new genus of fungi from Mars. 

Aspergillus is capable of micro-evolution as it spreads through the body after it infects a host 

(Ballard et al, 2018). The same could be true of any putative Martian fungus after it infects a 

human host.  

There are many people who have a weakened or compromised immune system. There are an 

estimated 200,000 life threatening Aspergillus infections a year with mortality rates varying from 

30 to 95% (Brown et al, 2012) . 

There seems to be some potential that a martian fungus might already be well adapted for 

spreading through a human host because of adaptations to extreme stress conditions on Mars 

including low oxygen, UV, and ionizing radiation and rapid changes in temperature and humidity 

and likely evolutionary adaptations for rapid recovery and rehydration after dessication.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0001/
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More generally, looking at the larger picture over a timescale of our future generations, the other 

two main genera of fungi that infect us may be relevant too, candidiasis and cryptococcus. 

Shouldn’t we look at the possibility for a new genus of fungi from Mars to gradually adapt to 

human hosts if they are not immediately able to be more than a minor nuisance? We don’t know 

how quickly this adaptation might occur. 

NEW: Many terrestrial fungi do well in Mars simulation chambers – a fungal 

disease from Mars would be likely to be hard to distinguish from 

tuburculosis through testing or medical imaging - and with likely no effective 

antifungals available initially or for some time 
Next section – all sections – previous section 

 

[2015] Fungi capable of living on Earth seem to be a realistic possibility for Mars as we have 

many terrestrial fungi which do well in Mars simulation chambers. Many are rock inhabiting 

black fungi that are able to adapt to extreme environments, hot and cold and other extremes 

such as high salinity, acidity, and dessication, and many have been able to colonize rocks in 

Antarctica (Selbmann et al, 2015). One of these black fungi, Cryomyces antarcti was tested in the 

BIOMEX experiment simulating a Martian atmosphere, exterior to the ISS. At the end of the 

experiment it was not only still viable but showed only slight damage too fine to see with optical 

microscopy (Pacelli et al, 2017). They are given many names in the literature including “black 

yeasts” and “micro-colonial fungi”. 

 

[2014] One of these is closely related to human pathogens. That’s Exophiala jeanselmei MA 

2853, a rock inhabiting black fungus in moderate climates, which turned out to have the 

potential to survive and grow in the Mars simulation chamber of the German aerospace center 

with daily temperature changes from below -40°C to above 15°C and also simulating the day to 

night humidity cycle (Zakharova et al, 2014). Its close relatives are sometimes serious 

pathogens for immunocompromised individuals, and naturally resistant to most antifungals on 

the market (Urbaniakt al, 2019).  

 

Fungal diseases are hard to diagnose. For aspergillus, our closest analogue to a fungal disease 

not adapted to humans, the test for fungal galactomannan (a component of the fungal cell wall) 

is 80% sensitive which means 20% of infections wouldn’t be detected even if aspergillus is 

suspected (Brown et al, 2012:6).  

 

Chronic pulmonary aspergillosis (CPA) which has high mortality within 5 years is often confused 

with tuberculosis, looking similar in medical images of the lungs, and also clinically. They can be 

distinguished by testing for antibodies to Aspergillus, but there was no standardised test for 

antibodies (as of 2012) (Brown et al, 2012:6). There are many marketed tests now, but still not 

100% reliable. The ELISA IgG antibody tests for CPA vary in accuracy but on average is 93% 

reliable (sensitivity) but with 3% false positives (97% specificity) (as of 2020). One of the issues 
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here is distinguishing between harmless colonization and the disease (Volpe Chaves et al., 

2020). 

 

Fungi are evolutionarily closer to humans than most microbes, which makes it harder to develop 

antifungals. The introduction of echinocandins and third-generation triazoles improved the 

options for antifungal therapy but they have had modest success in preventing death from fungi 

(Brown et al, 2012:6). 

 

A fungal disease from Mars might be initially similarly hard to diagnose and confused with other 

diseases like tuberculosis and it might be similarly hard to develop antifungals to protect against 

it.  

NEW: Our immune system responses are highly specific to each of the 

three genera of opportunistic human fungal pathogens – without the 

necessary pathogen associated molecular patterns (PAMPS) we might all 

be immunocompromised to a new genus of fungi from Mars 
Next section – all sections – previous section 

 

Also, would our immune system be able to stop a fungal infection by an alien fungus from Mars? 

 

Our immune system probably stops many fungal infections by recognizing particular patterns, 

the pathogen-associated molecular patterns (PAMPs). It likely does this using pattern 

recognition receptors (PRRs) which then trigger the immune response.  

 

These are targeted to the molecular patterns from the most common fungi that attack humans, 

species from three genera: Candida, Aspergillus, and Cryptococcus with different molecular 

patterns specific to each genus (Kumar et al, 2018 : table 1)  

 

Looking at the two fungal genera that infect via the lungs, I have shown in bold the patterns and 

the receptors shared in common between the two genera: 

 

Aspergillus fumigatus 

PAMPs: β-1,3-glucan, chitin, galactomannan, DHN-melanin 

PRRs: TLR2, CLRs (dectin-1, − 2, mincle, DC-SIGN), NLRs (NOD1, NLRP3), CR3, 

PTX3 MelLec 

 

Cryptococcus neoformans 

PAMPs: Mannose,capsular polysaccharide, glucuronoxylomannan 

PRRs: TLRs (−2,-4), CLRs (dectin-2, MR), NLRs (NLRP3) 

 

Suppose hypothetically that our human immune system only ever encountered Cryptococcus, 

and never encountered Candida or Aspergillus. It would have three pattern recognition 

receptors it could potentially use with Aspergillus,  

https://link.springer.com/article/10.1186/s13073-018-0553-2/tables/1
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PRRs: TLR2, Dectin-2 and NLRP3.  

 

However, none of its acquired pathogen-associated molecular patterns would work with 

Aspergillus. It still wouldn’t see it. 

 

PAMPs: None 

 

Similarly, our immune system might not have genus specific PAMPs for a martian fungus in a 

novel genus with a shared terrestrial biology. It’s not at all likely to have PAMPs for a fungus 

with a totally alien biochemistry. 

 

So it seems indeed, that there is some potential that we might all be immunocompromised 

against a fourth opportunistically pathogenic genus of fungi from Mars. We are likely even more 

immunocompromised if challenged by fungi with a totally alien biochemistry.  

Warnings by some astrobiologists such as Sagan and Lederberg that in 

worst case we could be in effect immunocompromised to an entire 

exobiology from Mars 
Next section – all sections – previous section 

Some astrobiologists say that there is a possibility that more generally, in a worst case scenario, 

we might all be in effect immunocompromised to an entire exobiology from Mars. Joshua 

Lederberg, a key figure in early work on planetary protection (Scharf, 2016) put it like this 

(Lederberg, 1999b):  

 

Joshua Lederberg: Whether a microorganism from Mars exists and could attack us is 

more conjectural. If so, it might be a zoonosis [infectious disease that jumps to humans] 

to beat all others  

 

In that paper he is looking at the dilemma of a parasite that if it proliferates too fast it risks killing 

its host and few parasites benefit from the death of the host, but if it proliferates too slowly then 

it risks being overwhelmed by its host and may develop stealth tactics to continue to survive. So 

pathogens find a balance between the two. But a microorganism from Mars hasn’t been through 

this process.  

 

Lederberg goes on to argue our immune system and defenses are keyed to various chemicals 

produced by Earth life such as peptides and carbohydrates. Mars life might use different 

chemicals. He concludes: 

 

Joshua Lederberg: 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."  
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In another paper, he considers two possibilities, that martian life is mystified by us, or in the 

worst case, our immune system doesn’t recognize the attackers as life, and does nothing to 

stop them (Lederberg, 1999a). 

 

Joshua Lederberg: Many serious emerging infections are zoonotic transfers, including 

HIV, hantavirus, plague, and tickborne rickettsioses. In many of these cases human 

infection is incidental to the natural history of the microbe. Probably most inter-species 

transfers are totally innocuous, hence invisible. Many others will be neutral. We pay 

close attention to those where the microbe-host balance is disrupted by the change in 

genomic environment, has not yet reached new equilibrium, and manifests a rule-

breaker. 

 

It likely takes as delicate fine-tuning for a microbe to moderate itself as it does to take on 

the defensive barriers of a new and strange host. 

 

New zoonoses are not alien encounters, as the microbe involved usually has a history of 

successful parasitosis in another species- even if that experience is as distant as 

transovarian propagation in a tick. 

 

These earthly encounters raise questions for those concerned about interplanetary travel 

and ensuing exposure to microbes that might be found on other celestial bodies. 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”?  

 

Carl Sagan, discussing the potential effect of Martian life on humans, put it like this (Sagan, 

1973)  

Carl Sagan: On the one hand, we can argue that Martian organisms cannot cause 

any serious problems to terrestrial organisms, because there has been no biological 

contact for 4.5 billion years between Martian and terrestrial organisms. On the other 

hand, we can argue equally well that terrestrial organisms have evolved no 

defenses against potential Martian pathogens, precisely because there has been no 

such contact for 4.5 billion years. 

Perhaps microplastics would be a useful analog here. At 10 microns or less in diameter, they 

can potentially cross into the blood stream, for instance through the submicron barrier in the 

lungs, and access all organs and at 0.1 microns or less they can penetrate the skin through to 

the blood stream (Campanale et al, 2020). Our bodies are to some extent permeable to small 

particles that our immune system ignores.  

 

So far, these ideas seem to have had no attention in the planetary protection literature since 

Lederberg’s two papers. The paper (Lederberg, 1999a) has sixteen cites in Google Scholar, and 

the paper (Lederberg, 1999b) has seven cites in Google Scholar. None of these cites are to 

https://scholar.google.com/scholar?cites=15002336558107951143
https://scholar.google.com/scholar?cites=12269002102627660763


69 of 231 
69 

planetary protection discussions. The 2009 NRC Mars Sample Return study (SSB, 2009) 

doesn’t cite or mention Lederberg’s 2009 papers, see search results. 

 

All this needs to be looked at by experts. This paper suggests that there is enough here to merit 

attention in a future Mars sample return study, as part of our assessment of what needs to be 

done to protect Earth. 

 

The Mars sample return studies so far proceed almost entirely by analogy with specific 

examples of terrestrial pathogens, with little or no discussion of potential effects on terrestrial 

organisms of a totally different exobiology. It’s natural for out studies to focus on terrestrial 

examples as we have no actual examples of extraterrestrial life. But the papers by Lederberg 

show that it is possible to discuss possible effects of exobiology without any example lifeforms.  

 

I have found no further discussion of these ideas in the planetary protection literature. I hope at 

some point this will be covered.  

 

Meanwhile, to try to sketch this out a little, it might help to look at some ways that our immune 

system would likely fail to recognize an alien exobiology as harmful, or indeed, overreact with an 

allergic response. That’s the subject of the next couple of sections.  

 

I have been unable to find any expert treatment of these topics, so this is preliminary. The main 

intention here is to suggest that this is a topic that can be studied and needs to be looked at. 

 

If you wish to skip this section the next main section is: 

 

• Sterilizing subcommittee’s report agrees an invasive Martian species could potentially 

harm or displace terrestrial photosynthetic bacteria – but argues any microbe adapted to 

martian conditions wouldn’t be viable on Earth – example of radiodurans, first found in 

irradiated cans of ham, can recover from 100 double strand breaks of DNA per 

chromosome – the similarly radioresistant blue-green algae chroococcidiopsis is one of 

our top candidates for a terrestrial microbe with potential to survive on Mars  

NEW: How our body’s first lines of defence could miss alien life –

antimicrobial peptides might not work with an alien exobiology and dentritic 

cells might not recognize the need to split alien life into antigens to present 

to T-cells 
Next section – all sections – previous section 

 

Our skin’s first line of defence consists of sixteen broad spectrum antimicrobial peptides (Abdo 

et al, 2020 : table 1) and the second line of defence consists of T cell responses which lead to 

inflammatory cascades in the tissue below the epidermis, the surface of the skin (more 

generally subepithelial tissue) (Abdo et al, 2020).  

https://nap.nationalacademies.org/booksearch.php?record_id=12576&term=lederberg
https://www.sciencedirect.com/science/article/pii/S2213909520300033#tbl0005
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With both these lines of defence, the issue is that the immune system has to protect its 

own cells, as well as beneficial microbes. It would be much easier if the peptides could 

just disrupt all cells. Similarly the immune system has to prevent an auto immune 

response and have minimal disruptive effect on beneficial microbes. 

As a first precaution, the peptides are produced as inactive precursor proteins and need 

to be broken up to become active (Zeth, 2013) 

All peptides are produced as inactive precursor proteins comprising presequences 

that are delivered in an inactive form to their destination, where they become 

activated through proteolysis 

An unfamiliar exobiology might break up these innocuous precursors further than for 

terrestrial life, until they are harmless. Or, after cleaving the harmless precursor peptides 

into the toxins the unfamiliar exobiology might extrude the toxins, or bind to them. Those 

are strategies used by terrestrial pathogens but an unfamiliar exobiology may do it for 

some other reason (Peschel et al., 2006). 

Or an unfamiliar exobiology might ignore the precursor peptides, or might break them up 

in ways that produce different byproducts. 

Some of the peptides are specific to particular genera of terrestrial life (Abdo et al, 2020 : 

table 1) so those would likely have no effect on an alien microbe. 

The broad spectrum peptides interfere with specific cell processes of particular types of 

terrestrial microbes. This discrimination seems to be based on the composition of the cell 

membranes (Hancock et al., 2000) 

The basis of discrimination for the relatively non-toxic peptides appears to be the 

lipid composition of the target membrane (selective peptides tend to prefer 

membranes that have a negatively charged surface and are free of cholesterol) 

and the possession, by the peptide-susceptible organism, of a large 

transmembrane electrical potential (oriented internal negative) 

An exobiology might not be affected if its cell membranes are less negatively charged 

than the target microbes, or if they have a lot of cholesterol naturally. 

For instance Dermadectin, one of the most common and potent broad spectrum 

antimicrobials in the human skin imbeds itself in the membranes of microbes to form an 

ion channel which greatly increases the permeability of the cell wall for water and ions 

and can dissipate the transmembrane electrical potential (which protects the interior of the 

cell) in as little as a ten thousandth of a second (Song et al, 2013). This is also the 

general mode of action of these broad spectrum antimicrobials, relying on the negatively 

charged outermost acid groups of the cell walls (acid groups donate protons to water to 

become negatively charged) to attract a positively charged cation, and then using 

molecules that are water attracting at one end and water repelling at the other end to 

https://www.sciencedirect.com/science/article/pii/S2213909520300033#tbl0005
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bridge into the center of the cell wall and then across it similarly to the lipid bilayer 

(Hancock et al., 2006) 

Such a peptide could be very damaging to an alien microbe if its biology is similar enough 

to terrestrial pathogens. However these natural antimicrobials have to be limited in 

potency because of the risk of harming beneficial microbes as well as the host, and if the 

cell walls of the alien microbe more closely resemble the cells of the host or beneficial 

microbes or are just too different to be affected, the alien life might not be harmed.  

For the second stage, the immune response, the alien microbe has to be recognized as a 

potential intruder. The T-cells respond only to pre-processed pieces of the intruder, the 

antigens, on antigen presenting cells. It’s the dendritic cells that recognize the pathogens 

by using pattern recognition receptors. Once recognized they ingest them in a process 

called “Receptor mediated phagocytosis” (recognition and ingestion of large particles into 

a vesicle where it is broken up into smaller particles) and break them up and process 

them into antigens to present to the T-cells (Liu, 2016)..  

As we saw with fungi above, if the dendritic cells don’t have the receptors or patterns to 

recognize the alien organism, the dendritic cells will ignore it. They won’t try to process it 

into antigens to show to the T-cells. See: 

• NEW: Our immune system responses are highly specific to each of the three genera of 

opportunistic human fungal pathogens – without the necessary pathogen associated 

molecular patterns (PAMPS) we might all be immunocompromised to a new genus of 

fungi from Mars 

So, in short, at the first line of defence, the alien organism might not be affected by the 

antimicrobials. At the second line of defence, if it doesn’t match any of the standard 

patterns, as we saw could happen with a new genera of fungi, the dendritic cells might 

never notice the alien organism, and so not split it up into antigens. If the dendritic cells 

never notice it, then the T cells never see it.  

So, one way that our immune system could be mystified by unfamiliar Martian life is that 

as with nanoplastics, very small microbes (up to 0.1 microns) might penetrate these 

barriers in our skin, without being noticed by our skin’s antimicrobials or the immune 

system, and enter the underlying flesh and bloodstream. Larger microbes up to ten 

microns similarly might enter the blood stream via the lungs again as for the nanoplastics 

and microplastics (Campanale et al, 2020).. 
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NEW: Possibility of an allergic response to harmless alien life if it is 

recognized by the immune system but not by the inflammation dampening 

Treg cells 
Next section – all sections – previous section 

In the last section we looked at the case where alien life isn’t noticed by our immune 

system. There is another possible response we should look at.  

It's also possible that the alien life is recognized. If the alien organism is detected, and 

processed into antigens by the dendritic cells, which are then taken up by T-cells, then, as 

with the peptides, the challenge for the immune system is to protect its own cells. The T-

cells shouldn’t respond to the body’s own cells and they are also calibrated so they don’t 

harm beneficial microbes either. These T cell responses are modulated by Treg cells that 

have an anti-inflammatory effect (Clark, 2010) 

The immune system is faced with the difficult problem of mounting immune 

responses to dangerous pathogens while maintaining tolerance to the body's own 

tissues and to harmless or commensal organisms. Regulatory T cells (Tregs) are 

one of many mechanisms developed by the immune system to enforce tolerance 

to harmless and self antigens. 

These have an important role as they recognize various harmless microbes to dampen 

down allergic responses, for instance in the lungs the Treg cells prevent allergic 

responses to dust mites, Aspergillus fumigatus and plant pollen. Similarly in the gut and 

other barrier tissues the Treg cells help to dampen down responses to the many different 

species of microbes we are exposed to (Attias et al., 2019). 

If the Dendritic cells do process and present the alien biology as antigens to the T-cells 

which then trigger an immune response, such as inflamation, the Treg cells could either 

misrecognise the alien life as familiar and dampen down the response when our body 

really needs protection, or the other way around Treg cells (perhaps more probably) might 

fail to dampen down an allergic reaction to a harmless alien microbe. 

So in the case that the immune system does detect alien life, it has a delicate balance 

here with two responses that can lead to harm.  

If the immune system misrecognizes an alien pathogen as harmless a pathogen can enter 

the blood stream and access all organs unopposed as in the previous section. While if it 

misrecognizes alien life as harmful with no dampening Treg response, it could lead to a 

possibly even dangerous allergic response to a harmless microbe, much as for allergies 

to aspergillus or peanuts. 
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NEW: Our antifungals and antibiotics might not work with unrelated Martian 

life and even related life might transfer accidental antibiotic resistance 

similarly to the way resistance to the new synthetic antibiotic quinolones 

seems to have originated in the Shewanella algae that never encountered it  
Next section – all sections – previous section 

 

If a pathogen from Mars did evade our immune system we’d turn to our antibiotics and 

antifungals to treat it. But our antibiotics might not work with Martian life.  

 

Let’s take penicillin as an example. It binds to transpeptidase which is essential for cross linking 

in the final stage of cell wall synthesis to make rigid cell walls (Yocum et al, 1980). One way 

microbes develop resistance to penicillin is by using different enzymes for this cross-linking 

(Gordon et al, 2000). It is similar for our other antibotics. They target specific enzymes and 

processes within living cells based on Earth's biochemistry (Kapoor et al, 2017). An alien 

biochemistry might not have those enzymes or processes.  

 

We have only a few effective antifungal medicines, making antifungal resistant microbes a 

problem (Cowen et al, 2015). Alien life might be naturally antifungal resistant, if they don’t have 

the biochemistry targeted by antifungal medicines.  

Eventually the greater difference between terrestrial and alien life might be a weakness for the 

martian pathogens, as we develop medicines that target an alien biochemistry or even a new 

genus of terrestrial fungi. But it takes a great deal of research to develop a new antibiotic or 

antifungal. It is easy to find substances that kill bacteria. The challenge is to find substances that 

kill bacteria, and also don’t harm humans. 

The process of developing a new antibiotic typically takes ten to 15 years and costs about $1 

billion. For novel classes of antibiotic 1 in 30 completes the research process. (Welcome 

Foundation, n.d.). Also the search for a new antibiotic for humans usually starts from naturally 

occurring antibiotics in other organisms. With pathogens based on an alien biochemistry there 

might not be any naturally occurring antibiotic candidates for this research.  

As for related life, a microbe based on terrestrial biology from Mars might also accidentally have 

antibiotic resistant genes that it can transfer to terrestrial life. Many of our naturally occurring 

antibiotic resistance genes probably originate in microbes that make those antibiotics 

themselves and need the resistance gene to protect themselves from their own antibiotics. But 

the gene that gives antibiotic resistance to quinolones, a new non naturally occurring synthetic 

antibiotic, seems to have originated in a Shewanella algae which doesn't produce antibiotics 

itself So it seems likely to have a different role in it (Martínez, 2012).  

 

When human pathogens develop antibiotic resistance, this often comes from other microbes by 

horizontal gene transfer, as they arise too quickly for the microbes to evolve it themselves. 

These resistance genes are found for every type of antimicrobial (Martínez, 2012).  
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In the same way, with Shewanella algae as an example, even related Martian microbes such as 

a new genus of fungi could have antibiotic resistance through genes evolved for other purposes 

in the novel multiply extreme conditions on Mars, which might accidentally lead to their internal 

processes changing in ways that make even our synthetic antibiotics no longer effective. Then 

they might be able to transfer this resistance to terrestrial life. 

NEW: Could the host of a martian pathogen on Mars be similar enough to 

protozoa to infect the white blood cells in our immune system as for 

Legionnaires’ disease? This seems to be an open question. 
Next section – all sections – previous section 

 

Here we return to Warmflash’s comment based on the analogy of Legionnaires’ disease which 

uses the same method to infect the white blood cells (phagocytes) of our immune system as it 

uses to infect protozoa in biofilms: (Warmflash, 2007): 

In essence, all that a potentially infectious human pathogen needs to emerge and persist 

is to grow and live naturally under conditions that are similar to those that it might later 

encounter in a human host. On Mars, these conditions might be met in a particular niche 

within the extracellular environment of a biofilm, or within the intracellular environment of 

another single-celled Martian organism. 

It is important to note the numerous biofilms observed aboard the Mir space station, 

which were found on surfaces and within water plumbing. These films were often multi-

species and included bacteria, fungi, and protozoa. 

To be sure, the genetic similarity between humans and protozoa is much greater than 

could be expected between humans and the Martian host of a Martian microbe. 

 

First, could there be protozoa on Mars, or more generally, larger bacterial grazers that play a 

similar role in biofilms? 

 

Many protozoa can resist extreme conditions including dessication and are common in 

terrestrial soils (Stout, n.d.). Anaerobic protozoa can reach up to a quarter of the growth 

efficiency of aerobic protozoa (Priya et al, 2008). Also, Stamenković showed cold martian brines 

can in principle take up oxygen to a surprising degree so there may be aerobes in them too 

(Stamenković et al, 2018).  

So it seems plausible that a martian ecology could include an analogue of protozoa.  

If so they might well have pathogens. That then leads to the next question – could the Martian 

hosts of these pathogens be related to terrestrial protozoa? I haven’t been able to find any 

panspermia studies for protozoa. Though they can be very resilient, it’s a big ask for a large 

protozoan host to survive transfer from Mars to Earth on a meteorite. 



75 of 231 
75 

If the Martian hosts are unrelated, including the possibility of a different exobiology altogether, 

we have a similar question to the one tackled by Sagan and Lederberg, extended to protozoa 

and phagocytes. 

From what Warmflash said, this seems to be an open question for now. How well would the 

defences of a protozoan respond to a parasite of a protozoan analogue based on an unfamiliar 

exobiology? I include this as a topic that seems to need investigation, if there is any way to 

move it forward. 

Sterilizing subcommittee’s report agrees an invasive Martian 

species could potentially harm or displace terrestrial 

photosynthetic bacteria – but argues any microbe adapted to 

martian conditions wouldn’t be viable on Earth – example of 

radiodurans, first found in irradiated cans of ham, can recover 

from 100 double strand breaks of DNA per chromosome – the 

similarly radioresistant blue-green algae chroococcidiopsis is one 

of our top candidates for a terrestrial microbe with potential to 

survive on Mars 
Next section – all sections – previous section 

The sterilizing subcommittee report agrees that planetary protection must consider not just 

human health but the entire biota of Earth. It agrees that if there could be invasive Martian 

species, the effects could be serious, for instance by harming or even displacing photosynthetic 

bacteria (Craven et al., 2021:6-7):  

 

Photosynthetic bacteria such as Prochlorococcus are among the most abundant 

organisms on Earth and intensely important for the health of oxygen-respiring 

organisms, such as humans and animals. 

 

They then give a list of ways that ecosystems can be damaged,  

• Direct cellular infections (which they consider to be unlikely – but as we saw in the 

previous sections, it needs to be considered as a possibility even for humans) 

• Competition for resources 

• Production of biotoxic metabolites 

• Displacement of organisms. 

 

They conclude: 

. Planetary protection must consider not just human health directly, but the entire biota of 

Earth. 
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They then argue that Martian microbes wouldn’t be able to survive on Earth. For this argument 

they use examples of extremophiles that can’t live in our normal habitat to argue it’s plausible 

any martian microbe would not be viable on Earth, and so, that martian life couldn’t cause any 

environmental issues (Craven et al., 2021:6-7)  

 

There are many described extremophiles that may survive in environments that are 

extreme to human or animal life (e.g. extremes of temperature or pressure) but do not 

survive under conditions in our normal habitat … Thus, it is plausible that any Martian 

microbe, after it arrives on Earth, would not be viable on Earth due to a lack of its 

required Martian nutritional and environmental conditions.  

 

This has a major omission, polyextremophiles that live in a wide range of extreme environments 

and can often also live in normal environments, such as the ionizing radiation resistant 

deinococcus radiodurans, which was first discovered in radiation sterilized cans of ham in 1956, 

which means it was living in the ham before sterilization (Seckbach et al., 2015) (Anderson, 

1956) (Krisko et al, 2013). Radiodurans can repair 100 double strand breaks per chromosome 

without any loss of viability or mutation of its genome (Minton, 1994). Raidodurans has this 

capability without ever encountering radiation sterilization. This shows that a polyextremophile 

doesn’t have to be pre-adapted to conditions it may later encounter and colonize. This is an 

example used by John Rummel, NASA’s planetary protection officer at the time, in his response 

to Zubrin’s op. ed, referring to radiodurans’s ability to grow in nuclear plant environments 

(Rummel et al., 2000), 

 

Strains of chroococcidiopsis, one of our top candidate for a terrestrial genus of microbes able to 

live on Mars also have very high levels of ionizing radiation resistance (Li et al, 2022). 

Chroococcidiopsis is able to survive and remain viable in the temperature and pressure 

conditions of Mars analogue chambers and in theory could grow on Mars if it had a source of 

water and nutrients (Billi et al., 2011). 

 

These capabilities aren’t unique to radiodurans and Chroococcidiopsis. There are many other 

radioresistant microbes. Also radioresistant microbes on Earth can evolve a similar level of 

ionizing radiation resistance to radiodurans rapidly, suggesting it’s likely a wide range of species 

on Mars could be as radioresistant as radiodurans.  

 

As a test of how fast cells can evolve to such exceptionally high levels of radioresistance as 

radiodurans, a radioresistant e. coli strain which could withstand 2,000 Gy initially was exposed 

20 times to increasing doses of ionizing radiation, each time for long enough to kill more than 

99% of the population. After 20 cycles it could resist 10,000 Gy, close to the radioresistance of 

radiodurans. The newly evolved radioresistant strain kept that radioresistance for 100 

generations in normal conditions.  

 

In this experiment their most radioresistant strain of e. coli evolved a 4,500-fold increase in 

survival at 3,000 Gy through the course of the experiment. See (Harris et al, 2009:fig 1) and the 

text following figure 1. Also in another experiment at 5,000 Gy, which destroyed all DNA in the 
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founder strain, the repair happened too fast for the recovery to be due to normal replication. It 

must have done it through DNA repair. 

 

So, radioresistance on Mars wouldn’t rule out life capable of living on Earth. Multiple species of 

terrestrial biology can achieve high levels of radioresistance. In other ways also, Martian 

conditions would seem to favor polyextremophiles, for instance life that can survive both warm 

and extremely cold conditions, and dry and very humid conditions, as we’ll see in the next 

section. 

Microbes from near the surface in Jezero crater would withstand 

temperatures varying from below -70 °C to above 15 °C in a 

single day – and major changes in humidity and pressure – this is 

likely to favour polyextremophiles – and martian life would likely 

be able to resist higher levels of stresses like UV, low humidity, 

vacuum, dessication, and ionizing radiation – which seems likely 

to make it easier not harder for them to survive on Earth 
Next section – all sections – previous section 

The extreme variability of the Martian surface conditions might encourage polyextremophiles 

adjusted to a wide range of temperatures and humidity, well below -70 C to well above 0 C, and 

near 0% to 100% humidity. As for the other factors it would encounter, any Martian life might 

well be better able than its terrestrial analogue to survive desiccation, UV, ionizing radiation, and 

low atmospheric pressure as a result of evolving in those conditions for billions of years. 

However there seems no reason why it would depend on any of those things. Let’s look at this 

in more detail. 

 

The sterilizing subcommittee report doesn’t go into details. It only mentions temperature and 

pressure as environmental factors that extremophiles can be adjusted to that can make it 

impossible for them to live in less extreme conditions (Craven et al., 2021:6-7): 

 

There are many described extremophiles that may survive in environments that are 

extreme to human or animal life (e.g. extremes of temperature or pressure) but do not 

survive under conditions in our normal habitat (Merino et al. 2019). extreme to human or 

animal life 

 

… Thus, it is plausible that any Martian microbe, after it arrives on Earth, would not be 

viable on Earth due to a lack of its required Martian nutritional and environmental 

conditions.  

 

[bolding added] 
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They don’t say that those two examples apply to Mars particularly but it’s all we have to go on, 

so let’s start with pressure and temperature and then look at any other factors that may be 

relevant too. 

 

Though low pressures on Mars can cause problems for some terrestrial life in the forward 

direction, it doesn’t seem likely that microbial life would depend on low pressure. Their cite 

doesn’t suggest that there would be extremophiles that depend on Mars like low pressure, and 

they don’t give any examples themselves. We would need all putative Martian life to depend on 

low pressure. 

 

That leaves temperature of the two things they specifically mention. The cite they give does list 

many extremophiles that can only tolerate a narrow range of temperatures but others with a 

wider range. Merino et al’s example with the widest range is Planococcus Halocryphilus which is 

shown with a salinity range 0 to 19% and temperature range -15 to 37 °C (Merino et al, 2019: 

table 3) 

 

Perseverance’s two regolith samples are from surface dirt (NASA, 2022). As measured by 

Perseverance the ground temperature in Jezero crater can vary from well below -70 °C to well 

above 15 °C in a single day (Afri et al, 2022: Figure 3).  

 

 
Location photo of Perseverance’s two regolith samples (NASA, 2022). 
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The ground temperatures in Jezero Crater at the southern hemisphere autumn equinox (solar 

longitude Ls180) were predicted to be higher than at the summer solstice (solar longitude Ls90) 

 

 
Predicted ground temperature for Jezero Crater for the autumn equinox at 

Perseverance’s site (LS 180) using the Mars Regional Atmospheric Modeling System 

(red line shows the Mars Weather Research and Forecasting model and green line 

shows the differences between the two). From (Pla-García, 2020: Fig. 3) 

 

The northern hemisphere autumn equinox, LS 180, was on Feb 24 2022 from the Mars 

Calendar (Planetary Society, n.d.). This is counted as mission sol 361 for Perseverance, as 

seen in the caption for an image as acquired on Feb. 24, 2022 (Sol 361) (NASA, 2022)  

 

Perseverance’s measured temperatures on mission sol 361 ranged from -74.33 °C to 16.96 °C 

(198.82 °K to to 290.11 °K). Later in the autumn Perseverance recorded even warmer days for 

instance mission sol 380 ranged from -65.05 °C to 18.84 °C (208.1°K to 291.99 °K). This is 

based on the calibrated data, details see: (Rodriguez-Manfredi et al, 2021). For the data files 

used see Supplementary Information 

 

So, any martian life in the top few millimeters of the Martian surface needs to withstand extreme 

changes of temperature from below -70 °C to above 15 °C in a single day. It is also likely to be 

https://link.springer.com/article/10.1007/s11214-020-00763-x/figures/3
https://www.google.com/search?q=198.82+K+in+C
https://www.google.com/search?q=290.11+K+in+C
https://www.google.com/search?q=208.1+K+IN+C
https://www.google.com/search?q=291.99+K+IN+C
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UV resistant, ionizing resistant, radioresistant and able to tolerate low atmospheric pressures 

and low relative humidity in daytime. 

 

Also though it is possible that Martian life in Jezero crater is incapable of adapting to higher 

temperatures than 15 C, it’s also possible that the Martian surface life there has inherited 

capabilities to adapt to warmer conditions than it encounters on the surface in Jezero crater 

today. Mars had warmer conditions in the geologically relatively recent past. As recently as 210 

million years ago, a volcanic eruption on the flanks of Arsia Mons melted enough ice for two 

lakes of 40 cubic kilometers each and a third one of 20 cubic kilometers of subsurface melt, 

which would have stayed melted for centuries to millenia insulated by surface ice (Scanlon et al, 

2014). These would likely have subsurface high temperature habitable regions from volcano / 

ice interactions such as hydrothermal pools, and tuyas, a flat topped volcano beneath ice with 

liquid water forming around it (Glenister et al, 2021). More recently rootless cones (volcanic 

cones without a magma chamber below them) show evidence of steam explosions and 

hydrothermal systems that may have remained above 0 C for up to 1,300 years (Hamilton et al, 

2010), with some of them possibly active as recently as less than 20 million years ago (Stacey, 

2019), and there is evidence of explosive volcanism 53 to 210 thousand years ago by crater 

counting, which suggests some potential for present day subsurface hydrothermal activity 

(Horvath et al, 2021).  

 

To guarantee no backwards contamination issues we need ALL possible life that could live on 

Mars and get into returned samples in Jezero crater to find it impossible to live on Earth or to 

adapt to commonly found terrestrial conditions after it escapes containment and spreads 

through our biosphere. 

 

The gravity, atmospheric pressure and atmospheric composition for Mars is different, and it has 

temperatures that at times go below any temperatures recording on Earth. Almost everything 

else is duplicated somewhere on Earth in Mars analogue sites (Preston et al, 2013).  

 

For completeness let’s look at these other factors. 

 

The lower gravity on Mars isn’t likely to cause problems for terrestrial life. Microbes grow in the 

ISS in zero gravity, so there isn’t any major obstacle to microbes adjusted to low gravity 

surviving on Earth. 

 

The humidity on Mars is very variable and depending on location can reach 100% at night in 

winter and varies to close to 0% in spring to summer in daytime, and the pressure also varies 

greatly from day to night. This seems likely to encourage polyextremophiles that can tolerate 

any humidity level, rather than extremophiles adjusted to extreme low humidity. 

 

The oxygen in Earth’s atmosphere seems unlikely to cause problems. Mars may have 

photosynthetic life that produces oxygen when it converts CO2 to organics. Curiosity discovered 

seasonal oxygen in Gale crater, 30% higher than expected in spring to summer. It could be 
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produced abiotically or by low levels of present day life. (Trainer et al, 2019:3021) (Shekhtman, 

2019)  

 

Indeed, Martian surface conditions are superoxygenated. Martian salts include chlorides and 

sulfides as on Earth but also their oxygenated and superoxygenated forms, chlorates, sulfates 

and perchlorates, and we also find hydrogen peroxide on Mars. All this might make Martian life 

if anything better adjusted to oxygen stress than terrestrial life. Similarly to the situation for 

Martian life capabilities to cope with ionizing radiation, this doesn’t mean it has to be dependent 

on perchlorates or hydrogen peroxide.  

 

Mars life might use perchlorates as oxidants, as a source of energy. (Rummel et al , 2014). But 

again, at least if martian life is like terrestrial life, it’s not likely that all martian life depends on 

perchlorates as a source of energy. Also, there are perchlorates in Mars analogue sites such as 

the hyperarid core of the Atacama desert. 

 

It’s possible to hypothesize a martian lifeform that depends on perchlorates and hydrogen 

peroxide for a faster metabolism in very cold conditions (Schulze-Makuch et al, 2010a). Their 

hypothetical organism couldn’t survive for long above 10 °C with high humidity. (Houtkooper et 

al, 2006). Its biochemistry would limit its range on Earth to very cold dry Mars analogue 

conditions.  

 

Martian life that depends on perchlorates represent a possible best case scenario for backwards 

contamination. But it doesn’t mean that this is what we will find on Mars, it’s just a scenario. Also 

if it can’t survive on Earth it can’t survive in warm wet conditions on Mars and especially not in 

hydrothermal vents in the past.  

 

Then there’s nitrogen, but it’s hard to see why the extra nitrogen in Earth’s atmosphere would 

cause problems. Microbes from Mars might not be able to fix nitrogen, but then many terrestrial 

microbes can’t either. Also it’s not impossible that there are nitrogen fixers on Mars. It’s just on 

the border of possible. Experiments so far tested some cold tolerant microbes from Antarctica in 

air at normal atmospheric pressure but with nitrogen reduced to only 0.2 mbars similarly to Mars  

(Mancinelli, 1993) following (Klingler et al, 1989). These microbes could still fix nitrogen after 

simulating the temperature and UV flux of Mars (Sakon et al, 2005) (Sakon et al, 2006). More 

experiments are needed in Mars simulation chambers for 0.2 mbar nitrogen at a total pressure 

of 6 mbars similar to Mars (Sakon et al, 2006).  

 

If there are nitrogen fixers on Mars they may be better able to fix nitrogen than terrestrial life. 

However, the abundant nitrogen on Earth would not be likely to be a problem for them. 

 

In summary, there don’t seem to be any major issues that would prevent life adapted to Mars 

surface conditions from living on Earth.  
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Microbes adjusted to Martian conditions can rapidly make small 

adaptations to terrestrial conditions if they establish a foothold such as 

higher growth rates, more efficient use of food and increased upper 

temperature limit for growth 
Next section – all sections – previous section 

Microbes have such a short replication time that they can adapt rapidly allowing researchers to 

study evolution in action in the laboratory (McDonald, 2019). A martian microbe would only need 

to establish a foothold on Earth to start the process of adaptation to more terrestrial conditions. 

If the temperatures it encounters are within the range it is able to grow on Mars, it may be able 

to adapt quickly to higher growth rates and higher yields [how efficiently it uses the food it finds] 

at those temperatures. It may also be able to increase the upper temperature limit of growth by 

a degree or more, quite quickly. 

 

As an example relevant to Mars, a cold adapted Antarctic bacterium with a growth range of 

−2.5°C to 29°C which shows signs of heat stress above 20 C was pre-adapted to 15 C. After a 

further 900 generations of evolution at gradually increasing temperatures it was able to grow at 

30°C, one degree beyond the original temperature limit for growth. The ancestral strain could 

survive up to 30°C but not grow. The evolved strain could survive up to 31°C (Toll-Riera et al., 

2022) 

 

Another experiment looked at the yield [the mass of bacteria produced per mass of substrate 

consumed] of an e. coli clone. They started with a strain adapted to the same medium for 2000 

generations at 37 C. Its yield near doubled at 42.2 C (1.94 fold increase) after 2000 generations 

in parallel in 115 separate cultures. This lead to 1331 mutations in total at 600 sites (Tenaillon et 

al., 2012). 

 

Microbes can also increase their critical high temperature (CHT), the temperature limit for 

growth. In one experiment Z. mobilis TISTR 548’s temperature limit for growth increased by 3°C 

from 38°C to 41°C. (Kosaka et al., 2019: table 1)  

 

This suggests that a microbe from Mars that gradually spreads through the terrestrial biosphere 

might be able to change its temperature limits and its optimal temperature for growth relatively 

rapidly in numerous sub strains adapted to the different conditions it finds. These are relatively 

short term experiments with small numbers of microbes compared to the conditions a new 

microbe would find spreading for the first time through Earth’s biosphere. 

Several candidate terrestrial microbes and even higher organisms such as 

lichens may be able to survive on Mars, with promising results in Mars 

simulation chambers, suggesting a possibility that their Mars analogues 

may be able to live on Earth  
Next section – all sections – previous section  

 

https://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0215614.t001
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Also we now have a wide range of candidate microbes and even higher organisms such as 

lichens that could potentially survive and even grow in various candidate microhabitats on Mars 

with some tested in Mars simulation chambers and tested for their ability to survive in Mars 

simulation conditions complete with ionizing radiation using the BIOMEX experiment on the 

exterior of the ISS (Sielaff et al., 2019). From that 2019 review, their summary for each category 

tested is: 

 

• Methanogens: The results from laboratory studies show it might be possible for some 

methanogens to inhabit the subsurface of Mars due to their tolerance to low pressure, 

desiccation, and perchlorate salts. 

• Bacteria: The described studies show that the organisms with the highest potential for 

survival of Martian conditions are likely to be spore-forming bacteria which show 

resistance to multiple extreme physicochemical factors. It is important to determine if 

vegetative cells of spore-formers and nonspore-formers could withstand long-term 

simulated Martian conditions. The microorganisms isolated from various Earth 

environments show this potential, but more research is needed on studying the limits of 

life for bacteria in the context of Mars habitability. 

• Fungi: Based on the study results, the fungi studies survived exposure to simulated 

Martian conditions in various capacities. Their resistance to radiation might be an 

important advantage over other microbial forms with regard to survival under Martian 

conditions. 

• Lichens: Although Mars would present a harsh environment for sustaining life on its 

surface due in part to the high amount of radiation, … an environment protective against 

high levels of radiation could be present on the Martian surface, which may allow for the 

survival and proliferation of photosynthetic organisms [such as iron, salts, snows and 

crystalline rocks] These environments may allow for photosynthetic growth by lichens 

and other photosynthetic organisms on the surface, while allowing for a protective niche 

from the harsh environment. 

• Mosses: These results showed that bryophytes have a high potential for survival in 

Martian conditions, although more research is needed. Even though UV exposure did 

not inhibit photosynthesis completely, it would be necessary to determine if bryophytes 

can conduct photosynthetic activity for extended periods under these conditions. 

 

Some individual species or genera of special interest:  

 

• Chroococcidiopsis – UV and radioresistant can form a single species ecosystem, and 

only requires CO2, sunlight and trace elements to survive (Billi et al., 2011) 

- tested in BIOMEX (De Vera et al., 2019)  

- sometimes found in human microbiome (Ventero et al, 2022) (Lackey et al, 

2019).  

- one strain produces a potential neurotoxin BMAA (Cox et al., 2005:fig 2), 

 

• Methanogenic archaea such as Methanosarcina soligelidi (Maus et al, 2020) (Serrano et 

al., 2019) 
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• Alkalilimnicola ehrlichii MLHE-1 (Euryarchaeota) 

- able to use CO in Mars simulation conditions, in salty brines in conditions similar to 

those of the Recurrent Slope Linea for the water potential and temperature range, 

and could grow in oxygen free conditions if nitrates are present, and unaffected by 

magnesium perchlorate and low atmospheric pressure (10 mbar) (King¸ 2015)  

 

• Halorubrum str. BV (Proteobacteria) 

- also did well in similar conditions to Alkalilimnicola ehrlichii, simulating the RSLs 

(King¸ 2015). 

 

• rock inhabiting black fungi, Cryomyces antarcticus (an extremophile fungi, one of several 

from Antarctic dry deserts) and Knufia perforans,  

- adapted and recovered metabolic activity during exposure to a simulated Mars 

environment for 7 days using only night time humidity of the air; no chemical signs 

of stress (Pacelli et al, 2017) 

- Cryomyces antarcticus was tested in BIOMEX (De Vera et al., 2019)  

 

• Rock inhabiting black fungus Exophiala jeanselmei MA 2853 

- also adapted and recovered metabolic activity during exposure to a simulated Mars 

environment for 7 days using only night time humidity of the air; no chemical signs 

of stress (Zakharova et al, 2014) 

- close relatives found in human microbiome (Urbaniakt al, 2019). 

- close relatives occasionally pathogenic (Urbaniakt al, 2019).  

 

• Lichens such as Xanthoria elegans, Pleopsidium chlorophanum (de Vera et al, 2014) 

and Rhizocarpon geographicum 

- Xanthoria elegans and Rhizocarpon geographicum tested in BIOMEX (De Vera et 

al., 2019) 

- for more on Pleopsidium chlorophanum, see next section 

2014: Example of an alpine lichen Pleopsidium chlorophanum found in places like 

California and the Alps that also grows in Mars analogue conditions in Antarctica 

and can survive and even grow in Mars simulation conditions – this shows even 

higher life from Mars could be adapted to live on Earth  

 

• Mosses Grimmia sessitana collected in the alps (Huwe et al., 2019) 

- tested in BIOMEX (De Vera et al., 2019) 

 

If terrestrial life can indeed grow on Mars, that would mean it is possible for the same species to 

survive on both planets which opens up the possibility for martian species able to survive on 

Earth.  
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2014: Example of an alpine lichen Pleopsidium chlorophanum found in 

places like California and the Alps that also grows in Mars analogue 

conditions in Antarctica and can survive and even grow in Mars simulation 

conditions – this shows even higher life from Mars could be adapted to live 

on Earth 
Next section – all sections – previous section 

 

Not just microbes, even higher life from Mars could be adapted to live on Earth. One of our best 

candidates for a lichen to survive on Mars is Pleopsidium chlorophanum (gold cobblestone 

lichen), an alpine lichen that also grows in Antarctica in Mars analogue conditions and also 

grows in warmer alpine locations in places such as Europe and California.

 
 

Pleopsidium chlorophanum showing its different growing habits. 

 

The photograph to the left shows its semi-endolithic growth in Antarctic conditions. You 

can see that it has fragmented the granite, and that pieces of the granite are partly 

covering it, possibly helping to protect from UV light. Photograph credit DLR 

 

The image to the left shows it at an altitude of 1492 m above sea level at "Black Ridge" 

in North Victoria Land, Antarctica (de Vera et al, 2014:figure 1). The image to the right 

shows it in California, above Lake Isabella, in the Kern River area (Sharnov, 1989) 

 

Summarizing details about it from (de Vera et al, 2014), this lichen is able to cope with high UV, 

low temperatures and dryness in cracks, probably adaptive behaviour to protect it from UV light 

and desiccation. It remains metabolically active in temperatures down to -20 °C, and can absorb 

small amounts of liquid water from the atmosphere in an environment where it is only 

surrounded by ice and snow. The relative humidity in the lichen's niche microhabitat varies from 
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57% to 79% as the temperature varies from -6 °C to -8 °C and externally it varies from 23% to 

46% as the external temperature varies from 8 °C to -8 °C.  

 

In their 34 day Mars simulation chamber experiment the temperature varied between -50 °C and 

+21 °C, and the relative humidity varied between 0.1% and 75% (because warmer air has lower 

humidity for the same water content). 

 

The atmosphere approximates conditions encountered in the equatorial and lower lattitude 

regions of Mars.  

When exposed to full UV levels the fungus component of the lichen Pleopsidium chlorophanum 

died, and it wasn't clear if the algae component was still photosynthesizing,  

However, when partially shaded from the UV light, as it is in its natural habitats in Antarctica, 

both fungus and algae survived, and the algae remained photosynthetically active throughout. 

Also new growth of the lichen was observed. Photosynthetic activity continued to increase for 

the duration of the experiment, showing that the lichen adapted to the Mars conditions.  

This is remarkable as the fungus is an aerobe, growing in an atmosphere with no appreciable 

amount of oxygen and 95% CO2. It seems that the algae provides it with enough oxygen to 

survive.  

The lichen was grown in Sulfatic Mars Regolith Simulant, without ice. Photosynthetic activity 

was strongly correlated with the beginning and the end of the simulated Martian day, when 

atmospheric water vapour could condense on the soil and be absorbed by it, and could probably 

also form cold brines with the salts in the simulated Martian regolith.  

The pressure used for the experiment was 700 – 800 Pa, above the triple point of pure water at 

600 Pa and consistent with the conditions measured by Curiosity in Gale crater.  

The experimenters concluded some lichens and cyanobacteria can probably adapt to Mars 

conditions, taking advantage of the night time humidity, and that it is possible that life from early 

Mars could have adapted to these conditions and still survive today in microniches on the surface 

(de Vera et al, 2014).  

If lichens like Pleopsidium chlorophanum on Earth can grow in Mars simulation conditions, then 

it’s possible the other way around that any lichens on Mars may be able to grow on Earth. 

So, not only microbial life, also higher life from Mars could potentially be able to colonize Earth. 
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2009, 2014: Possible future surprise discovery of large quantities of fresh 

water on Mars: most Antarctic meltwater is melted inside the ice through 

the solid state greenhouse effect when the surface is far below 0 °C – the 

same should happen on Mars if it has similarly optically transparent snow 

and ice – modelling shows its ice caps should have internal fresh meltwater 

at 0 °C, in summer, even with surface temperatures below -90 °C – with 

possibly also miniature melt ponds around sun warmed dust grains  

Next section – all sections – previous section 

 

If Mars has sources for fresh liquid water, that greatly expands the range of terrestrial species 

that can live there and would give many new possibilities for indigenous martian life.  

 

We already mentioned the potential for fresh liquid water in Jezero crater from melting frost.  

• 2021: Potential for melting frost to form a “dew” of microns thick layers of fresh liquid 

water even in Jezero crater – as an example to show the potential for future surprise 

microhabitats 

 

Another possible future surprise discovery proposed by some researchers could be large areas 

of liquid fresh water in the polar regions. 

 

When researchers dig a half meter or so below the surface of the Antarctic snow and blue ice, 

they often find layers of fresh liquid water. They find this water even when surface temperatures 

are far too cold for ice to melt (Liston et al, 2005: p 1470 and fig 1).  

 

This happens because the snow and ice is thermally insulating but optically transparent. Here 

optically transparent doesn’t mean optically clear, it can be like frosted glass, you can’t see 

through it, but it lets light through. 

 

The covering insulating layer of snow or ice is thick enough at half a meter below the surface to 

hold in the heat, and enough sunlight gets through to warm up the snow or ice until it melts. This 

continues until the melt layer gets to a thickness of centimeters and even tens of centimeters. 

Actually, far more ice melts in the subsurface of Antarctica than on the surface. Researchers 

estimated that all except 46 out of 362.5 cubic kilometers of snow melted per year was 

subsurface melt in 1991–2000, while all except 2 out of 59.4 cubic kilometers of blue ice melted 

per year was subsurface melt. (Liston et al, 2005). 

 

On a summer day on Mars in the polar regions it would take just one day to melt a layer 1mm 

thick at a depth of about 5 cm below the surface, even with surface temperatures on Mars as 

low as 180 °K (-93 °C). This thin layer should remain liquid through to the next day and 

gradually increase in depth to centimeters and tens of centimeters (Möhlmann et al, 2009) 

(Martinez et al., 2013:2.2.2) (Martinez et al., 2013:3.1.2).  
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This process should happen anywhere on Mars with sun facing optically transparent snow or 

ice, but it would not be easy to spot from orbit because of the ice cover and the thinness of the 

layers of water. It’s essentially a cryptic habitat. All that’s necessary is for the snow and ice to be 

optically transparent and thermally insulating, as it is on Earth and there is no particular reason 

why it wouldn’t be. 

 

There is another way to get fresh water inside the ice in Antarctica which should also work on 

Mars. 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 more of the heat is absorbed 

by the darker dust) and so heat up and melt the surrounding ice. The heat is trapped once more 

through the solid state greenhouse effect because ice traps heat radiation.  

 

There is possible evidence for both these processes. The subsurface ice melt could explain the 

flow-like features in Richardson crater. These form in the debris of the Martian CO₂ geysers in 

early spring, extend down slopes in summer, and fade away in autumn, in a seasonal cycle not 

unlike the RSLs. (Martinez et al., 2013:3.1.2). These sometimes get confused with the similar 

looking Northern hemisphere flow-like features which are probably best explained by a dry 

formation mechanism involving dust and dry ice (Martinez et al., 2013:3.1.2). But the 

Richardson crater features seem to be formed by liquid water. Both current models explain 

these features as flowing brines and in one of them it is fed by fresh water fed by subsurface ice 

melt similarly to the Antarctica subsurface melt (Martinez et al., 2013:3.1.2).  

 

As for the water melting about dust grains, in Antarctica a similar process around meteorites 

forms gypsum. There are large surface deposits of gypsum around the polar ice caps which are 

hard to explain because gypsum is soft and easily eroded (Fishbaugh, 2007) and this is one 

possible explanation for them. (Losiak et al., 2014). These could be surface melts that survive 

up to a few hours on warm windless days (Losiak et al., 2014), or they could be trapped in the 

snow with the ice freezing and keeping the water from evaporating similarly to the solid state 

greenhouse effect (Möhlmann, 2010), a process that should be effective between a few 

centimeters depth down to ten meters below the surface.  

 

If Mars does have freshwater habitats in the polar regions, there may be a wide range of 

microbial species that exploit then. Similar Antarctic habitats have a diverse ecosystem of 

mcrobes, both in the fresh water and also in salty brines that form as the fresh water mixes with 

local salts (Doytchinov et al, 2022). 

 

At the moment there is no direct evidence of fresh water on Mars, but these proposed 

microhabitats would be undetectable by the instruments and spacecraft we have sent to Mars 

so far. Mars has surprised us many times and it’s not impossible that it surprises us again with 

fresh water. 
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The remarkable polyextremophile genus, the blue green algae 

chroococcidiopsis, one of our top candidate Mars analogue 

organisms, has strains in many terrestrial habitats, and 

sometimes in the human microbiome 
Next section – all sections – previous section  
 

The remarkable ability of Radiodurans to repair multiple double strand breaks of DNA is also 

shared by one of our top candidates for a terrestrial microbe to survive on Mars, dessication 

resistant desert strains of the blue green algae chroococcidiopsis. The BIOMEX experiment on 

the exterior of the ISS tested Chroococcidiopsis sp. ASB-02, a species isolated from the Urad 

Middle Banner desert in inner Mongolia, and it remained viable after exposure to cosmic 

radiation in Mars simulation conditions (Li et al, 2022).  

 

A microbe from Mars only needs to find a niche somewhere on Earth that it can survive in, then 

it can evolve and adapt and proliferate to other habitats. Species of chroococcidiopsis flourish 

from Antarctic cliffs to the Atacama desert (Bahl et al, 2011) or from Sri Lankan reservoirs 

(Magana-Arachchi et al, 2013) to the Chinese sea (Xu et al, 2016:111). As a prime producer 

chroococcidiopsis survives on just rock, water, and light, fixing CO2 and nitrogen from the 

atmosphere.  

 

Chroococcidiopsis is an ancient polyextremophile with numerous alternative metabolic 

pathways it can use, including nitrogen fixation, methanotrophy, sulfate reduction, nitrate 

reduction etc (KEGG, n.d.), with strains of chroococcidiopsis even able to grow in complete 

darkness with viable populations 750 meters below the Atlantic sea bed (Li et al, 2020). In this 

habitat chroococcidiopsis strains can get energy by oxidising hydrogen produced in the rocks by 

various abiotic processes (Puente-Sánchez et al., 2018).  

 

Chroococcidiopsis like many bacteria reproduces asexually through cell division, making the 

distinction between a species and a strain rather fluid as they can’t interbreed, though they can 

share genes via horizontal gene transfer with other bacteria. 

 

Species of chroococcidiopsis are also sometimes found in the human microbiome (Ventero et 

al, 2022) (Lackey et al, 2019).  

NEW: Chroococcidiopsis indica produces an accidental neurotoxin, BMAA, 

which resembles serine and can cause protein misfolding, leading to 

questions about effects of amino acids from a novel exobiology  
Next section – all sections – previous section 

 

One strain of Chroococcidiopsis, chroococcidiopsis indica produces BMAA (Cox et al., 2005:fig 

2), which may be a contributing cause to neurodegenerative diseases such as ALS which 
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Steven Hawking suffered from, as it can bind to serine transfer RNA and so get misincorporated 

into proteins in place of serine. This leads to protein misfolding and these misfolded proteins 

have been found in nerve cells of people with ALS (Holtcamp, 2012).  

 

This leads to interesting questions about what the effects might be of an extraterrestrial biology 

not based on terrestrial amino acids. 

 

An extraterrestrial biology could use many more amino acids than the 20 encoded in RNA. 

There are 140 that occur naturally in terrestrial biology, but not in proteins (Ambrogelly et al., 

2007). 52 amino acids have been identified in the Murchison meteorite (Cronin, 1983). A 

computer search turned up nearly 4,000 biologically reasonable amino acids (Meringer, 2013) 

(Doyle, 2014). Many of those won’t occur in nature, but terrestrial biology also includes non 

natural amino acids. Meanwhile also many of the natural amino acids don’t occur in terrestrial 

biology and might potentially be used in extraterrestrial biology. 

 

Proteobacteria in our gut may provide some protection against BMAA by removing it (Baugh et 

al, 2017). However there might be no helpful microbes to protect us by removing similarly close 

analogs of our amino acids from an alien biochemistry.  

NEW: Martian life could be better at photosynthesis than terrestrial life 

since terrestrial photosynthesis works at well below its theoretical peak 

efficiency and the lower light levels on Mars might favour evolution of more 

efficient photosynthesis 
Next section – all sections – previous section 

 

Photosynthetic life on Earth operates at well below its theoretical peak efficiency for 

photosynthesis. Bains et al suggest this may be a many pathways event. Perhaps oxygenic 

photosynthesis could evolve in many ways, but with very low probability of achieving all the 

necessary steps so terrestrial life only happened to evolve it once. As a perhaps more plausible 

alternative, that it could be a "pulling up the ladder" event where once the niche was filled, a 

photosynthesizer not limited by the need for an electron donor such as sulfide, Fe(II) or 

hydrogen it was hard for a new photosynthesizer to evolve again (Bains et al, 2016).  

 

Terrestrial photosynthesis rejects 50% of the incoming sunlight, mainly in the red part of the 

spectrum, leading to the distinctive “red edge”. The purple bacteria and lichens don’t have this 

“red edge” and Martian life would be likely to use red light like the purple bacteria, because of 

the high absorption of blue light by dust (Kiang, 2007).  

 

Oxygenic photosynthesis goes through two photosystems, 1 and 2, and both use the same 

frequencies of light. The efficiency could be doubled by using red light for one of the two 

systems (Blankenship et al, 2011:808).  
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Martian life might also be able to use the full range of the spectrum. Terrestrial seaweeds are 

dark brown in colour because they use accessory pigments like fucoxanthin to gather the blue-

green component of light rejected by chlorophyll. These then transfer the energy to the 

chlorophyll and so to the photosynthetic reaction centers. They do this so that they can use 

sunlight at only 1% of surface levels so it helps to use the blue-green light that passes through 

seawater (Caron et al, 2001).  

 

A hypothetical Martian microbe with faster photosynthesis might find it useful to capture the full 

spectrum, especially in the low light levels on Mars. This would double its theoretical efficiency 

compared to terrestrial life. 

 

According to Mellis, it would be possible to increase the typical 3% efficiency of green algae 

three fold, close to the theoretical maximum of 8 to 10% by truncating the light-harvesting 

chlorophyll antenna size (Mellis, 2009). Experiments back this up, though with smaller 

improvements (instead of tripling, they achieve modest increases of 55% to 60%) (Kirst, 2014). 

Terrestrial life likely uses a larger antenna than is needed to block out light from competitors, or 

because it allows it to capture more light at lower light levels with lower cell densities (Ort et al, 

2015:8530) (Negi et al, 2020:15). 

 

Although terrestrial life uses a fixed antenna size, cells have been designed that adjust the 

antenna size depending on the light intensity so that they achieve high efficiency both at low 

and high light levels compared to wild-type strains, doubling and even tripling the yields of the 

wild-type strains (Negi et al, 2020:15). A Martian photosynthetic organism would experience 

large changes in light levels with a need to capture light during dust storms if possible, and also 

to capture as much as possible during conditions of bright sunlight, so it might already have an 

adjustable antenna size and so have the advantages of both small and large antennas. 

 

A Martian photoautotroph would only need a small improvement in efficiency compared to 

terrestrial life to be competitive with our photoautotrophs in the oceans, and there seem to be 

possibilities for major increases in efficiency. This Martian photoautotroph then might replace 

the natural species in our oceans. 

 

In the best case, this could just be a drop-in replacement for terrestrial life, has minimal effect on 

the diversity of the terrestrial marine microbiota which survives but in smaller populations, and 

increases the productivity of the oceans. It might also have fewer or no exotoxins and might not 

form algal blooms. In the other direction though in the worst case it’s inedible, or produces many 

accidental toxins, is so competitive that the marine biota is almost a monoculture, and produces 

thick algal mats, any or all of those.  

 

This leads to our new worst case scenario of mirror life. This could compete with terrestrial 

photoautotrophs even if it is no better or even less efficient at photosynthesis, and could be 

combined with better photosynthesis for a worst-worst case.  
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NEW: Example worst case scenario of a mirror life 

chroococcidiopsis analogue from Mars which could gradually 

convert organics in ecosystems into indigestible mirror organics 
Next section – all sections – previous section 

 

The planetary protection literature doesn’t cover many scenarios in depth. In a search for new 

scenarios, I found many ways life from Mars can harm humans, our crops or ecosystems – as 

well as many ways it can be harmless or beneficial. These are for a future paper (Walker, 

2022b). However, it may help to briefly mention one detailed worst case scenario, which as far 

as I know is new to the topic, to encourage space agencies to treat planetary protection more 

rigorously.  

 

Mars has had many geological surprises for us. CO2 geysers, evidence of a shallow northern 

sea in the past, deltas like the one in Jezero crater, the lake in Gale crater, the perchlorates, the 

droplets on the Phoenix lander, the lakes below polar ice. It may have astrobiological surprises 

too. 

 
Artist’s impression by Ron Miller of the martial CO2 geysers that form in spring in the 

polar regions (Miller, 2006) (JPL, 2006).  

 

This worst case but very interesting scenario is independently evolved mirror life, an algae like 

chroococcidiopsis able to survive on just rock, water, CO2, nitrogen and sunlight, but with the 

DNA flipped the other way, everything flipped as in a mirror. 

 

Nearly all terrestrial DNA spirals the same way. Most of the organics that make up terrestrial life 

are asymmetrical and so can have two mirror forms, like your left and right hand – but they 
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nearly all are only found in one form in terrestrial life. That’s because the molecules fit together 

a bit like an intricate mechanism, and the enzymes, and translation machinery and ribosomes 

which construct proteins and so on wouldn’t work as intended if some of the pieces were flipped 

as in a mirror. 

 

When a molecule is asymmetrical and has two mirror forms, like your left and right hand, it’s 

called chiral. Terrestrial life is homochiral, which means that nearly all of its asymmetrical 

molecules occur in only one of its two mirror forms. 

 

We don’t know how terrestrial life became homochiral, with many proposed mechanisms 

(Blackmond, 2019). Some experts say it is “luck of the draw”  (Brazil, 2015). 

 

The theory of punctuated chirality suggests that early on as life was just starting to evolve, there 

were patches of chemicals that worked together with each other in chiral networks which 

expand and flip all the chemicals around them to be of compatible chirality (Gleiser et al, 2008).  

 

However there would be many such patches, some of one chirality some the opposite, and they 

would expand and flip each other back and forth in chirality on an environmental scale, with 

these flips perhaps frequent in Early Earth, until one of them got established as the basis for the 

evolution of life. If so, depending on how the flips went on Mars, life could easily have evolved 

from chemicals with the opposite chiral bias to Earth life (Gleiser et al, 2008): 

 

Our analysis predicts that other planetary platforms in this solar system and elsewhere 

could have developed an opposite chiral bias. 

 

They predict that in the universe as a whole if an organic is found in a large sample of 

independently evolved forms of life it should occur in both forms. E.g. if there are many 

independently evolved forms of life that all use glucose, then there should be roughly the same 

amount of D and L glucose in the universe.  

 

As a consequence, a statistically large sampling of extraterrestrial stereochemistry would 

be necessarily racemic on average 

 

Summarizing this as a graphic:  
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Graphic for L-glucose from (NCBI, n.d.) and D-glucose by reflecting the graphic 

horizontally. Grey: Carbon, Red: oxygen, white: Hydrogen.  
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Background image from (NOAA, n.d.), DNA spiral from (Pusey, 2012)  

If we could flip a cake in 3D, like reflecting it in a mirror, we might be able to eat it, like artificial 

sweeteners, but our metabolism couldn’t do anything with the flipped starches or proteins, and 

many fats would also be inaccessible (Dinan et al, 2007)  

 

Synthetic biologists plan to gradually flip ordinary to mirror life over a period of a decade or so – 

and will make sure synthetic mirror life is engineered to depend on chemicals only available in 

the laboratory. They warn escape of mirror life could cause major transformations of the 

terrestrial biosphere by locking up organics in unusable mirror forms (Bohannon, 2010).  

 

The biggest risk here is if mirror life gets enzymes (isomerases) that transform ordinary organic 

molecules into their mirror form. A few rare terrestrial microbes already use this in reverse to eat 

mirror organics (Pikuta et al, 2016). In the worst case scenario, mirror life has the enzymes to let 

it consume ordinary organics, but terrestrial life can’t make anything of the mirror organics 

(Bohannon, 2010).. 

  
Kasting: “It would quickly consume all the available nutrients,” he says. “This would 
leave fewer or perhaps no nutrients for normal organisms.” …. As the CO₂ in the ocean 
was incorporated into inedible mirror cells, they would “draw down” CO₂ from the 
atmosphere … in about 300 years the bugs would suck down half of Earth’s atmospheric 
CO₂. Photosynthesis of most land plants would fail. “All agricultural crops other than corn 
and sugar cane would die,” … “People might be able to subsist for a few hundred years, 
but things would be getting pretty grim much more quickly than that.” After 600 years, 
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we’d be in the midst of a global ice age. It would be a total evolutionary reboot—both 
Kasting and Church think mirror predators would evolve, but whatever life existed on 
Earth by that point wouldn’t include us.. 

  
Any life on Mars, mirror or normal, likely has those isomerases because it needs to be able to 
eat both types of organics. That’s because nearly all martian organic is infall from comets, 
asteroids and interplanetary dust or made locally abiotic. Non biotic organics nearly always 
come in both normal and mirror forms. 
 
Eventually many terrestrial microbes are likely to develop the necessary isomerases to eat it, 
but higher life couldn’t evolve so quickly. The outcome is a mix of normal and mirror organics. 
Kasting and Church’s worst case scenario is that mirror life retains the edge over normal life in 
this evolutionary race.  
  
I think we would survive. We have already designed almost self-sustaining space habitats like 

the early Russian BIOS-3 based on plants grown for food, and oxygen, which in turn take up 

carbon dioxide and water from humans which should work in space, a more challenging 

situation (Salisbury et al, 1997) (Johansson, 2006) .  

 
We could enclose large areas of Earth with its tropical jungles, coral reefs etc, like Biosphere 2 
(UA, n.d.). But it would be a severely diminished world to leave to the next generation.  
 

NEW: Closely related worst case scenario of a shadow biosphere of mirror 

life nanobes that produce indigestible mirror life biofilms on Earth 
Next section – all sections – previous section 

  
For a closely related scenario, Earth and Mars exchange normal life, but Mars has a shadow 

biosphere with a different biochemistry that never got here like the hypothesis of a terrestrial 

shadow biosphere of nanobes (Cleland, 2019, pp 213 - 214) which could co-exist with modern 

life. Earth doesn’t seem to have one (yet) but small cells have an advantage in an environment 

with low nutrient concentrations, as they have a larger surface to volume ratio, and so take up 

nutrients more efficiently. They would also avoid protozoan grazing (Ghuneim et al, 2018).  

 

In this second mirror life scenario, Martian mirror life cells have a less sophisticated biology, but 

compete in a shadow biosphere on Earth because of their small size, with the extra advantage 

that they form mirror organics biofilms. These shadow biosphere biofilms are inedible to most 

terrestrial life and expand.  

 

The mirror nanobes could have evolved in regions separated by physical barriers, for instance 

after a volcanic eruption such as volcanic eruption on the flanks of Arsia Mons 210 million years 

ago, which likely lead to 100 cubic kilometers of subsurface melt in three lakes, which would 

have stayed melted for centuries to millenia insulated by surface ice (Scanlon et al, 2014).  

 

We could devise other examples such as mirror life with similar capabilities to normal life so it 

has a mix of normal and mirror life analogues of chroococcidiopsis to take most advantage of 

https://books.google.co.uk/books?id=eqCsDwAAQBAJ&pg=PA213
https://books.google.co.uk/books?id=eqCsDwAAQBAJ&pg=PA214
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the infall of achiral organics. Also, more speculatively, chirality indifferent life using enzymes 

such as Joyce’s RNA enzyme which can replicate RNA of opposite chirality including its own 

mirror version (Joyce, 2007) (Sczepanski, 2014) (Singer, 2014) 

 

In these worst case mirror life scenarios, we may be able to reduce impacts, perhaps with 

engineered normal life predators of mirror life, or if Mars has both forms of life, we may be able 

to import these predators from Mars. However, these are scenarios to avoid, with consequences 

hard to predict. 

 

NEW: Claudius Gros’s worst case scenario for forward contamination – in 

this scenario nearly all higher life eventually goes extinct outside habitats, 

though it takes a long period of time and humans can survive by 

“paraterraforming Earth” with large enclosed habitats and preserve nearly 

all our biodiversity 
Next section – all sections – previous section 

 

For completeness perhaps I should mention this scenario too. It is an extension of the ideas of 

Sagan and Lederberg about the potential that we might have no protection against an 

exobiology from Mars in the worst case. 

 

• Warnings by some astrobiologists such as Sagan and Lederberg that in worst case we 

could be in effect immunocompromised to an entire exobiology from Mars  

 

If Sagan and Lederberg’s alternative scenario was true of terrestrial life mystified by an alien 

pathogen, it wouldn’t just apply to humans but potentially to all terrestrial life. So, what would the 

outcome be if we returned life that none of Earth’s organisms has immunity to or has natural 

defences against? It seems we should look at this possibility, if it is a possibility. 

 

As with Sagan and Lederberg’s warnings, it is impossible to go to the expert reviews for 

comment on this because it isn’t covered in the backward contamination studies for a Mars 

sample return. We have some experts saying it is possible, but there is no dialog in the 

published scientific literature on the topic. 

 

In the forward direction, 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 reasons that the key to functioning of the immune system of multicellular 

organisms, plants or animals, is recognition of “non-self”. He presumes that biological defense 

mechanisms evolve only when the threat is actually present and they don’t evolve to respond to 

a never encountered theoretical possibility (Gros, 2016). 

 

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

 

Is this argument valid, and can we apply this argument in reverse for backwards contamination? 

 

If it can be applied in reverse, then in the worst case scenario,. terrestrial life is naive and offers 

no resistance when eaten by Martian life. The worst case would be that almost all multicellular 

organisms on Earth could be eradicated. All that would be left would be some small rapidly 

evolving organisms. 

 

Humans wouldn't go extinct in such a scenario, as we saw in the last section. 

 

• NEW: Example worst case scenario of a mirror life chroococcidiopsis analogue from 

Mars which could gradually convert organics in ecosystems into indigestible mirror 

organics  

 

It would happen slowly enough, maybe decades to generations, that we would have time to 

recognize what is happening and build habitats to survive in. Also, we would be able to preserve 

much of the Earth’s biodiversity including all the plants with preservable seeds (which is most of 

them). However such a paraterraformed Earth would severely diminish life prospects for several 

generations. 

 

Eventually life outside the habitats would reach an equilibrium, with small microscopic single cell 

and multicellular terrestrial lifeforms able to evolve fast enough to take advantage of the new 

microbial environments. Over millions of years, perhaps faster with assistance from humans, 

there would be higher life forms again able to survive in an environment with both kinds of 

biology. Perhaps humans also could artificially adapt our progeny to survive outside the habitats 

or find ways to supplement their own immune systems so that they are protected from 

extraterrestrial microbes that our naive immune systems don’t recognize as life. But essentially 
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this process would turn Earth into an alien planet for macroscopic terrestrial biology in its current 

(original) form. 

 

Although we have technology we could use to survive this scenario today, it would have been 

much harder with the early technology of the 1960s. The first “bubble boy” David Vetter who 

lived his life in an isolation room was born in 1971 (Gannon, 2012). Without experience of such 

technology, it would be that much harder for 1960s humans to survive back contamination of 

Earth’s biosphere with life that our biology is not able to protect itself against naturally. 

 

As far as I know, none of the planetary protection studies have looked at such a scenario, or at 

the scenarios of Lederbeg and Sagan mentioned above: 

 

• Warnings by some astrobiologists such as Sagan and Lederberg that in worst case we 

could be in effect immunocompromised to an entire exobiology from Mars  

 

So there is no expert comment to refer to. All I can do is to draw attention to the scenarios. 

 

I suggest future planetary protection studies of the effects of a Mars sample return use 

Lederberg’s papers as a starting point, and discuss the potential impacts on human health and 

more generally on Earth’s biosphere of a totally alien unrelated exobiology such as mirror life or 

life not based on DNA. 

 

The backward contamination studies so far proceed almost entirely by analogy with known 

effects of terrestrial life and only briefly mention the potential impact of returning samples of life 

based on a different biochemistry or don’t discuss it at all. 

NEW: Enhanced Gaia – ways that introduced Martian life could be 

beneficial to humans, ecosystems and Earth’s biosphere 
Next section – all sections – previous section 

So far we’ve focused on situations where biosphere collisions are harmful, since the topic is 

planetary protection, so we need to focus on scenarios where there is indeed a need to protect 

Earth. We need to focus on them for the same reason that a designer of a smoke detector has 

to focus on house fires. 

 

We should also recognize that the introduction of extraterrestrial life to our biosphere could be 

harmless and also be beneficial, as Rummel mentioned in his foreword to “When Biospheres 

Collide” (Meltzer, 2012) 

 

"Likewise, we don't know what would happen if alien organisms were introduced into 

Earth's biosphere. Would a close relationship (and a benign one) be obvious to all, or will 

Martian life be so alien as to be unnoticed by both Earth organisms and human 

defenses? We really have no data to address these questions, and considerate 
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scientists fear conducting these experiments without proper safeguards. After all, this is 

the only biosphere we currently know – and we do love it!" 

 

We have examples from multicellular life to show that 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, but many of the best examples were introduced unintentionally (Schlaepfer et al, 

2011).  

 

Schlaepfer doesn’t list any microbial examples. What could benign interactions with terrestrial 

life look like for Martian microbes? Here are a few suggestions: 

 

● More efficient photosynthetic life from Mars could increase the rate of sequestration of 

CO₂ in the sea and on land, improve soil organic content, and perhaps help with 

reduction of CO₂ levels in the atmosphere 

● More efficient photosynthesis could increase the productivity of oceans  

● Most of the surface layers of our oceans are deserts, except near to the coasts, because 

of the limitation of nitrogen, phosphorus, iron and silica (needed for diatom shells) 

(Bristow et al, 2017). If extraterrestrial life has different nutrient requirements, it may be 

able to inhabit these deserts and form the basis of an expanded food web. 

● Martian microbes could be better at nitrogen fixation, phosphorus and iron mobilization, 

and so improve our soils, and help with crop yields as endophytes.  

● Martian life might aid digestion or enter into other beneficial forms of symbiosis with 

humans 

● Martian life could produce beneficial bioactive molecules as part of the human 

microbiome. These could include molecules that are antiviral, antibacterial, antifungal, 

insecticides, molecules that kill cancer cells, immunosuppressants, and antioxidants – 

we get all of those from beneficial microbes that are already in our microbiome. 

(Borges et al, 2009).  

● Just as Martian microbes could enter the human microbiome, they could also enter plant 

microbiomes as endophytes and those interactions need not be harmful, many could be 

beneficial. (Afzal et al, 2019) 

● New forms of yeast could be of interest in the food industry (Sarmiento et al, 2015). 

● Martian life could increase species richness by gene transfer to Earth microbes, leading 

to more biodiverse microbial populations. 

● Martian extremophiles could colonize microhabitats in deserts and eroded landscapes 

barely habitable to terrestrial life, helping with reversal of desertification 

● Martian microbes with more efficient photosynthesis might be useful to generate biofuels 

from sunlight and water (Schenk et al, 2008) 

● Martian life might be accidentally toxic and control harmful microbes or insects  

 

Introduced martian life could also have mixed effects, beneficial for some organisms and in 

some ecosytems and harmful in other contexts. 

 



101 of 231 
101 

It can also be harmless. We could return a “drop in replacement” for terrestrial life. Just return 

another slightly different strain of chroococcidiopsis say not much different from returning life 

from another terrestrial desert. Or it could be life that has no chance of competing on Earth, an 

example might be Woese’s early life transformable cells with “all the cellular componentry 

altered and/or displaced through HGT [Horizontal Gene Transfer]” (Woese, 2002) 

 

But here, let’s continue to focus on the best-best case scenario of enhanced Gaia. 

 

Our planet is not necessarily optimal for global biomass (Kleidon, 2002). Perhaps extraterrestrial 

life with additional capabilities could enhance the productivity of the terrestrial Gaia.  

 

Return of Martian life might create a new enhanced Gaia system that has significantly more 

surface biomass and biodiversity than the one we have today.  

 

● It could add a new domain of life with almost entirely beneficial interactions similarly to 

the Archaea 

● It could add to biodiversity with new forms of multicellular life based on a different 

biochemistry, or multicellular life in a different domain of life from the eukaryotes, with a 

more ancient common ancestor which only enhances the diversity of our biosphere. 

NEW: Amongst a million extra-terrestrial civilizations that return unsterilized 

unstudied life – how many would find they harmed the biosphere of their 

home world? We don’t know  
Next section – all sections – previous section 

 

Amongst a million extra-terrestrial civilizations that return an unsterilized sample of life from a 

nearby biosphere without studying it first, and limited technological capabilities to contain it, we 

don’t know how many would find they have harmed the biosphere of their home world.  

 

It could be anywhere in the range from no effect or beneficial to frequently harmful. 

 

• it is never seriously harmful, it usually leads to an enhanced Gaia, or has no effect, and 

is almost always a beneficial process or harmless,  

• [many other possibilities], all the way to 

• most civilization’s biospheres are seriously degraded after they return unstudied 

unsterilized life.  

 

We have nothing by way of previous experience to guide us here. 
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If NASA or another space agency accepts the NRC study’s 

assessment that the risk of large scale effects on human health or 

the environment is not demonstrably zero – this has major legal 

ramifications domestically, with agencies such as the DoA, CDC, 

NOAA etc involved and also internationally and through 

international treaties with the FAO, WHO etc involved as well as 

potentially domestic laws of other countries 
Next section – all sections – previous section 

 

There are numerous legal ramifications if a space agency such as NASA takes on board the 

assessment of the National Research Council’s study in 2009, that the risk from martian life of 

minor or major global harm to humans or the environment can’t be assessed, and though likely 

low is not demonstrably zero (SSB, 2009: 48). 

 

In the US, NASA itself, as a federal agency, is mandated to consider such matters as (NASA, 

2012):  

● impact on the environment,  
● impact on the oceans,  
● impact on the great lakes,  
● escape of invasive species,  
● lab biosecurity against theft 

Uhran et al mention many other agencies likely to declare an interest including (Uhran et al, 

2019) (Meltzer, 2012:454) (Race, 1996). 

• CDC (for potential impact on human health),  
● Department of Agriculture (for potential impact on livestock and crops),  
● NOAA (for potential impact on oceans and fisheries after a splashdown in the sea) 
● Occupational Safety and Health Administration, to consider questions of quarantine if a 

scientist or technician gets contaminated by a sample 
● Department of the Interior which is the steward for public land and wild animals which 

could be affected by release of Martian microbes 
● Fish and Wildlife Service for the DoI who maintain an invasive species containment 

program and may see back contamination as a possible source of invasive species 

Although they don’t mention this, if the mission is seen as having potential for transboundary 

effects, it seems likely that European countries such as the UK and the EU would get involved 

at some point since it is a joint ESA / NASA mission. The Directive 2001/42/EC might apply (EU, 

2001), and the Espoo convention (UNECE, n.d.).  
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It seems unlikely that worst case scenarios would be ignored as the legal proceedings continue. 

If the legal discussions expand to focus on these scenarios, this could involve many other 

organizations. 

 

No matter which country is involved in planning a Mars sample return mission, at some stage, 

international agencies like the Food and Agriculture Organization may get involved, because of 

potential impact on agriculture and fisheries and global food supplies, and the World Health 

Organization because of effects on human health globally if a new organism is returned that can 

be spread to other countries.  

 

International treaties would be triggered and domestic laws of other countries are also likely to 

be triggered. Race and Urhan et al summarize some of these potential legal ramification see: 

(Uhran et al, 2019) (Race, 1996).  

 

In the USA, the Environmental Protection Agency partners with the United Nations Environment 

Program (UNEP), and Arctic Council, so they’d likely get involved (EPA, n.d.). 

Indeed, there would be few aspects of human life that would not be relevant in some way in 

discussions of the very worst case scenarios. As the legal process continues, surely there would 

be open public debate about these scenarios, and if the discussion expands in this way, 

potentially it might lead to much wider involvement in the international community. It would be 

necessary to convince the public, and interested experts in all these agencies that this is a safe 

mission and that all their concerns have been answered.  

 

In short, great care is taken to make sure that Earth is kept safe. 

 

In the other direction, if a country such as the US passes their space agency’s sample return 

mission as safe based on a claim of no potential for large scale harm to other countries, this 

may make it hard to object should another country approve a riskier sample return from Mars 

based only on their internal legislation and a claim that they also assess that there is no risk of 

large scale harm. 

NASA’s draft EIS fails NEPA requirement for a valid 

Environmental Impact Statement to ensure scientific integrity – 

with missing cites and cites that overturn the sentences they are 

cited to  
Next section – all sections – previous section 

 

NASA’s draft fails several of NEPA’s central requirements for a valid EIS. 

 

Agencies shall ensure the professional integrity, including scientific integrity, of the 
discussions and analyses in environmental impact statements 
§ 1502.23 

https://www.ecfr.gov/current/title-40/chapter-V/subchapter-A/part-1502/section-1502.23
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The EIS has major issues, mainly 

• Currency: uses out of date research, with major omissions of later studies that overturn 

results it relies on.  

• Accuracy: sentences in the EIS are contradicted by the cites attached to those 

sentences, and the reader isn’t alerted to this discrepancy 

• Accuracy: doesn’t mention views opposed to their conclusions in their own sources or 

other sources with views that contradict the agency’s conclusions in the EIS. 

 

A credible scientific report needs to be reviewed carefully to eliminate or minimize such errors 

(Blakeslee, 2004) (Tripp, n.d.) (Nausman, n.d.). For a list of the main issues found in the draft 

EIS see: 

• Questions for NASA 

• Reasons for these questions: controversial or mistaken statements in NASA's draft EIS 

and the report of the sterilizing subcommittee  

 

On the last point of omissions of opposing views (Feldman et al., n.d.)  
 

An agency must address in an EIS “responsible opposing view[s].” Courts have 

interpreted this regulation as requiring agencies to address opposing scientific 

viewpoints. In recent years, courts have given an agency’s response to opposing 

scientific viewpoints deferential treatment, so long as the agency addressed the 

opposing statements and differing opinions in a meaningful way during the decision-

making process. 

 

So, for instance on the topic of environmental effects, it seems the courts would be able to pass 

it as a valid Environmental Impact Statement under NEPA based on NASA’s own statement that 

in their view there is no significant risk of environmental effects, so long as NASA alert the 

reader to the opposing views in sources such as the 

• the NRC Mars sample return study in 2009  

• the ESF Mars sample return study in 2012  

and so long as NASA address these differences of view in a meaningful way in the EIS. 

Presumably NASA would need to discuss the reasons the ESF and the NRC gave for their 

views, and explain why they came to a different view. 

 

However, the views in the ESF and NRC studies on environmental effects are simply not 

mentioned. So, it would seem to fail this requirement for a valid EIS. For a discussion of the 

views they omitted see: 

 

• The planetary protection literature warns the potential for even large scale harm to 

human health and the environment isn’t demonstrably zero – NASA’s draft EIS 

conclusion that there is no significant risk of environmental effects seems a minority view 

amongst microbiologist and they don’t alert the reader to the existence of any other view 

on the topic 
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For a list of the main issues found in the draft EIS see: 

• Questions for NASA 

• Reasons for these questions: controversial or mistaken statements in NASA's draft EIS 

and the report of the sterilizing subcommittee  

 

 

 

NASA’s draft EIS fails NEPA requirement to consider reasonable 

alternatives in detail so that reviewers may evaluate their comparative 

merits – doesn’t examine the reasonable alternatives to sterilize samples in 

space first or to delay the mission until it can be done safely 
Next section – all sections – previous section 

 

Another of NEPA’s central requirements for a valid EIS. 

 

(a) Evaluate reasonable alternatives to the proposed action, and, for alternatives that the 

agency eliminated from detailed study, briefly discuss the reasons for their elimination. 

(b) Discuss each alternative considered in detail, including the proposed action, so that 

reviewers may evaluate their comparative merits. 
§ 1502.14  

 

NASA's EIS doesn't have rigorous analysis of ANY alternative except "no action". Reasonable 

alternatives include sterilizing samples in space before they approach humans or our biosphere 

or delaying the mission until it can be done safely. 

 

NASA’s draft EIS fails NEPA requirement to use an interdisciplinary 

approach including the social sciences by failing to involve the public early 

on, not just in the USA but through fora open to representatives from all 

countries globally as recommended in sample return studies – and the 

public weren’t given the opportunity to comment on a scientifically valid 

draft EIS 
Next section – all sections – previous section 

 

Another of NEPA’s central requirements for a valid EIS. 

Agencies shall prepare environmental impact statements using an interdisciplinary 

approach that will ensure the integrated use of the natural and social sciences and the 

environmental design arts 

§ 1507.2 

https://www.ecfr.gov/current/title-40/chapter-V/subchapter-A/part-1502/section-1502.14
https://www.ecfr.gov/current/title-40/chapter-V/subchapter-A/part-1502/section-1502.6


106 of 231 
106 

Mars sample return studies emphasize the need to involve the public early on, not just in the 

USA, but through fora open to representatives from all countries globally because negative 

impacts could affect countries beyond the ones involved directly in the mission (Ammann et al, 

2012:59)  

 

RECOMMENDATION 3 

Potential risks from an MSR are characterised by their complexity, uncertainty and 

ambiguity, as defined by the International Risk Governance Committee’s risk 

governance framework. As a consequence, civil society, the key stakeholders, the 

scientific community and relevant agencies’ staff should be involved in the process of 

risk governance as soon as possible. 

In this context, transparent communication covering the accountability, the benefits, the 

risks and the uncertainties related to an MSR is crucial throughout the whole process. 

Tools to effectively interact with individual groups should be developed (e.g. a risk map). 

RECOMMENDATION 4 

Potential negative consequences resulting from an unintended release could be borne 

by a larger set of countries than those involved in the programme. It is recommended 

that mechanisms and fora dedicated to ethical and social issues of the risks and benefits 

raised by an MSR are set up at the international level and are open to representatives of 

all countries 

The public weren’t involved early on in that way. Not only that, the public weren't given the 

opportunity to comment on a scientifically valid EIS.  

 

I hope NASA can ensure a mishap like this never happens again 

Other commentators raised significant issues – including one of the 

principle authors of NASA’s probabilistic risk assessment guide who said 

the it should include the possibility of delaying the return until the risks are 

better understood 
Next section – all sections – previous section 

Several other commentators raised significant issues including some of the ones already 

mentioned as well as new ones (Dehel, 2022) (DiGregorio, 2022) (Everline, 2022) .  

Everline, a JPL employee and a principal author of NASA’s probabilistic risk assessment guide 

(Stamatelatos, 2011), made a detailed public comment which said (Everline, 2022) 

Chester Everline: A better statement of options should include the possibility of 

delaying the return of Mars samples until the risks associated with their return are better 

understood  
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NEPA say to contact the agency to resolve issues, however NASA is not 

responding to attempts to contact them on this topic 
Next section – all sections – previous section 

NEPA say the first step is to contact the agency to resolve issues (COEQ, 2007:28):  

 

Your first line of recourse should be with the individual that the agency has identified as 

being in charge of this particular process.  

The natural point of contact is NASA’s planetary protection office. They haven’t responded to 

my email about the issues I raised after the draft EIS was published.  

The comments section of the draft EIS didn’t include responses to substantial issues I raised in 

May (Walker, 2022a)  

NEPA don’t mention the many significant issues I or anyone else raised with the draft EIS in 

their final letter to the public comments page on the last day of the public comments period, 

December 7th (EPA, 2022). 

It’s also not appropriate to try to work with other employees of NASA to resolve this issue when 

NASA’s planetary protection office aren’t responding. 

There seems no way forward by way of dialog with NASA at this point in time. I encourage the 

reader of this paper to try asking NASA the questions raised here themselves.  

Questions for NASA 
Next section – all sections – previous section 

2012 ESF Mars Sample Return size limit review: 

• Are you aware of the ESF Mars Sample Return study in 2012 which reduced the size 

limit from 0.2 microns to 0.01 microns for the 1 in a million threshold and required 100% 

containment at 0.05 microns? If so, why doesn’t the EIS cite it? 

• Are you aware that the ESF study recommended their size limit is reviewed regularly 

and that a BSL-4 doesn’t even comply with the size limit they recommended in 2012? If 

so, why doesn’t the EIS say so? 

2015 MEPAG review: 

• Are you aware of the 2015 MEPAG review that overturned all the findings you rely on to 

say that life couldn’t get to Gale crater? If so, why doesn’t the EIS cite it? 

• Are you aware that the JAXA cite you use says on page 2 not to use their meteorite 

argument for samples returned from the Mars surface? If so, why isn’t the reader alerted 

to this discrepancy? 
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• Are you aware of the debate about whether Curiosity should approach RSLs in Gale 

crater because of risk of forward contamination by terrestrial life? If so, why does the EIS 

say that existing credible evidence says Mars has been uninhabitable for millions of 

years 

Scoping: 

• What is your reason for requiring “safety testing” when all the samples will test positive 

and go to hold and critical review? 

• Why wasn’t the option considered to sterilize samples before they return? 

Large scale effects 

• Are you aware of warnings about large scale effects in the NRC study in 2009? If so, 

why isn’t this mentioned in the EIS? 

• Are you aware of the warnings about the potential that we have no defences against 

alien life by Joshua Lederberg and others? If so, why doesn’t the EIS discuss them? 

Mars microbes surviving on Earth or as pathogens of humans: 

• Are you aware that Legionella pneumophila is a disease of biofilms that also 

opportunistically infects humans as Legionnaire’s disease, sometimes lethal, and is not 

adapted to multicellular life? If so why is this not included in the discussion of whether 

pathogens have to coexist with humans to harm us? 

• Are you aware that the mold Aspergillus fumigatus is not particularly adapted to a human 

host and causes an estimated 200,000 life threatening cases a year, mainly in 

immunocompromised people, with 30% to 95% mortality rate? If so, why isn’t this 

mentioned in the discussion of Candidas yeast’s adaptations to humans? 

• Are you aware of the example from the NRC sample return report of an independently 

evolved hydrothermal vent organism that shares many virulence genes with a human 

pathogen? If so why isn’t this included in the discussion of Shiga’s toxin? 

• Are you aware that the toxin produced by Clostridium tetani is not a result of adaptation 

to humans and neonatal tetanus kills thousands of unvaccinated children every year? If 

so, why isn’t this mentioned in the discussion of Shiga’s toxin? 

• Did your sterilizing subcommittee have any examples of extreme conditions microbes 

face on Mars that could mean they can’t survive on Earth? If they don’t have any specific 

examples, why doesn’t the report mention this issue? 

• Was your sterilizing subcommittee aware that there are many Mars analogue terrestrial 

organisms such as chroococcidiopsis that are thought to have some potential for living 

on Mars? If so, why isn’t the reader informed of this? 

Procedure: 

• Why aren’t you responding to attempts to ask these questions? 
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• Do you know how the EIS come to have so many citing errors of central importance to 

your arguments and can NASA ensure this won’t happen again? 

The simplest answer is that it is all a big mistake, and they weren’t aware of any of those things. 

If so fine, we all make mistakes! But that means we need to start again with a scientifically 

credible EIS starting with a new size limit review etc . 

At some point they are going to have to look at these questions. I don’t think they can continue 

to ignore them all the way through until the samples are on their way back from Mars. 

Reasons for these questions: controversial or mistaken statements in 

NASA's draft EIS and the report of the sterilizing subcommittee  
Next section – all sections – previous section 

 

Here is a list of the most controversial or mistaken statements found in the EIS or the report of 

the sterilizing subcommittee which that list of questions is based on, with links to the sections of 

this paper that discuss them: 

 

2012 ESF Mars Sample Return size limit review: 

Are you aware of the ESF Mars Sample Return study in 2012 which reduced the size limit 

from 0.2 microns to 0.01 microns for the 1 in a million threshold and required 100% 

containment at 0.05 microns? If so, why doesn’t the EIS cite it? 

 

See: 

• Draft EIS does mention a 0.05 micron limit – but not for the BSL-4, only for the return 

capsule – and without mentioning the ESF study 

Are you aware that the ESF study recommended their size limit is reviewed regularly and 

that a BSL-4 doesn’t even comply with the size limit they recommended in 2012? If so, 

why doesn’t the EIS say so? 

The draft EIS says they would use many of the basic principles of a Biosafety level 4 facility 

(BSL-4): (NASA, 2022: S-4):  

 

“The material would remain contained until examined and confirmed safe or sterilized for 

distribution to terrestrial science laboratories. NASA and its partners would use many of 

the basic principles that Biosafety Level 4 (BSL-4) laboratories use today to contain, 

handle, and study materials that are known or suspected to be hazardous.” 

 

See: 

2012: The European Space Foundation study reduced the size of particle to contain at 1 in a 

million from 0.2 microns to 0.01 microns, well beyond the capability of a BSL-4 and NASA’s 

recommendation is based on the science of 1999 
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- and following sections  

 

  

2015 MEPAG review: 

Are you aware that the JAXA cite says on page 2 not to use their meteorite argument in 

the way you use it, for samples returned from the Mars surface? If so, why isn’t the 

reader alerted to this discrepancy? 

(NASA, 2022: 3-3): 

“The natural delivery of Mars materials can provide better protection and faster transit than the 

current MSR mission concept.” 

See:  

• The meteorite argument can’t be used for potential life in surface dust, salts and dirt 

[and following sections] 

 

Are you aware of the 2015 MEPAG review that overturned all the findings you rely on to 

say that life couldn’t get to Gale crater? If so, why doesn’t the EIS cite it? 

 

(NASA, 2022: S-4):  

 

“Consensus opinion within the astrobiology scientific community supports a conclusion 

that the Martian surface is too inhospitable for life to survive there today, particularly at 

the location and shallow depth (6.4 centimeters [2.5 inches]) being sampled by the 

Perseverance rover in Jezero Crater, which was chosen as the sampling area because it 

could have had the right conditions to support life in the ancient past, billions of years 

ago.” 

 

See:  

• Jezero crater seems uninhabited from orbit – but so do terrestrial Mars analogue deserts 

– the 2015 MEPAG review which the EIS doesn’t cite overturned all the conclusions 

relevant to Jezero crater that NASA’s EIS relies on 

[And following sections] 

 

Are you aware of the debate about whether Curiosity should approach RSLs in Gale 

crater because of risk of forward contamination by terrestrial life? If so, why does the EIS 

say that existing credible evidence says Mars has been uninhabitable for millions of 

years 
 

(NASA, 2022: 1-6): 
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“Existing credible evidence suggests that conditions on Mars have not been amenable to 
supporting life as we know it for millions of years.” 

 

See:  

• NASA’s draft EIS argues that existing credible evidence suggests Mars has not been 

habitable to Earth life for millions of years –– yet their cite for this sentence is about a 

search for current localized habitable regions on Mars – another conclusion reached 

through a citing error  

 

Large scale effects: 

 

Are you aware of the warnings about large scale effects in the NRC study in 2009? If so, 

why isn’t this mentioned in the EIS? 

 

 (NASA, 2022: 3-3):  

 

“The relatively low probability of an inadvertent reentry combined with the assessment 

that samples are unlikely to pose a risk of significant ecological impact or other 

significant harmful effects support the judgement that the potential environmental 

impacts would not be significant.” 

 

See:  

• The planetary protection literature warns of not demonstrably zero potential for even 

large scale harm to human health and the environment – NASA’s draft EIS conclusion of 

no significant risk of environmental effects seems a minority view amongst microbiologist 

and they don’t alert the reader to this discrepancy  

Are you aware of the warnings about the potential that we have no defences against alien 

life by Joshua Lederberg and others? If so, why doesn’t the EIS discuss them? 

(Craven et al., 2021:6) 

 

“Since any putative Martian microorganism would not have experienced long-term 

evolutionary contact with humans (or other Earth host), the presence of a direct 

pathogen on Mars is likely to have a near-zero probability.” 

See: 

• Warnings by some astrobiologists such as Sagan and Lederberg that in worst case we 

could be in effect immunocompromised to an entire exobiology from Mars  

[And previous sections] 

Mars microbes surviving on Earth or as pathogens of humans: zzz 

Are you aware that Legionella pneumophila is a disease of biofilms that also 

opportunistically infects humans as Legionnaire’s disease, sometimes lethal, and is not 
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adapted to multicellular life? If so why is this not included in the discussion of whether 

pathogens have to coexist with humans to harm us? 

(Craven et al., 2021:6) 

 

Since any putative Martian microorganism would not have experienced long-term 

evolutionary contact with humans (or other Earth host), the presence of a direct 

pathogen on Mars is likely to have a near-zero probability. 

See: 

• Argument by sterilizing subcommittee that martian pathogens wouldn’t be adapted to 

humans or other Earth hosts has a major omission – legionnaire’s disease, a disease of 

biofilms that opportunistically infects human lungs  

Are you aware that the mold Aspergillus fumigatus is not particularly adapted to a human 

host and causes an estimated 200,000 life threatening cases a year, mainly in 

immunocompromised people, with 30% to 95% mortality rate? If so, why isn’t this 

mentioned in the discussion of Candidas yeast’s adaptations to humans? 

(Craven et al., 2021:6): 

 

Existing microorganisms that coexist with humans over long periods of time can also … 

 

opportunistically infect a host with a weakened or compromised immune system such as 

candidiasis yeast infections 

See: 

• NEW: Opportunistic fungal pathogens are sometimes deadly especially for 

immunocompromised people – Aspergillus is not adapted to humans – there are an 

estimated 200,000 life threatening Aspergillus infections a year with mortality 30% to 

95% – and we might all be immunocompromised to a new genus of fungi from Mars with 

likely no effective antifungals available initially or for some time, and issues with testing 

for presence of the new fungus, or recognizing the disease through clinical diagnosis or 

imaging 

 

Are you aware of the example from the NRC sample return report of an independently 

evolved hydrothermal vent organism that shares many virulence genes with a human 

pathogen? If so why isn’t this included in the discussion of Shiga’s toxin? 

(Craven et al., 2021:6).  

 

Existing microorganisms that coexist with humans over long periods of time can also 

cause new diseases when the organism takes on new pathogenicity, such as the 

Escherichia coli strain 0157:H7 that acquired a gene for Shiga toxin, … 

See: 
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• The sterilizing subcommittee’s report mentions a strain of e. coli that they hypothesize 

became toxic by coexisting with humans – however the NRC sample return report gave 

an example of an independently evolved hydrothermal vent organism that shares many 

virulence genes with a human pathogen – martian microbes would continue to evolve on 

Earth – and this omits the suggestion by Łoś et al that e. coli developed Shiga’s toxin to 

deter protozoan grazing in biofilms and only uses it opportunistically in humans  

 

Are you aware that the toxin produced by Clostridium tetani is not a result of adaptation 

to humans and neonatal tetanus kills thousands of unvaccinated children every year? If 

so, why isn’t this mentioned in the discussion of Shiga’s toxin? 

(Craven et al., 2021:6).  

 

Existing microorganisms that coexist with humans over long periods of time can also 

cause new diseases when the organism takes on new pathogenicity, such as the 

Escherichia coli strain 0157:H7 that acquired a gene for Shiga toxin, … 

See: 

• Sterilizing subcommittee’s report doesn’t mention clear examples of microbes which 

express accidental toxins without coevolution with humans or higher life, such as 

neonatal tetanus which kills thousands of unvaccinated children every year – and even 

the internal chemistry of an unfamiliar exobiology could be accidentally toxic 

 

Did your sterilizing subcommittee have any examples of extreme conditions microbes 

face on Mars that could mean they can’t survive on Earth? If they don’t have any specific 

examples, why doesn’t the report mention this issue? 

 

(Craven et al., 2021:6-7)  

 

“There are many described extremophiles that may survive in environments that are 

extreme to human or animal life (e.g. extremes of temperature or pressure) but do not 

survive under conditions in our normal habitat … Thus, it is plausible that any Martian 

microbe, after it arrives on Earth, would not be viable on Earth due to a lack of its 

required Martian nutritional and environmental conditions.” 

 

See: 

 

• Sterilizing subcommittee agrees an invasive Martian species could potentially harm or 

displace terrestrial photosynthetic bacteria – then argues this is not a concern on the 

basis that plausibly any microbe adapted to martian conditions wouldn’t be viable on 

Earth – this omits polyextreomophiles such as radiodurans, first found in cans of corned 
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beef, yet able to withstand 100 double strand breaks of DNA per chromosome 

 

• Microbes from near the surface in Jezero crater would withstand temperatures varying 

from below -70 °C to above 15 °C in a single day – and major changes in humidity and 

pressure – this is likely to favour polyextremophiles – while microbes able to resist 

stresses like UV, low humidity, vacuum, and ionizing radiation do not require a non-

terrestrial biology and there is no reason for them to be dependent on these conditions 

to survive 

[And following sections]  

Was your sterilizing subcommittee aware that there are many Mars analogue terrestrial 

organisms such as chroococcidiopsis that are thought to have some potential for living 

on Mars? If so, why isn’t the reader informed of this? 

See: 

• Several candidate terrestrial microbes and even higher organisms such as lichens may 

be able to survive on Mars, with promising results in Mars simulation chambers, 

suggesting a possibility that their Mars analogues may be able to live on Earth 

What is your reason for requiring “safety testing” when all the samples will test positive 

and go to hold and critical review? 

 

(NASA, 2022: 3-3) 

These same principles regarding the importance of using terrestrial laboratories to 

enable the best scientific return also apply to the care and attention to detail that would 

be required to conduct a proper and comprehensive sample safety assessment in a 

proposed SRF. 

See: 

• So sterilization preserves virtually all geological interest with minimal impact on 

astrobiological impact – but NASA’s EIS doesn’t permit it due to a requirement for 

“safety testing”  

[And previous and following sections] 

Why wasn’t the option considered to sterilize samples before they return? 

 

See: 

 

• We can forestall all these issues and make the mission 100% safe by sterilizing samples 

before they reach Earth – NEW 
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We can’t actually assess the level of risk until we know more 

about Mars – it could be zero or it could be far higher than 

expected 
Next section – all sections – previous section 

 

This mission raises many novel ethical and legislative questions. First, as the NRC observed, 

we can’t actually assess the current level of risk (Space Studies Board, 2009: 48). 

 

… it is not possible to assess past or future negative impacts caused by the 

delivery of putative extraterrestrial life, based on current evidence. 

 

If later we find only prebiotic synthesis on Mars, or slowly and imperfectly reproducing life with a 

biochemistry compatible with terrestrial predators, our risk from an unsterilized sample return is 

zero. Our main risk is in the forward direction that we might lose the chance to discover and 

investigate early life or prebiotic synthesis on Mars. 

 

However, if later we discover a mirror life analogue of chroococcidiopsis on Mars, our risk from 

an unsterilized sample return of even large scale harm is far higher than we currently assess it 

to be. 

Worst case scenarios introduce novel ethical and legal questions – is a 1 in 

a million level of risk acceptable? 
Next section – all sections – previous section 

The very worst case scenarios for martian life such as mirror life also introduce novel ethical 

and legal questions about the level of risk we are prepared to take.  

 

Kelly has traced the 1 in a million figure back to a 1 in 100 million figure in a 1961 article, 

introduced by Mantel et al for the purpose of discussion (Mantel et al, 1961). When asked why 

he chose this figure he replied "We just pulled it out of a hat" (Kelly, 1991). The FDA adopted 

this in 1973 but it became 1 in a million when the final rule was issued. Graham (Graham, 1993) 

says in practice, EPA's air office tries to reduce the risk to as many people as possible to 1 in a 

million and the maximally exposed individual to 1 in 10,000. In other situations, EPA 

recommends a range of risk levels from 1 in 100,000 to 1 in 10 million, and sometimes approves 

at a level of 1 in 10,000.  

 

This is an ad hoc ethical decision by regulators about levels of acceptable risk, which got 

accepted more widely by legislators and the general public. 

 

It also doesn’t take account of human error. There are many examples, such as a SARS 

outbreak in 2003 in Taiwan which happened because a technician skipped the standard 

procedure after a spill, because it would make him late for a conference (Demaneuf, 2020). 
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Other escapes could happen from equipment failure. During the Apollo sample returns, two 

technicians had to go into isolation after a leak was found in a sample handling glove for Apollo 

11 (Meltzer, 2012:485), and 11 technicians in a similar incident for Apollo 12 (Meltzer, 

2012:241).  

All this needs especially close scrutiny once there’s potential for novel and even unprecedented 

larges scale harm – including other issues such as accidents, a fire at the facility or criminal 

actions. 

Synthetic biologists suggest a safety mechanism for synthetic life should be 

many orders of magnitude safer than a BSL-4 
Next section – all sections – previous section 

 

Synthetic biology already permits the creation of inheritable synthetic life such as life with 

hachimoji DNA (Hoshika et al, 2019). They make sure that this is safe by designing nucleotides 

that depend on chemicals only available in the laboratory.  

 

 

Synthetic biologists have suggested that a safety mechanism to contain synthetic life should be 

many orders of magnitude safer than any contemporary biosafety device. Schmidt puts it like 

this (Schmidt, 2010)  

 

The ultimate goal would be a safety device with a probability to fail below 10−40, which 

equals approximately the number of cells that ever lived on earth (and never produced a 

non-DNA non-RNA life form). Of course, 10−40 sounds utterly dystopic (and we could 

never test it in a life time), maybe 10−20 is more than enough. The probability also needs 

to reflect the potential impact, in our case the establishment of an XNA ecosystem in the 

environment, and how threatening we believe this is.  

 

The most important aspect, however, is that the new safety mechanism should be 

several orders of magnitude safer than any contemporary biosafety mechanism.  

We can’t rely on the same risk-benefit calculus for release of SARS and for release of mirror life, 

without legislative / executive / public involvement to decide if this is what we should do. 

NEW: Society places very high value on the environment and given the 

potential for large scale effects, we might require Earth is kept 100% safe 

for this mission – i.e. use the prohibitory precautionary principle 
Next section – all sections – previous section 
This mission also leads to novel questions about variations on the precautionary principle – principles to do with how we need to 

handle situations where the level of risk can't currently be assessed because the science is incomplete. 
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The ESF study considered variations on the precautionary principle (Ammann et al, 2012:25) 

based an analysis of the principle by Stewart (Stewart, 2002), including:  

 

● Best Available Technology Precautionary Principle: Activities that present an 

uncertain potential for significant harm should be subject to best technology available 

requirements to minimise the risk of harm unless the proponent of the activity shows that 

they present no appreciable risk of harm. 

● Prohibitory Precautionary Principle: Activities that present an uncertain potential for 

significant harm should be prohibited unless the proponent of the activity shows that they 

present no appreciable risk of harm 

 

The ESF ruled out the Prohibitory Precautionary Principle on the basis that it would simply lead 

to cancellation of the mission (Ammann et al, 2012:25): 

 

It is not possible to demonstrate that the return of a Mars sample presents no 

appreciable risk of harm. Therefore, if applied, the Prohibitory Precautionary Principle 

approach would simply lead to the cancellation of the MSR mission. 

 

They did this as experts mandated to find the safest way to conduct the mission. 

 

However Stewart, elsewhere in that same paper, suggests there may be situations where 

prohibition may be needed, since society places very high value on the environment and its 

protection (Stewart, 2002:15).  

Carl Sagan and others warning we can’t take even a small risk 

with a billion lives – this could be formalized into law as a 

requirement to use the prohibitory precautionary principle 

whenever there is any appreciable risk for harm unprecedented in 

human history 
Next section – all sections – previous section 

 

Chester Everline in his comment said (Everline, 2022): 

 

A possible consequence of unsuccessful containment is an ecological catastrophe. 

Although such an occurrence is unlikely, NASA should at least be clear regarding what 

level of risk it is willing to assume (for the biosphere of the entire planet) 

 

Is a sample return mission one where we should consider the prohibitory version of the 

principle?  

 

Carl Sagan said we can’t take even a small risk – that’s the prohibitory version (Sagan, 1973): 
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Carl Sagan: Because of the danger of back-contamination of Earth, I firmly believe that 

manned landings on Mars should be postponed until the beginning of the next century, 

after a vigorous program of unmanned Martian exobiology and terrestrial epidemiology. 

…. I, myself, would love to be involved in the first manned expedition to Mars. But an 

exhaustive program of unmanned biological exploration of Mars is necessary first. The 

likelihood that such pathogens exist is probably small, but we cannot take even a small 

risk with a billion lives.. 

Gill Levin, who died shortly before the EIS, said the same, as recorded on video by Dehel and 

mentioned in his public comment (Dehel, 2022).  

Gill Levin: I believe people will realize, especially after the Covid-19 catastrophe, that 

even if there’s only a small chance that something could be contagious and pathogenic, 

coming from a foreign planet, I don’t think it’s worth taking that chance….you don’t take 

unnecessary chances where the risk-to-benefit ratio is almost infinite.” 

DiGreggorio in his public comment quotes from an interview he did with Dr Carl Woese who 

also expressed a similar sentiment (DiGregorio, 2022)  

Carl Woese: Unless you can rule out the chance that it might do harm, you should not 

embark on such a course 

 

One possible outcome of public debate on this topic is to formalize Woese, Levin and Sagan’s 

ethical views on this topic into legislation. The general public, and legislators, could decide that 

if an action has potential for unprecedented levels of harm to human health or the environment, 

the prohibitory version of the principle should always be used. 

 

Perhaps it might be formulated something like this (for illustrative purposes only not a proposal): 

 

If it is impossible to show that there is no appreciable risk of unprecedented levels of 

harm to public health or the environment, the Prohibitory version of the Precautionary 

Principle must always be used 

 

Unprecedented here means unprecedented in human history (e.g. mass extinction level 

events). 

 

The decision about acceptable levels of risk for large scale harm is an 

ethical decision and can’t be decided on the basis of science or 

engineering 
Next section – all sections – previous section 

 

This decision is something that needs global public debate.  
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NASA are likely to set a higher priority to completing the mission assigned to them than the 

general public, but we are all potentially affected in the worst case. It needs to be opened out to 

larger debate.  

 

This is something we can’t decide on the basis of science or engineering. It is an ethical and 

legislative choice. As Randolph put it (Randolph, 2009:292). 

The risk of back contamination is not zero. There is always some risk. In this case, the 

problem of risk – even extremely low risk – is exacerbated because the consequences of 

back contamination could be quite severe. Without being overly dramatic, the 

consequences might well include the extinction of species and the destruction of 

whole ecosystems. Humans could also be threatened with death or a significant 

decrease in life prospects 

In this situation, what is an ethically acceptable level of risk, even if it is quite low? 

This is not a technical question for scientists and engineers. Rather it is a moral 

question concerning accepting risk. 

Public comments on the EIS show that many members of the public have 

similar views to Carl Sagan that this is a qualitatively different situation from 

a human pathogen in a BSL-4 and that shouldn’t take even a low level of 

risk 
Next section – all sections – previous section 

 

The public comments aren’t a poll, but they do show that many members of the public have 

similar views to Carl Sagan, Gill Levin, Carl Woese and others, that this is a qualitatively 

different situation from a known pathogen in a BSL-4 lab and that we shouldn’t take even a low 

level of risk. 

 

Many specifically mention potential for unprecedented harm in one way or another. I think it is 

also reasonable to assume that all or nearly all the ones that say, test first, sterilize first or stop 

mission would support Carl Sagan’s quote (Sagan, 1973):  

“The likelihood that such pathogens exist is probably small, but we cannot take 

even a small risk with a billion lives.” 

Here are the comments summarized, and I’ve shown in bold the ones that likely support Carl 

Sagan’s statement that we can’t take even a small risk with a billion lives 

 

As a rough estimate, 51 supporting some variation on Carl Sagan’s view out of a total of 63 

separate people commenting (selected one only for duplicate entries). Some were anonymous 

and it’s not possible to know for sure if some of those were also duplicate. At any rate, several 



120 of 231 
120 

dozen distinct members of the public expressed views that suggest they would be in support of 

Sagan’s quote, on a not very widely publicised EIS.  

 

• stop mission, unprecedented harm – test first – protect Earth – test first  

• stop mission – stop mission – test first – test first, unprecedented harm – keep 

Earth 100% safe 

 

•  test first – stop mission – need clarity about security measures – off topic – alternative 

design  

• keep Earth 100% safe – unprecedented harm – stop mission, unprecedented harm 

– alternative design – test first 

 

• test first – test first – unprecedented harm – test first – Test first 

• Don’t return unless 100% safe – or sterilize first – Don’t return – don’t return until 

100% safe – test first – test first 

 

• test first – ISS first – test first – test first – unknown risk, test first 

• sterilize first – extra precautions for EES reentry – sterilize first – sterilize first – 

sterilize first 

 

 

• sterilize first – do not return – do not return – do not return – send to Russia first 

• test first – support EIS – sterilize first – fully support, suggests more samples – off 

topic  

 

• multiple cautious measures – support EIS – support EIS – test or sterilize first – 

sterilize first 

• test in situ or don’t return – EIS shouldn’t be allowed – unprecedented harm, test 

first – unprecedented harm, return to space station 

 

• - and the four comments already mentioned by name (Walker, 2022a) (Dehel, 2022) 

(DiGregorio, 2022) (Everline, 2022) 

 

Also notice that 12 said sterilize first, even though it’s not listed as an alternative action in the 

EIS. 

 

• sterilize first – sterilize first – sterilize first – sterilize first – sterilize first – sterilize first – 

sterilize first – ensure safe or sterilize first – study in situ or space lab or sterilize first 

• Plus (Walker, 2022a) (Dehel, 2022) (DiGregorio, 2022) 

https://www.regulations.gov/comment/NASA-2022-0002-0177
https://www.regulations.gov/comment/NASA-2022-0002-0178
https://www.regulations.gov/comment/NASA-2022-0002-0179
https://www.regulations.gov/comment/NASA-2022-0002-0180
https://www.regulations.gov/comment/NASA-2022-0002-0181
https://www.regulations.gov/comment/NASA-2022-0002-0182
https://www.regulations.gov/comment/NASA-2022-0002-0184
https://www.regulations.gov/comment/NASA-2022-0002-0183
https://www.regulations.gov/comment/NASA-2022-0002-0186
https://www.regulations.gov/comment/NASA-2022-0002-0186
https://www.regulations.gov/comment/NASA-2022-0002-0188
https://www.regulations.gov/comment/NASA-2022-0002-0190
https://www.regulations.gov/comment/NASA-2022-0002-0187
https://www.regulations.gov/comment/NASA-2022-0002-0191
https://www.regulations.gov/comment/NASA-2022-0002-0192
https://www.regulations.gov/comment/NASA-2022-0002-0192
https://www.regulations.gov/comment/NASA-2022-0002-0189
https://www.regulations.gov/comment/NASA-2022-0002-0194
https://www.regulations.gov/comment/NASA-2022-0002-0193
https://www.regulations.gov/comment/NASA-2022-0002-0196
https://www.regulations.gov/comment/NASA-2022-0002-0202
https://www.regulations.gov/comment/NASA-2022-0002-0207
https://www.regulations.gov/comment/NASA-2022-0002-0203
https://www.regulations.gov/comment/NASA-2022-0002-0206
https://www.regulations.gov/comment/NASA-2022-0002-0204
https://www.regulations.gov/comment/NASA-2022-0002-0197
https://www.regulations.gov/comment/NASA-2022-0002-0210
https://www.regulations.gov/comment/NASA-2022-0002-0199
https://www.regulations.gov/comment/NASA-2022-0002-0205
https://www.regulations.gov/comment/NASA-2022-0002-0205
https://www.regulations.gov/comment/NASA-2022-0002-0208
https://www.regulations.gov/comment/NASA-2022-0002-0209
https://www.regulations.gov/comment/NASA-2022-0002-0198
https://www.regulations.gov/comment/NASA-2022-0002-0200
https://www.regulations.gov/comment/NASA-2022-0002-0201
https://www.regulations.gov/comment/NASA-2022-0002-0213
https://www.regulations.gov/comment/NASA-2022-0002-0214
https://www.regulations.gov/comment/NASA-2022-0002-0218
https://www.regulations.gov/comment/NASA-2022-0002-0215
https://www.regulations.gov/comment/NASA-2022-0002-0216
https://www.regulations.gov/comment/NASA-2022-0002-0217
https://www.regulations.gov/comment/NASA-2022-0002-0222
https://www.regulations.gov/comment/NASA-2022-0002-0220
https://www.regulations.gov/comment/NASA-2022-0002-0221
https://www.regulations.gov/comment/NASA-2022-0002-0223
https://www.regulations.gov/comment/NASA-2022-0002-0219
https://www.regulations.gov/comment/NASA-2022-0002-0226
https://www.regulations.gov/comment/NASA-2022-0002-0229
https://www.regulations.gov/comment/NASA-2022-0002-0231
https://www.regulations.gov/comment/NASA-2022-0002-0232
https://www.regulations.gov/comment/NASA-2022-0002-0234
https://www.regulations.gov/comment/NASA-2022-0002-0233
https://www.regulations.gov/comment/NASA-2022-0002-0233
https://www.regulations.gov/comment/NASA-2022-0002-0236
https://www.regulations.gov/comment/NASA-2022-0002-0240
https://www.regulations.gov/comment/NASA-2022-0002-0241
https://www.regulations.gov/comment/NASA-2022-0002-0251
https://www.regulations.gov/comment/NASA-2022-0002-0246
https://www.regulations.gov/comment/NASA-2022-0002-0248
https://www.regulations.gov/comment/NASA-2022-0002-0247
https://www.regulations.gov/comment/NASA-2022-0002-0243
https://www.regulations.gov/comment/NASA-2022-0002-0243
https://www.regulations.gov/comment/NASA-2022-0002-0252
https://www.regulations.gov/comment/NASA-2022-0002-0246
https://www.regulations.gov/comment/NASA-2022-0002-0217
https://www.regulations.gov/comment/NASA-2022-0002-0216
https://www.regulations.gov/comment/NASA-2022-0002-0218
https://www.regulations.gov/comment/NASA-2022-0002-0220
https://www.regulations.gov/comment/NASA-2022-0002-0251
https://www.regulations.gov/comment/NASA-2022-0002-0222
https://www.regulations.gov/comment/NASA-2022-0002-0210
https://www.regulations.gov/comment/NASA-2022-0002-0232
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EPA’s letter on last day of public discussion says they didn’t identify 

significant environmental concerns in their review of the EIS – with no 

mention of the public comments raising concerns similar to Carl Sagan 
Next section – all sections – previous section 

 

EPA posted on the last day of public comments. Their letter says it didn’t identify significant 

environmental concerns in its review of the EIS. It doesn’t say anything about a need for NASA 

to respond to new issues raised in these comments by the general public. (EPA, 2022): 

 

We appreciate NASA addressing EPA’s concerns regarding water resources, unplanned 

releases and cultural/biological resources identified in the letter. 

 

Based on the review of the draft PEIS, EPA did not identify significant environmental 

concerns to be addressed in the Final EIS. 

 

If Carl Sagan was still alive today he would surely have commented on the EIS raising the same 

concerns as many of the general public made. 

This doesn’t look like broad acceptance which is essential for success of 

this mission – if NASA continues this action is vulnerable to being stopped 

in the future 
Next section – all sections – previous section 

Rummel at al wrote (Rummel et al, 2002:96) :  

 

“Broad acceptance at both lay public and scientific levels is essential to the overall 

success of this research effort.” 

 

This doesn’t look like broad acceptance of NASA’s proposed action. It may be stopped at 

various points.  

 

First NASA could withdraw the EIS, do the size limit review, do a scientifically rigorous EIS.  

 

This seems far the best outcome for NASA. Not forced to do anything by a court decision. Not 

responding to public panic. They can decide in their own time how to proceed. For instance they 

can do a 100% safe mission using sterilize first, or they can work on other ideas, but it’s all done 

in coordination with the general public, legal experts, ethicists, social scientists etc.  

 

Even a last minute conversion to a 100% safe mission could cause problems if NASA do it in 

response to panic from a distrustful public. Far better to get the public involved from the outset. 
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Assuming NASA continue with the EIS, it could be stopped by other agencies but this is unlikely 

as the draft EIS says that there are no significant environmental effects, so they’d have no 

reason to look at it closely. 

 

The next point it can be stopped is by a court case. There is no provision for this within NEPA, 

so it is done through judicial review, usually on the basis that: (Congressional Research Service, 

2021). 

• the agency failed to consider some of the impacts 
• the agency failed to properly consider the weight of the impacts under review 

They can only be taken to the courts by someone with “standing”. For this, they need to take 
part in the public comments or debate in the NEPA process, and need to be directly affected by 
the proposed action. 

There you have to show that you are particularly affected by it, which is normally understood to 
mean more so than by others. If the petitioner claims NASA overlooked a worst case risk of 
global effects NASA could try to block it on the basis that in their hypothetical scenario they 
wouldn’t be affected more than anyone else in the world and so don’t have standing.  

In the past, environmental cases have gone either way based on subtle legal arguments about 
whether environmental effects give the petitioner “standing” for the case (Birnbach, 1997).  

If it does get as far as the courts, the case is usually (Congressional Research Service, 2021) 

• referred back to the agency (such as NASA) for further proceedings HOWEVER  
• the court can order the agency to stop the project going ahead or issue some other 

action (in this case perhaps order to sterilize the samples first?). 

So if a case is taken out and it’s successful, that could lead to a justice asking NASA to either 
stop the mission or to sterilize the samples first. 

If nobody takes them to court or NASA successfully block the case, the next step is the 

presidential directive NSC-25, which requires a review of large scale effects that could be 

reasonably expected to result in allegations of major or protracted effects. It has to be done 

even if the agency feels confident such allegations are false (Whitehouse, 1977):. This happens 

after the NEPA process is completed (Race, 1996).  

 

If it gets past all those hurdles with little public awareness, it could be stopped at the last minute 

with samples already on their way back to Earth. 

 

Mounting global public concern could lead to Congress and the president acting to tell NASA to 

divert the mission away from Earth. A worst case here might be an infodemic about Mars life 

similar to the COVID infodemic, junk science, problems for NASA’s credibility, and issues with 

eventual return of even 100% safe sterilized samples. 
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NEW: We can forestall all these issues and make the mission 

100% safe by sterilizing samples before they reach Earth 
Next section – all sections – previous section 

There is a way to make the mission 100% safe from the outset. That is to sterilize the samples 

before they reach Earth. What’s more we’ll see that sterilization done carefully has virtually no 

impact on either the geological or the astrobiological interest of the mission. 

 

The sterilizing subcommittee said “… it is impossible to remove all risk without ceasing space 

exploration”. (Craven et al., 2021:4). 

 

“While it is impossible to remove all risk without ceasing space exploration, … 

There is always some level of risk associated with exploration into the unknown, and it 

was the goal of the SWG to help manage the risks of possible adverse effects to the 

Earth’s biosphere while maintaining the science integrity of the returned samples.” 

 

However, though there is no way to remove all risk of robotic spacecraft crashing or 

malfunctioning, or accidents for humans in space during space exploration, it is possible to 

completely eliminate any risk of harm to Earth’s biosphere or to the health of humans on Earth. 

 

There is no risk to Earth’s biosphere from in situ robotic exploration of Mars, or human 

exploration by telepresence from orbit around Mars, or if we sterilize samples before they return 

them to Earth. The only possibility of risk to Earth’s biosphere is from an unsterilized sample 

return specifically, not from space exploration. The safest approach here is to eliminate all risk 

to Earth’s biosphere and human health while retaining the science interest of the returned 

samples as far as possible. 

 

First for the geological interest. One way to sterilize the samples with minimal impact on 

geological studies is to duplicate the Martian surface ionizing radiation. Even the equivalent of 

500 million years of surface radiation would have virtually no impact on geological interest, as 

rock samples from the ancient delta are have had the same sterilizing radiation for 3 billion 

years, and Perseverance can't drill to ancient layers that were protected from surface ionizing 

radiation all that time.  

 

This solution can make the whole process far simpler, with none of the legal complexities of an 

unsterilized return. However if we do this, it is still important to keep the public fully involved, to 

coordinate and respond to questions and concerns, and liaise with the help of ethicists, legal 

experts, representatives of other countries and so on. It is not enough to ensure that the 

samples are 100% safe. We also need to make sure everyone agrees and understands they are 

100% safe. 
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NEW: Sterilization with 500 million years equivalent of surface ionizing 

radiation will have virtually no effect on geological studies 
Next section – all sections – previous section 

 

Allen et al tested the effect of sterilization of simulated Mars samples (Allen et al, 1999) with a 

gamma ray dose equivalent to 3 megagrays. There was no effect on radiometric dating, rock 

composition, crystal structure, no dehydration of gypsum, no changes in the spectra of the 

components of the Mars soil simulant.  

There was no effect on the basal spacing of montmorillonite, which is extremely sensitive to 

temperature and degree of hydration. The only change they found was a change in the colour of 

quartz (clear to deep brown) and halite crystals (to blue) and a change in their 

thermoluminescence properties.  

If the rocks have already had 3 billion years of ionizing radiation, these changes have likely 

already happened to Mars surface deposits. 

500 million years of ionizing radiation would reduce a gram of amino acids 

to a milligram  

By (Kminek et al, 2006:4) 500 million years at 200 milligrays per year reduces many amino 

acids to a millionth of the original concentration, however, that’s more than double the yearly 

dose measured by Curiosity of 76 milligrays a year on the Martian surface (Hassler, 2014). 

Since it’s logarithmic, half the dose means a 1000 fold instead of a million fold reduction in 500 

million years.  

So the result is that 500 million years of surface radiation at 100 milligrays a year, or 50 

megagrays total, reduces many amino acids 1000 fold, with only one milligram left of every 

original gram of amino acids.  

 

More generally, the dose x in megagrays for an n-fold reduction is 

 

x = 50 * log(n) / log(1000) = 50 * log(n) / 3.  

 

For example, a 4-fold reduction in amino acids needs around 10 megagrays or around 100 

million years of surface radiation. Halving the amino acids would need only 5 megagrays. That 

might be more than enough since Radiodurans can only survive 0.14 megagrays when 

dessicated and frozen (Horne et al, 2022) which works out as an approximately 1.02 fold 

reduction in amino acids, destroying around 2% of the amino acids.  

 

It would be for experts to consider what level of dose is needed to sterilize even unknown 

exobiology and there doesn’t seem to be a thorough study of this in the literature. For the 

purposes of this paper we’ll use a value of 5 megagrays to halve the amounts of amino acids, 

but that’s not intended as a recommendation, it’s just for purposes of illustration. 

https://www.google.com/search?q=50+*+log(n)+%2F+3&oq=50+*+log(n)+%2F+3&
https://www.liebertpub.com/doi/pdf/10.1089/AST.2022.0065?fbclid=IwAR3b2cGbAu_2Wu9bFHYTfUblARsZRIkFExalSwY5gSMDa2ubEGei7uNPobc
https://www.liebertpub.com/doi/pdf/10.1089/AST.2022.0065?fbclid=IwAR3b2cGbAu_2Wu9bFHYTfUblARsZRIkFExalSwY5gSMDa2ubEGei7uNPobc
https://www.google.com/search?q=10%5E(3*0.14%2F50)&oq=10%5E(3*0.14%2F50
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Using this level of sterilization for the samples would reduce the amounts of past organics, but 

there is likely so little left of past organics after 3 billion years of surface ionizing radiation that 

even a small amount of forward contamination will overwhelm it. 

 

NOTE: We can also calculate the n-fold reduction from the dose as 

 

n = 10^(3*x/50)  

 

and the % destroyed for the dose x in megagrays as  

 

100 – 100/ n. 

 

This also gives a way to calculate the figure for the JAXA samples mentioned earlier. Any that 

got to Phobos over 18.5 million years ago had a dose of over 1.85 megagrays, so at least 

22.5% of many of their amino acids have been destroyed since then. See: 

 

• It is safe for Japan to return unsterilized samples from Phobos without any special 

precautions because any life in samples from the most recent impact already 

experienced ejection from Mars – then on the surface of Phobos it accumulated similar 

amounts of ionizing radiation to any life in the meteorites from the same impact arriving 

on Earth today  

Amino acids exposed to 3 billion years of surface radiation have been 

reduced from grams to attograms, a billionth of a billionth of a gram – 

meanwhile infall from space adds about 60 micrograms per gram but is 

constantly destroyed by surface processes  
Next section – all sections – previous section 

 

Using the same result that the amino acids are reduced a thousand fold every 500 million years, 

amino acids that have been on the surface for 3 billion years got reduced by 1018 leaving only 

one attogram for every original gram of amino acids (a billionth of a nanogram, which in turn is a 

billionth of a gram).  

 

These minute traces of past organics may also be mixed with infall from space (Frantseva et al, 

2018). Many processes degrade the surface organics, but without them, Mars would have 

around 60 ppm or 60 micrograms per gram of organics infall, averaged over its entire surface to 

a depth of a hundred meters (Goetz et al, 2016:247) as well as indigenous abiotic synthesis.  

 

Even if Mars had abundant life in the past, those attograms that remain will be completely 

swamped by infall from meteorites, comets, interplanetary dust and in situ abiotic processes 

.(Mulkidjanian, 2015) (Westall et al, 2015) (Franz et al, 2020).  

 

https://www.google.com/search?q=100-100+%2F+(10%5E(3*1.85%2F50))
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This is why astrobiologists devised ultra sensitive instruments such as astrobionibbler able to 

detect just a single amino acid in a gram (Schirber, 2013) (Noell et al, 2016).  

 

As for present day life, one microgram per gram is enough for ten million ultramicrobacteria at a 

tenth of a picogram each (see next section). Even if there are thousands of ultramicrobacteria 

they might be easily overwhelmed by organic infall in searches for biosignatures. But the 

situation is far worse because of the issue of forward contamination in the Perseverance 

samples. 

NEW: Sadly Perseverance’s permitted levels of 0.7 nanograms 

per gram for their most abundant biosignatures would overwhelm 

any faint signature of biosignatures from past life or a few cells 

per gram of present day life even if viable 
Next section – all sections – previous section 

Given these figures, sadly, Perseverance’s permitted levels of forward contamination are too 

high for the samples to be likely to be of much astrobiological interest, Perseverance’s 

engineers believe they achieved a maximum of 0.7 ppb or 0.7 nanograms per gram for their 

most abundant biosignatures (Boeder et al, 2020: table 6)  

 

By definition an ultramicrobacteria has a volume of at most 0.1 cubic microns. A micron is a 

millionth of a meter or a 10,000th of a centimeter. So a cubic micron has a volume of a trillionth 

of a cubic centimeter, or a mass of a trillionth of a gram, or a picogram. So ten 

ultramicrobacteria weigh in at at most a picogram so the 0.7 nanograms is equivalent to 7,000 

ultramicrobacteria. 
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Sample tube photo from (NASA, n.d.pst)  

 

That’s well above the attograms that might remain for past life if lucky enough to sample it. 

Meanwhile present day life might not be present at more than a few ultramicrobacteria per 

gram, so a few picograms (thousandths of a nanogram) per gram unless Perseverance 

serendipitously samples a biofilm.  

 

Perseverance seems unlikely to be able to detect martian life, past or present in its sample 

tubes, even if by chance it returns it. 

 

Attendees to the 2020 conference “Mars extant life: what's next?” (Carrier et al, 2020: 801) 

agreed that we would be able to detect extant life resembling terrestrial life if it has been 

returned without getting contaminated. It’s not so clear that we’d be able to detect unfamiliar life 

even without contamination. But if returned to Earth we can use a much wider range of 

instruments to search for it than we can send to Mars in situ. 

 

So there is some value to astrobiology of returning samples to Earth if we think there is a 

chance they contain extant life, but have been unable to detect it in situ on Mars – however we 

need to ensure that they aren’t contaminated. With the current level of contamination we have 

little chance of extant life detection even if it’s there. As for study of present day habitability and 

so on, the sterilization would likely have little effect on that, again because of the high level of 

forward contamination.  
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So sterilization preserves virtually all geological interest, and 

because of the forward contamination would have minimal impact 

on astrobiological interest – but NASA’s EIS doesn’t permit it due 

to a requirement for “safety testing” 
Next section – all sections – previous section 

 

NASA’s draft EIS doesn’t permit sterilization as an alternative because it says unsterilized 

samples need to be returned to Earth for “safety testing” in its Purpose and Need (NASA, 2022: 

3-3) 

These same principles regarding the importance of using terrestrial laboratories to enable the best 

scientific return also apply to the care and attention to detail that would be required to conduct a proper 

and comprehensive sample safety assessment in a proposed SRF. 

However, there is no need for safety testing for samples that are sterilized before they reach 

Earth as they are made safe by sterilization.  

 

Also this is a reasonable alternative since virtually all the geological interest is preserved by 

sterilization and the forward contamination is so high for astrobiology that sterilization would 

have minimal impact on the astrobiology interest too. 

 

So, this requirement seems to improperly exclude a reasonable alternative. By the U.S. Court of 

Appeals for the Seventh Circuit in Simmons v. U.S. Army Corps of Engineers (7th Circuit, 1997), 

it is contrary to NEPA for agencies to  

“contrive a purpose so slender as to define competing `reasonable alternatives' out of 

consideration (and even out of existence).” 

NEW: Even if samples are returned unsterilized this “safety testing” seems 

to serve no useful purpose – all the samples would be guaranteed false 

positives – with no biosignature to distinguish terrestrial from potential 

martian life – and we can’t test for martian life by trying to cultivate it as we 

can’t reliably cultivate even terrestrial life in a lab 
Next section – all sections – previous section 

 

Meanwhile if samples are returned unsterilized, NASA’s “safety testing” seems to serve no 

useful purpose. By their own cite (Kminek et al., 2022) it is practically impossible to assess the 

environmental impact if life is found, so the only testing they can do is for presence of life or not.  

During the Working Group’s deliberations, it became clear that a comprehensive 

assessment to predict the effects of introducing life in new environments or ecologies is 
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difficult and practically impossible, even for terrestrial life and certainly more so for 

unknown extraterrestrial life. 

This cite goes on to discuss how to test for life by checking for biosignatures. However, by 

Perseverance’s permitted levels of forward contamination, they are guaranteed to generate 

false positives for all the samples tested. The next stage is that the samples all go to “hold and 

critical review”. 

 

This cite doesn’t say what would happen next, but we currently have no way to reliably 

distinguish terrestrial from potential martian biosignatures.  

 

Sequencing won’t work. 

 

• Swabs of Perseverance’s clean room found many microbes only detected through their 

16S RNA ribosome subunit, with four not closely resembling any known terrestrial life 

(Hendrickson et al., 2021). It would be impossible to use sequencing to prove they aren’t 

martian after taking them to Mars and back again.  

 

Also we can’t reliably test for viable martian life by attempting to cultivate it.  

 

• Even terrestrial life is often impossible to cultivate in laboratory conditions. Microbes may 

need a nutrient poor medium, have generation times of 6 months or more, or depend on 

other microbes in biofilms for amino acids or even require other microbes for their 

nucleotides, yet be widespread outside the laboratory (Solden et al, 2015). The vast 

majority of microbial species haven’t been characterized or sequenced or cultivated in 

the laboratory. This is the problem of “microbial dark matter” (Dance,2020).  

NEW: Too early for any form of safety testing at the level of assurance 

needed for potential large scale harm – after destructively testing 10,000 

grains of dust the 10,001th grain could have a viable microbe in it 
Next section – all sections – previous section 

 

It's actually too early to do any form of safety testing, even with samples returned in sterile 

containers, at least, not at the level of assurance needed when there is potential for large scale 

harm. 

 

Even if we have a test guaranteed to identify Martian life, which we don’t have, we could 

destructively test 10,000 grains of uncontaminated dust individually – and perhaps the 10,001th 

grain has a viable microbe which we can’t detect without destroying it. We could destructively 

test 10 grams for biosignatures, and the next milligram contains a viable microbe. 

 

From simulated wind blown Martian dust, microbes can indeed get attached to a dust particle 

and blown in the winds (van Heereveld et al, 2017) (Osman et al 2008). A viable microorganism 
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could be imbedded in a dust grain (Sagan et al, 1968). The iron oxides shield the microbe from 

UV but also hide a microbe from non destructive tests, such as Raman spectroscopy or 

autofluorescence which in any case are also less reliable. 

 

Then there’s the issue that we don’t know for sure what to look for by way of biochemistry. We 

can’t construct a test that is guaranteed to detect Martian life until we have a better idea what 

we are looking for. 

NEW: So “safety testing” is not feasible at present, and sterilization keeps 

Earth 100% safe with likely virtually no difference to the science return  
Next section – all sections – previous section 

 

In short, this “safety testing” for unsterilized samples” can’t be used to keep Earth safe at our 

current level of knowledge. It may be possible later once we know more about Mars, how to 

identify the life and what harmful capabilities it has if any. 

 

Meanwhile sterilization keeps Earth 100% safe with virtually no difference to the geological or 

astrobiological science return. 

 

That leaves the practical question, how can we sterilize samples before they reach Earth, while 

still maintaining effectively zero risk of harm? We have to sterilize the samples in a way that has 

no risk of the unsterilized samples entering into a chain of contact with Earth’s biosphere. 

NEW: Samples can be sterilized in a satellite similar to those for 

Geostationary orbit, but above GEO – and the spacecraft can be 

returned through low energy ballistic transfer without aerobraking 

or even flybys of the Earth or Moon 
Next section – all sections – previous section 

 

The simplest solution might be to use nanoscale x-ray emitters on the return journey. In one 

experiment the tube operates at 50 kV with an emission beam current of 140 μA, or a power 

output of 7 watts which would suggest power consumption of 10s of watts, far less than a 

conventional X-ray. The dose at 3 cm is 8.19 Gy per minute (Kim et al, 2016). Depending on the 

dose, for our illustrative example of 5 megagrays, to halve the amino acids, this would require 

1.15 years of continuous operation, so, several of them would be needed per sample for a six 

month journey back, which might then run into issues of available power. Lower doses would be 

easier. Also, they were blocked by just 3 mm of a copper collimeter and may be blocked by the 

walls of the tungsten sample tubes. 

 

If we don’t have sufficient solar power available for that, we can return it to a larger satellite 

similar to a geostationary satellite for sterilization.  
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We need to avoid aerobraking and we can do that using “ballistic capture”, also known as “weak 

stability boundary transfers” (Topputo et al, 2015), the low delta v, fuel efficient, three or four 

body transfer orbits first used for the Japanese Hiten mission in 1990 (Belbruno, 2018). The 

ESA Earth Return Orbiter will use continuous low thrust transfer (Huesing et al, 2019), ideal for 

such an orbit.  

 

One way to avoid aerobraking is to return the sample via a lunar retrograde orbit (actually a 

prograde orbit around Earth but retrograde around the Moon). This involves a close flyby of 

Earth followed by a flyby of the Moon to get into that orbit (Lock et al, 2014).  

 

However, an especially promising low energy trajectory avoids even flybys of Earth or the Moon. 

This is the reverse of the trajectory in figure 13 from (Kakoi et al, 2014). It uses a halo orbit 

manifold to spiral from ballistic capture to a halo orbit around Sun Earth L2, the unstable 

gravitational point of balance between Earth and sun, which is on the far side of Earth from the 

sun as well outside the orbit of the Moon. 

 

This then dovetails to another manifold to spiral down to a halo orbit around Earth Moon L2 

point of gravitational equilibrium above the far side of the Moon, which dovetails to a low energy 

transfer to an Earth Moon L1 halo above the near side, and then the spacecraft slowly reduces 

the size of its orbit around Earth and circularize it in an orbit well above GEO. 

 

Whatever method we use to bring the spacecraft back to above GEO,ing the spacecraft back to 

above GEO, we can then target the Laplace plane inclined at approximately 7.2° from the 

equatorial plane. This is a proposed “graveyard orbit” for GEO satellites at end of lifetime as 

even large light fragments of cladding from the satellites stay trapped well away from GEO, 

through the balance of the light pressure from the sun and gravity (Rosengren et al, 2013). It’s 

where ring particles would orbit if Earth had a ring system.  

 

The sterilizing sample could be placed, say, 50,000 km or 100,000 km above this proposed 

GEO disposal orbit. This is very safe as the delta V is over 1 km / second to both Earth and the 

Moon and it would also be safe for GEO and far from the proposed Laplace plane GEO 

graveyard orbit.  

NEW: This keeps Earth 100% safe with virtually no loss to science and little 

change in NASA’s budget – since they save the cost of a Sample 

Receiving Facility – estimated at $471 million in 2015 US dollars for the 

1999 technology specifications 
Next section – all sections – previous section 

Launch costs to above GEO wouldn’t be prohibitive for NASA as the Falcon Heavy can already 

deliver over 25 tons to GEO at a cost of $150 million and launch costs are sure to go down.  
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NASA add the cost of the sterilizing satellite, but they save other costs including the cost of a 

sample receiving facility on Earth, estimated at $471 million in 2015 dollars (Mattingly, 2010:20) 

based on the 1999 size limit. There are no designs available or costs for the 2012 ESF size limit 

review but it would likely cost more than that estimate, if it is feasible at all. They also save on 

the mass of the aeroshell, and the fuel budget to take it to Mars and back again. 

 

For the cost of the sample receiving facility it would be possible to send a large satellite to 

geostationary orbit. Also universities might well be interested to join in on the cost. It could also 

be a special item for a budget in Congress if there is enough public interest.  

 

In this way we keep Earth 100% safe, with virtually no loss to science and little change in overall 

budget. 

 

Cobalt 60 sources can be very heavy, with much of the mass for the shielding. X-rays might be 

better as they can be switched on and off and adjusted. A satellite above GEO can potentially 

have a significant power supply for generating X-rays. The Inmarsat 5 F1 has a power supply of 

15 kilowatts on launch (Inmarsat, 2013). 

With more ambition but little change in the budget we can make 

this a far more interesting mission for astrobiology – though we 

can’t expect samples returned to answer central questions in 

astrobiology except with extraordinary luck 
Next section – all sections – previous section 

 

With more ambition, with bonus samples collected in a sterile container, and not much change 

in the budget, we could transform this into a much more interesting mission for astrobiology.  

 

However we need to be clear first, that it is unrealistic to suppose we can answer central 

questions in astrobiology even with extra bonus samples.  

 

A white paper submitted to the decadal review by astrobiologists emphasized the need to be 

able to detect life in situ before we can intelligently decide which samples to return  

demonstration (Bada et al, 2009:7): 

 

We feel that organic detection efforts over the next two decades via investment 

into advanced in situ robotic instrumentation are fundamental in support of a 

future intelligent MSR mission.  

 

Currently, MSR is regarded by much of the scientific community as largely weighted 

towards a technology demonstration as the rationale for good astrobiology will not be 

apparent until we discover more about our neighboring planet. 

 

https://mail.google.com/mail/u/1/?ui=2&ik=5fe299b9b7&view=lg&permmsgid=msg-a:r7390408788637707510#m_2869046682696390255_m_-1972427842941295334_m_-7564448782541179972_m_20121669073991
https://mail.google.com/mail/u/1/?ui=2&ik=5fe299b9b7&view=lg&permmsgid=msg-a:r7390408788637707510#m_2869046682696390255_m_-1972427842941295334_m_-7564448782541179972_m_20121669073991
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Other studies came to the same conclusion (Paige, 2000) (Davila et al, 2010). Most recently in 

2020 (Carrier et al, 2020: 802)  

 

Future missions would therefore benefit from the development of instruments capable of 

direct and unambiguous detection of extant life in situ, and improvements are needed in 

capabilities for sample preparation to optimize biosignature detection. Spacecraft 

resources should support a sufficient number of sample analyses to support replicate 

analyses, positive and negative controls. 

 

Contamination control should be coupled with contamination knowledge so that Earth-

sourced material can be eliminated as a possible source of any biological material 

discovered in Martian samples. 

 
Perseverance’s geology focus dates back to an oversight present from the mission’s inception a 

decade ago. The decadal review in its summing up said (Space Studies Board, 2012:17). 

 

Mars science has reached a level of sophistication such that fundamental 

advances in addressing the important questions above will come only from 

analysis of returned samples. 

They relied on a 2002 paper, Safe on Mars from a time with a much simpler understanding of 

Mars and less capable instruments for in situ studies (Space Studies Board, 2002a, chapter 

5:38) and even then it said that: 

"If such capabilities were to become available, one advantage is that the 

experiment would not be limited by the small amount of material that a Mars 

sample return mission would provide. What is more, with the use of rovers, an in 

situ experiment could be conducted over a wide range of locations." 

 

The instruments were already far smaller and more capable just 7 years later at the time of the 

paper by Bada et al. Since then astrobiological instruments continued to get smaller and more 

capable, while our understanding of past and present day habitability of Mars gets more 

complex. The now overwhelming case for in situ study for astrobiology continues to get 

stronger. 

 

That is for future missions. But though we have no possibility of in situ searches at present there 

are some samples we could return of great interest to astrobiology without these in situ 

searches, the salts, dirt, dust and atmosphere. 

https://www.nap.edu/read/10360/chapter/7
https://www.nap.edu/read/10360/chapter/7#38
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NEW: We could transform this into a much more interesting 

mission for astrobiology with little change in the overall budget by 

adding bonus samples collected in a STERILE container sent on 

the ESF fetch rover of dust, dirt, ideally salts, atmosphere and 

then some pebbles for a technology demo of a rock sample return 

without forward contamination 
Next section – all sections – previous section 

One thing astrobiologists are sure to do once they can send life detection instruments to Mars is 

to study the dirt, dust and salts in situ on Mars. The dust is like a collection of tiny rocks from the 

rest of Mars. If we are lucky it might snag some life along with the dust. The dirt can help us 

understand conditions on the surface of Mars. We already were surprised by the perchlorates in 

the dirt, and can’t know what other surprises we might find that may lead to new research 

directions (David, 2015). Meanwhile, the salts may be inhabited by microbes or may preserve 

evidence of life processes or trapped microbes from the past.  

These studies could also resolve the puzzle of the Viking labelled release. Did it find life or 

complex chemistry? Miller’s discovery that the Viking evolved gases were offset 2 hours after 

the temperature maximum (Miller et al, 2002) raises intriguing questions that need answers.  

We can only replicate the Viking experiments on Mars because the active agent, whatever it 

was, was inactivated by several months of darkness (Levin et al, 2016). So by the time it returns 

to above GEO after a minimum of six months in a sample tube, it will be inactivated.  

However, if Viking found life, these samples have a high chance to return viable or dead 

propagules in the dust or dirt, and if instead we find products of complex chemistry, we can use 

that to refine the chemical explanations of the Viking results. This would make Mars surface 

simulation experiments and studies more accurate – and perhaps be of interest for prebiotic 

synthesis?  

Astrobiologists are especially interested to study the salts. In the summary of the 2020 

conference “Mars extant life: what's next?” salts are singled out as of interest for a sample 

return, indeed it is the only suggestion they make for a near future sample return. Salts are of 

great interest because (Carrier et al, 2020: 797) 

 

• We might find viable or at least identifiable microbes in fluid inclusions in the salts 

• Spectroscopic analysis could uncover biochemicals synthesized by life or resulting from 

breakdown of life organics 

• Salts and brines could contain dissolved solutions and pockets of gas, such as 

perchlorates, nitrates, sulfates, organics and methane that life could exploit 

• The salts could also give access to sunlight for life that can make use of it. 
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They say salts (including gypsum as well as the halite salts) are of interest because (Carrier et 

al, 2020: 797) 

• There is a lot of life in hypersaline environments on Earth 

• Microbes are often preserved intact along with easily detectable carotenoid pigment 

biosignatures 

• Salts attenuate UV which would help protect life on Mars 

• Salts deliquesce protecting life from long term deliquescence 

• Deliquescence of salts can provide potential liquid resources for life. 

• Salts could also preserve ongoing evolutionary processes  

[That could include cases where life has gone extinct but then evolves anew in 

uninhabited habitats Mars (Cockell, 2014) – perhaps it could evolve anew even when 

there is extant life elsewhere on Mars] 

• Salts extend the temperature range of liquid brines  

 

They don’t discuss NASA’s sample return mission specifically. But a bonus sample of salts 

would be sure to get the interest and attention of astrobiologists interested in the possibility of 

extant life on Mars, if collected in sterile containers. 

 

Another suggestion, we might also find evidence in uncontaminated samples of subtle abiotic 

processes such as abiotic photosynthesis, or abiotic nitrogen fixation. Mars could have an 

abiotic nitrogen cycle with photochemically produced HNO₃ fixed in thin (0.2 to 5 nm) pure water 

metastable interfacial films, potentially supporting up to one kilogram of fixed nitrogen per 

square meter (Boxe et al, 2012)   

 

To make a start on these questions, we could add a STERILE container to send to Mars on the 

ESF fetch rover to return bonus samples of dirt, dust, and if possible salts, and atmosphere 

without forward contamination. 

We have already sent an atmospheric compressor to Mars on Perseverance but it is used for 

Moxie, an independent experiment to test options for creating fuel from the atmosphere, not 

connected with the sampling experiments. Jakosky et al propose sending a similar experiment 

to Mars in a small sample tube sized container or alternatively a larger container to return 100 

cc of atmosphere. This is how it works. 

 

First it uses the getter to remove evolved gases from the container wall. Then it closes 

one microvalve and opens another to get an atmospheric sample. Finally it closes both 
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microvalves to the gas container and opens the vent to run more atmosphere through 

the compressor to collect dust in the filter (Jakosky et al, 2021) 

Assuming a volume of, say, 50 cc of dust, and a dust density of 0.5 grams per cc, it could return 

up to 25 grams of dust. 

This is enough to detect life at around one cell per gram or less. This is also a useful first upper 

bound of the amount of life in the dust if none is returned.  

For astrobiology, it might be useful to do the air collection at night or in the early morning to 

detect the composition of the air at times of high humidity. Ideally two air collectors, one for 

daytime sampling and one for night / early morning. 

 

We can then add a scoop of dirt and return all these samples of dust, dirt and atmosphere in a 

separate small sealed sterile container which goes to Mars on the ESF fetch rover. 

 

The active agent in the Viking experiment was de-activated after storage of the dirt in darkness 

for several months (Levin et al, 2016). So it’s possible that the active agent, whatever it was, 

chemistry, prebiotic synthesis, or life, could be de-activated during the return journey. 

 

If practical in terms of engineering, it may help to add a window to the container with a neutral 

filter, similarly to the Mars simulation chamber in the BIOMEX experiment. This would let 

sunlight in to illuminate part of the sample, duplicating surface conditions on Mars (ideally with 

day / night changes) which might possibly preserve the active agent whatever it was. The rest of 

the sample would be protected from UV in darkness, perhaps just kept dark by the shading of 

the dirt or dust itself. 

 

We could also make Perseverance into a far better rock sample return technology demo for 

astrobiology by returning CLEAN rock samples. The ESA fetch rover could use a sterilized 

scoop and pick up a sample of dirt along with a few small pebbles / rocks. This would 

demonstrate the capability to return rock samples without forwards contamination, and by 

returning a clean rock, could help with fine details of surface chemical / abiotic processes. 

NEW: These clean samples can be studied above geostationary orbit in 

Mars simulation conditions with a Martian gravity centrifuge – not for safety 

testing, humans never go near the satellite 
Next section – all sections – previous section 

These clean samples could be studied above geostationary orbit, in Mars simulation conditions 

with a centrifuge for artificial martian gravity – which would make it unique as a facility, as we 

can’t simulate martian gravity accurately on Earth.  

These samples would be returned to a small robotic satellite and NOT a human occupied space 

station like the ISS.  
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In the backwards direction, quarantine can’t protect Earth from mirror life or indeed fungal 

diseases. Two zinnia plants on the ISS died of a fungal disease fusarium oxysporum (NASA, 

2016) probably brought there on an astronaut’s microbiome (Urbaniak et al, 2018).  

 
Mold growing on a Zinnia plant in the ISS. The mold fusarium oxysporum is thought to 

have got to the ISS in the microbiome of an astronaut (Urbaniak et al, 2018). Two of the 

four infected plants died (NASA, 2016). It would be impossible to keep a pathogen of 

terrestrial plants out of the terrestrial biosphere reliably with quarantine of technicians or 

astronauts, at least until we know if there is life on Mars and what its capabilities are.  

 

This fungal disease disease fusarium oxysporum is also an occasional opportunistic pathogen 

of humans (Urbaniakt al, 2019).  

 

As another example, Aspergillus Flavus and Aspergillus niger are amongst the most common 

fungal spores in the HEPA filters on the ISS and found at relatively high concentrations 

compared to US homes (Vesper et al, 2008). Human quarantine couldn’t keep these out either 

as they can lead to harmless colonization of healthy humans but harmful pathogens of 

immunocompromised. See (above): 
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• NEW: Opportunistic fungal pathogens are sometimes deadly especially for 

immunocompromised people – Aspergillus is not adapted to humans – there are an 

estimated 200,000 life threatening Aspergillus infections a year with mortality 30% to 

95% – and we might all be immunocompromised to a new genus of fungi from Mars with 

likely no effective antifungals available initially or for some time, and issues with testing 

for presence of the new fungus, or recognizing the disease through clinical diagnosis or 

imaging 

 

 

As we mentioned, chroococcidiopsis species are sometimes found in the human microbiome 

including in the nasopharyngeal microbiota (Ventero et al, 2022), and in human milk from 

Gambia (Lackey et al, 2019), so it’s unlikely a mirror life chroococcidiopsis analogue could be 

reliably kept out of Earth’s biosphere by human quarantine of technicians or astronauts. See 

(above):  

 

• NEW: Example worst case scenario of a mirror life chroococcidiopsis analogue from 

Mars which could gradually convert organics in ecosystems into indigestible mirror 

organics  

 

The Apollo astronauts had 3 weeks quarantine to protect Earth’s biosphere. But this was never 

subject to legal review or public scrutiny (Meltzer, 2012:452). Carl Sagan gave the example of 

leprosy for the “vexing question of the latency period” (Sagan, 1973:130) 

 

There is also the vexing question of the latency period. If we expose terrestrial 

organisms to Martian pathogens, how long must we wait before we can be convinced 

that the pathogen-host relationship is understood? For example, the latency period for 

leprosy is more than a decade.  

We now know that leprosy can take 20 years or more to show symptoms (WHO, 2019). 

However the planetary protection literature so far doesn’t seem to cover the topic of a lifelong 

symptomless superspeader similar to Typhoid Mary (Korr, 2020). The Occupational Safety and 

Health Administration in the USA is sure to declare an interest for questions of quarantine. Then 

the WHO is likely to declare an interest at an international level (Uhran et al, 2019). At this point 

the issue of symptomless spreaders would be sure to be raised if not before and there would be 

no solution to this issue.  

So, quarantine can’t be used to protect Earth from putative martian organisms with unknown 

capabilities. It may be useful in the future in some scenarios once we know what we have to 

protect Earth against (not all as the example of mirror life shows, and fungal disease would also 

be likely to be challenging to keep out using quarantine). 

 

In the forward direction, an unmanned satellite let’s us study martian life in far cleaner 

conditions than a human occupied space station, as ultramicrobacteria can get through HEPA 

filters both ways.  
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This orbital lab is still not for “safety testing”. Suppose we successfully cultivate life from the 

sample, and detect familiar life, a novel strain of a familiar microbe such as chroococcidiopsis. 

Even then, this could bring new capabilities to Earth acquired from billions of years of evolution 

in Martian conditions. For instance it is reasonably likely to be better adapted to cold, to rapid 

fluctuations in temperature, to ionizing radiation, to desiccation and amongst its many metabolic 

pathways, it may have the ability to metabolize mirror organics because much of the organics it 

encounters on Mars is achiral. These changes may be harmless but amongst them all there 

may be some adaptation that causes problems when returned to Earth. 

 

Also if we find familiar life, it would be hard to prove that there is no unfamiliar life in the sample 

as we saw in the example of a mirror-life nanoboes. As with terrestrial life much of it could be 

uncultivable in laboratory conditions yet do fine in nutrient poor and more challenging situations 

outside the orbital lab. Also if there was a mix of some life with similar biology to terrestrial life 

and some with unfamiliar biology we might detect the familiar biology first. 

This dust and dirt samples are just the first step in Sagan’s “exhaustive 

program of unmanned biological exploration of Mars”– and the first try out 

for the supersensitive instruments that astrobiologists have developed to 

send to Mars to find life in situ so that we know what to return 

 

The dust and dirt samples are just a start. There is likely no shortcut alternative to Sagan’s 

“exhaustive program of unmanned biological exploration of Mars”. 

 

This orbiting astrobiology lab is the equivalent of one geostationary satellite far above GEO. 

Humans can study the dust, dirt and atmosphere as they would on Mars using exquisitely 

sensitive in situ instruments designed for end to end sample preparation to analysis – these 

already exist such as the Life Marker Chip LDChip300 (antibodies) almost sent on Exomars but 

descoped (Parro et al, 2011) target mass of less than 1 kg (ESA, n.d.), the gene sequencer 

SETG (Mojarro et al, 2016)., astrobionibbler able to detect a single amino acid in a gram  

(Schirber, 2013) (Noell et al, 2016), a chiral version of the Viking labelled release experiment 

(Anbar et al, 2012), and many others.  
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Graphic shows: 

GEOS17 (Clark,, 2018) just to have an image of a geostationary satellite, not that it 

would be a $2.5 billion dollar satellite. 

SETG from (Mojarro et al, 2016) 

Astrobionibbler from (Elleman, 2014) 

ISS centrifugal motor for plant experiments, dialable to any level from microgravity to 2 g 

(NASA, n.d.) 

 

Most of the studies astrobiologists want to do can be done in situ on Mars and so could be done 

in the orbiting satellite too. Only the ones in bold boxes in this graphic currently need to be done 

on Earth (Carrier et al, 2020::802)  
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From (Carrier et al, 2020: fig 10) adapted by Mackelprang from (Emerson et al, 2017: fig 

1) 

 

Also, if we return samples to a satellite above GEO we can send many more instruments to 

study the samples than we could send to Mars, and we can also build new instruments to send 

there based on discoveries made previously.  

 

We need a wide range of instruments in order to have the best chance of detecting life as often 

multiple biosignatures are required simultaneously to detect life with confidence (Westall et al, 

2015).  

 

Take the example of the chiral labelled release. Although an excellent experiment combined 

with others, on its own it can generate a false positive or a false negative. 

 

• False positive – it could detect complex prebiotic chemistry, for instance if the active 

agent consists of chiral organics on Mars, a prebiotic chiral network as for the 

punctuated chirality hypothesis. This would of course be very interesting, but not life 

(Gleiser et al, 2008). 

 

• False negative – the active agent could be chirality indifferent if it is either 

1. A mix of life of both chiralities, see NEW: Closely related worst case scenario of a 

shadow biosphere of mirror life nanobes that produce indigestible mirror life 

biofilms on Earth 
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OR 

2. Chirality indifferent life (“ambidextrous”), for instance Joyce’s RNA enzyme in its 

D or right hand form can make copies of L RNA and its L or left handed version 

can copy D RNA. (Joyce, 2007) (Sczepanski, 2014) (Singer, 2014) 

 

There are many other instruments have been devised to send to Mars and such a satellite 

would stimulate work to develop many more light weight in situ life detectors. Here are some of 

the others, some not so well known as the ones already listed:  

 

• check for redox reactions directly by measuring the electrons and protons they liberate. 

This is sensitive to small numbers of microbes and has the advantage that it could detect 

life even if not based on carbon or any form of conventional chemistry we know of 

(Abrevaya et al, 2010). 

• Aromatic amino acids (incorporating a ring of six carbons) fluoresce when stimulated 

with deep UV at wavelengths less than 250 nm. Chlorophyll and some other biological 

organics also autofluoresce. We could also use fluorescent dyes that bond to specific 

macromolecules such as lipids, proteins and nucleic acids (Head et al, 2017), 

• We can also use this autofluorescence to directly search for the activity of swimming 

microbes (Head et al, 2017).  

• An off-axis holographic microscope to let the focus be adjusted after the image is taken 

making it easier to image individual microbes in a liquid medium (Lindensmith et al, 

2016),  

• Raman microspectroscopy synchronized with visible light can do a chemical analysis of 

the microbes directly (Head et al, 2017),  

• superresolution optical microscopy can go beyond the usual optical resolution limit of 

200 nm to observe nanobacteria (Head et al, 2017).  

• a miniature variable pressure electron microscope that combines imaging with in situ 

chemical analysis (Gaskin et al, 2012) 

 

These are all very small instruments, miniaturized to be light enough to send to Mars, at up to a 

few kilograms each. However for the suggestion of a receiving satellite above GEO, at over 25 

tons per payload and probably more by the 2030s we could send massive instruments up there 

too, and maybe some of the ones that can’t yet be done in situ on Mars could be done above 

GEO by the 2030s. 

This approach has similar advantages to returning to Earth without the risk of forward 

contamination of the samples and without the risk of backwards contamination of Earth. This is 

especially useful if we find unfamiliar life. For instance if we find mirror life, and perhaps not 

even based on DNA we may need to devise new instruments to study it. That will be far easier 

with a returned sample of it above GEO without the risk to Earth of returning it to the surface. 

(Carrier et al, 2020: 801)  

 

Meanwhile, it is important to note that if the life-form were based on another 

biochemistry, modern techniques might be too specific. We determined that using a well-
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designed suite of multiple advanced detection techniques, which provide complementary 

information for life detection, would be especially important. The advantage of a return 

mission would thus be in the ability to access a multitude of more sensitive instruments 

and wide-ranging laboratory techniques than is possible for in situ missions. We agreed 

that life-detection instrument development programs should be a priority and that more 

research should be conducted to understand what signals of life may be universal and 

how to best detect those. 

 

In the other direction, if we find familiar life on Mars, we shouldn’t jump to the conclusion that all 

life on Mars is familiar without more study. It could co-exist with unfamiliar life as with the idea of 

the mirror nanobes shadow biosphere. 

 

The Moon may seem a better place to return the samples if we have a continuous human 

presence in a base on the Moon by the 2030s. Humans close by could reduce latency for 

teleoperation and might make it easier to add or remove equipment and supplies. 

 

However, latency for telerobotics from Earth would remain reasonably low above GEO, we can 

send multiple ton missions up there at low cost, and COSPAR guidelines for category 5 (sample 

return) missions currently say that (COSPAR, 2011) (Debus, 2004)  

"(The Moon must be protected from back contamination to retain freedom 

from planetary protection requirements on Earth-Moon travel)". 

NEW: With yet more ambition we can search for past organics using a 

Marscopter to return pebbles excavated by a recent crater to a depth of 2 

meters or more – as a technology demo and first look at organics from 3 

billion years ago though unlikely to return life with the first sample found 
Next section – all sections – previous section 

 

With yet more ambition, we could search for past organics. It might be enough to sterilize a 

separate sample collector which is lifted by the Marscopter and used to acquire a rock sample. 

 

We could search for a crater recently excavated to 2 meters and the marscopter could search 

for an exposed pebble which by the geological context was exposed from 2 meters depth, and 

with minimally degraded organics. This is not likely to return recognizable past life unless the 

marscopter has in situ multiple biosignature detection, but this could be a start towards 

investigating organics from 3 billion years ago in Jezero crater, and how it’s been chemically 

altered since then, to use to help plan future in situ studies and later sample returns. 

A typical small crater of 16 to 32 meters in diameter can excavate the surface of Mars to more 

than 2 meters. An observational study by Daubar et al found that this size of crater excavated 

the surface to depths of between 2 and 9 meters (based on seven newly formed craters at this 

size in Figure 4 of Daubar et al, 2014).  
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This is deep enough to find organics not significantly damaged by cosmic radiation even after 

three billion years. It may also be able to penetrate below the average depth of impact 

gardening by meteorites. The fines dominated regolith in Jezero crater is estimated as 2 to 5 

meters thick (Schuyler et al, 2020). In the size range 16 to 32 meters the crater rate is about 

2.57 craters per square kilometer every ten million years (1.9 + 0.67 for first two rows in table 1 

of Hartmann et al, 2017). For more on this and some of the other suggestions here see my draft 

for a future paper (Walker, 2022b).  

NEW: With even more ambition we could make a 100% sterile marscopter 

by specifying components able to resist heating at 300 °C for several hours 

– which can be flown to sensitive locations with no risk of forward 

contamination and retrieve samples with no risk of backwards 

contamination 
Next section – all sections – previous section 

 

We don’t sterilize our spacecraft as much as for the Viking lander, relying on the harsh 

conditions there to take the place of the hours the Viking landers spent in ovens. This saved 

about $100 million per mission (Chang, 2015).  

 

That made sense in the late 20th century, but since then the conditions aren’t as harsh as were 

thought. Still, our rovers likely shed only a few occasional spores and viable microbes which 

would then find it hard to survive on Mars given the harsh conditions there. Hopefully the 

chance per mission still very low. But the more missions we have the more the risk of forward 

contamination. 

 

Technology has advanced so much since Viking that it’s now feasible to have a 100% sterile 

lander or rover on Mars. To work towards that, with even more ambition, we could make a 100% 

sterile marscopter by specifying components that are not affected by preheating to a few hours 

at 300 °C.  

 

The sterilized copter could be flown to nearby RSLs or other sensitive locations with no risk of 

forward contamination, and it could be used to return contamination free rock samples such as 

pebbles or rock fragments from crater rims or crater floors. Our technology has advanced since 

the Viking landers which were baked for 112 °C for 30 hours, enough for a million-fold reduction 

of the originally low population (Beauchamp, 2012).  

 

We now have high temperature microprocessors and memory devices for oil wells, aviation and 

electric cars. Their heat resilience means they don't have to be cooled, and they can be placed 

closer to heat sources such as engines. This helps with cost, weight and most important, 

reliability (Watson et al, 2012).  

 

● At 250 °C the half life of the RNA bases under hydrolysis is between 1 and 35 minutes, 

and at 350 °C the half-lives are between 2 and 15 seconds  (Levy et al, 1998). Eight of 
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the 20 amino acids have been proven to not just evaporate or liquify but to decompose 

at temperatures between 185 for Q (Glutamine) to 280 for H (Histamine)  (Weiss et al, 

2018) There might be other more recalcitrant organics remaining but it seems that this 

should be sufficient to eliminate both forwards and backwards contamination. 

 

The Venus lander teams sketched out a design for a largely mechanical rover with minimal 

onboard electronics capable of functioning at Venus surface temperatures of around 500 °C, as 

part of Venus Rover studies. The researchers proposed that the same approach could be useful 

for planetary protection (Sauder et al, 2017, section 6.2).  

 

Since then, temperature technology continued to improve. NASA’s HOTTECH program has 

developed sensors, imagers, solar arrays, batteries, electric motors, actuators, and other 

technologies that work even at 500 C for at least 60 days for a Venus surface lander (NASA, 

n.d.). The Long-lived in-Situ solar system explorer (LLISSE) is a design for a complete in situ 

Venus surface probe that can meet this specification with no active cooling (Kremic et al, 2021).  

 

By using some of that technology plus commercial off the shelf components we could achieve 

specifications for a Marscopter that is essentially the same machine, except that it can be 

heated to 300 °C for a few hours, finally perhaps cleaned with carbon dioxide snow – and 

shipped to Mars in a container only opened on the surface – which could then be flown to 

nearby sensitive sites such as the RSLs with no risk of forwards contamination, and be used to 

collect samples for return for analysis in the automated lab above GEO. 

 

This could be the first of many 100% sterile rovers we could use in the future to explore 

sensitive areas of Mars. The 100% sterile Marscopter would incur one off cost for the research 

effort, but after that the extra costs of using those components, or sterilizing it or packing it in a 

suitable container to remain sterile to Mars is not likely to be a significant % of the total mission 

cost per copter for future missions, especially in proportion to the science value of 

contamination free exploration of special regions and vulnerable microhabitats. As we develop 

experience we can use similar methods for more and more complex 100% sterile rovers, 

landers, aerobots etc on Mars. 

 

NEW: The satellite above GEO could include a Mars simulation chamber, 

similar to BIOMEX but much greater fidelity, simulating Mars gravity, 

variation of temperature, pressure and humidity between day and night, 

seasons, UV levels for dust storms etc 
Next section – all sections – previous section 

 

First, to prevent forward contamination with terrestrial life to eliminate the risk of false positives, 

the satellite would need to be presterilized of all terrestrial life, perhaps by heating to 300 C and 

CO2 snow, similarly to the Marscopter. Then as for Viking it would be covered in a shroud until it 

reaches space. This is necessary for the best science anyway. 
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Reagents could be sterilized using ionizing radiation or whatever method is appropriate to the 

reagent and then kept sterile in a separate container. The result would be a clean facility at 

levels hard to achieve on Earth. 

 

Then the satellite could become a basis for a far more sophisticated Mars simulation chamber 

than BIOMEX. It could have adjustable filters and blinds simulating day night cycles on Mars, 

and even seasonal cycles with UV levels as for Mars by simply filtering down the sunlight to half 

terrestrial intensity and then filtering out more of it to simulate the effect of the Martina 

atmosphere. Then more filters could simulate the shading and UV shading in dust storms.  

 

The simulation chamber could be shielded from cosmic radiation and solar storms to a level 

needed to approximate the ionizing radiation levels on the surface of Mars. Water vapour could 

be added / removed to help approximate the seasonal cycles on Mars and the day night 

pressure and humidity cycles would happen to an extent automatically by the warming and 

cooling. Perhaps even the Martian frosts could be simulated and the pressure / temperature 

gradients over the near Martian surface? 

 

In this way it could become a facility also for studies of terrestrial analogues similarly to BIOMEX 

but dedicated to Mars simulation chamber studies 24/7. The simulated Mars gravity, the natural 

cosmic and solar ionizing radiation and the natural sunlight would make it far more 

straightforward to simulate Mars surface conditions to far greater fidelity than we can ever do on 

Earth. 

 

In this way we can study the returned samples including any martian salts, dirt and dust in close 

to the natural conditions on Mars. We can also use those to construct more accurate regolith 

analogues and test terrestrial life in the regolith analogues in separate chambers again in very 

close to Mars surface conditions. 

NEW: The satellite above GEO could expand to a receiving station for 

samples throughout the solar system including Ceres, and eventually 

Europa and Enceladus 
Next section – all sections – previous section 

 

The new satellite would also be an investment for the future as it could be expanded to a 

receiving station for samples from everywhere in the solar system including Ceres, and 

Enceladus, with simulation chambers that can be adjusted to any gravity and any light intensity. 

NASA may return samples from Ceres in the late 2030s with the mission already recommended 

in the Decadal review (Carter, 2022) (Castillo-Rogez, 2022). 

 

There are proposals to return samples from Enceladus captured by flying through the plumes. 

The return to Earth risks the samples getting further altered through reentry heating, landing 

shock and heating, and forward contamination from terrestrial life (Neveu et al, 2020).  
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They comment: 

 

Organisms in Enceladus' ocean would be highly unlikely to survive ejection to space, 

sample capture, exposure to radiation during the back cruise, Earth reentry, and/or any 

exposure to the relatively oxidizing conditions of Earth's surface 

 

Return to a sample above GEO eliminates two of those four challenges, the Earth reentry, and 

the oxidizing conditions of Earth’s surface. 

 

For returned samples they give four advantages 

 

1. More modern instruments (spacecraft can only have instruments available at the 

time of launch and usually selected long before launch) 

- Same applies above GEO 
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2. Instruments that cannot be miniaturized 

– partially fulfilled – much larger instruments can be sent to above GEO 

 

3. Complex wet chemistry protocols or sample preparation steps 

– more difficult but with artificial gravity and low latency telepresence may be 

some options here 

 

4. A much more diverse suite of techniques than could be accommodated on any 

spacecraft. 

– Same applies above GEO. 

 

The satellite above GEO meets two of those four challenges. 

 

The other two then can be used with pre-sterilized samples returned to Earth.  

For a Europa sample return, any surface ice samples would be sterilized already by the 

high levels of ionizing radiation, and don’t have planetary protection issues unless there is 

liquid water near the surface.  

However, there is some evidence suggests the chaos terrain in Thera Macula may be 

forming over a rising layer of liquid water heated from below (rather similar to the way that 

magma plumes form on Earth) (Schmidt et al, 2011) and it could be shielded by an 

insulating layer a few centimeters thick from thermal imaging (Abramov et al, 2013). It 

also may have water plumes as for Enceladus (Lesage et al, 2022). NASA’s Europa 

Clipper will help resolve this question when it gets there in 2030 (NASA, 2022). If it does 

have near surface liquid water, it could potentially have indigenous near surface life even 

with the high levels of surface ionizing radiation (NASA, 2011).  

If so, we may be able to return samples from Europa’s near subsurface too in the near 

future. They could be handled in similar ways to Ceres and Enceladus samples. 

NEW: NASA have an opportunity to set precedent for future 

missions to keep Earth 100% safe – and if we find life on Mars 

that can never be returned safely it may stimulate rather than 

discourage space exploration and settlement  
Next section – all sections – previous section 

 

NASA have an opportunity to set a precedent to keep Earth safe. Other countries are likely to 

follow its example, or indeed, collaborate in a multi-national astrobiology sample handling and 

pre-processing lab above GEO – in a similar spirit to the ISS but far lower cost.  

If we do find life on Mars that can never be returned safely, this may stimulate rather than 

discourage vigorous space exploration and settlement. The first astronauts to Mars might study 
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the surface remotely in a spectacular orbit that flies near to both poles twice a day and skims in 

close over a different part of Mars on the opposite sides of the planet twice a day.  

 
Video: One Orbit Flyby, Time 100x: Mars Molniya Orbit Telerobotic Exploration in 

HERRO Mission  

Early astronaut explorers would likely use two spacecraft joined via tethers for artificial gravity to 

stay healthy, simulating mars gravity perhaps, and then operate surface marscopters, rovers 

and other surface assets, similarly to avatars in a computer game.  

In the scenario where Mars has mirror life or other life that can never be returned to Earth, 

settlers in orbital settlements or on the Martian moons could make 100% sterile rovers in 

surface factories controlled as in the game of civilization. It would be similar to exploring the 

Venus surface, or the Jupiter cloud decks or other parts of the solar system where humans can’t 

go safely. 

https://www.youtube.com/embed/BftmbvBd5m4?feature=oembed
https://www.youtube.com/embed/BftmbvBd5m4?feature=oembed
https://www.youtube.com/embed/BftmbvBd5m4?feature=oembed
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Main image: NASA, 2012 “Safely tucked inside orbiting habitat, space explorers use 

telepresence to operate machinery on Mars, even lobbing a sample of the Red Planet to 

the outpost for detailed study."  

 

Inset image of a tele-operated Centaur as an insert. Carter Emmart / NASA Ames 

research center (Mann, 2012)  

 

NEW: We might later be able to return even mirror life to Earth – sketch for 

a potentially 100% safe lab even with the prohibitory version of the 

precautionary principle 
Next section – all sections – previous section 

 

Even if we use the prohibitory version of the precautionary principle and find mirror life on Mars, 

it might be possible to return it to a future sample receiving laboratory on Earth with appropriate 

precautions. I sketch out an idea for a way this could be done in my preprint (Walker, 2022b) 

using a titanium sphere surrounded by a Whipple shield for containment during re-entry, black 

box flight recorder technology for protection during transport, then final analysis in a telerobotic 

facility accessed via a sump filled with vacuum stable light oil sterilized with ionizing radiation 

and heated at high temperatures, and the whole thing inside a large externally maintained oven 

in a nuclear fallout shelter for end of life sterilization. This is just a sketch of basic scientific ideas 

not an engineering proposal. 
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There might be simpler ways to do it but this sketch may be enough to establish the possibility 

to achieve the high standard of “no appreciable risk” for the prohibitory version of the 

precautionary principle.  

 

However, by then it may be preferrable to return it to a laboratory on the Moon or indeed on 

Phobos, for telerobotic study, if we have a scientific human outpost there. 

NEW: We can explore and exploit Mars without humans on the surface, as 

part of a vigorous program of exploration and perhaps settlement 

throughout the solar system 
Next section – all sections – previous section 

We can explore and exploit Mars without humans on the surface, settling the Martian moons 

and orbital space habitats, as part of vigorous exploration and perhaps settlement throughout 

the solar system. Humans and robots work together each doing what it does best. Torrence 

Johnson, Galileo Chief Scientist, put it like this in the foreword to Meltzer’s “Mission to Jupiter” 

(Meltzer, 2007)  

 

Torrence Johnson: 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 

 

My aim with this review is to do everything I can to help make sure voices and concerns of the 

public are heard. My wish is that this will encourage space agencies to do a rigorous scientific 

review with full public involvement. I am sure somehow, the public will get their say, though I 

don’t yet see clearly how exactly it will happen. 

 

Method and limitations 
Next section – all sections – previous section 
This paper is written as a review for the general public to use, legislators, ethicists, decision 

makers and scientists of other disciplines, so is designed to be maximally accessible. 

 

This paper has to consider research published after the last comprehensive review in 2009 or it 

would be 13 years out of date. A new comprehensive review is needed but this is not that 

review. 

 

Instead the cites here are selected as illustrative examples to answer the main mistakes in 

NASA’s draft EIS which are treated as representative of mistakes other space agencies are 

likely to make.  
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This paper includes new worst case scenarios. These shouldn’t be seen as likely. We need to 

look at those is for the same reason that we look at the scenario of a house fire when we design 

or install a smoke detector.  

 

This paper covers some options in depth such as sterilizing samples before they reach Earth, 

and some views in depth such as Carl Sagan’s view that we cannot take even a small risk with 

a billion lives. It does this because NASA’s draft EIS doesn’t mention them, so there is a clear 

need to alert space agencies to these options and views. 

 

This paper argues that the public and decision makers need to know this information, and that 

by the NEPA regulations, a valid EIS should cover these options or views. However this paper is 

not the place to advocate for or against any of those views. That is for public debate and for 

legislators and decision makers to look into.  

 

This paper comes to the conclusion that it is possible to keep Earth 100% safe with minimal or 

no impact on science and even a major increase in science return with minimal effect on the 

budget with the bonus samples. This thesis needs to be looked at carefully, and if it is indeed 

true, this also is something the public need to know when making their decision.  

 

However, readers should be aware that any paper like this is part of a dialog. We need to see 

what others say in response to that reasoning. 

 

In more detail on these points: 

Note on use of language – this paper is designed to be maximally 

accessible – by careful use of vocabulary and grammatical structures, but 

never with loss of precision in the meaning of the text  
Next section – all sections – previous section 

I have written this paper to be maximally accessible to everyone – theologians, philosophers, 

lawyers, politicians, decision makers, the general public and autistic people. 

 

I wish this choice to survive through to the final version of this paper if possible. Examples: 

 

• I use the most widely accessible vocabulary available to convey the desired meaning 

• I replace technical by non-technical terms when it can be done with no loss of precision 

• I use non-scientific terms, non-technical terms generally, and non-mathematical 

language whenever if it is available with the same precision.  

 

Examples of using non-technical terms when there is no loss of precision: 

 

• Million instead of 106 

• “Didymo” instead of Didymosphenia geminate 
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Where there is no ordinary language equivalent, I explain the term in ordinary language as far 

as is possible when it is first introduced. I may later use a shorter definition of the same term as 

a reminder.  

 

As for the choice to make this paper maximally accessible to autistic people – as part of my 

voluntary work helping scared people over the internet, I am used to working with scared 

people, many of them autistic. I have learnt how to use simple and self contained sentence 

structures that even quite severely autistic people can understand quickly when in the middle of 

a panic attack. 

 

This is a “win win” situation as I find this approach usually makes the sentences shorter, with 

fewer words. It also seems to make the text easier for everyone to parse quickly. You may not 

notice much difference. The most obvious change may be that sentences and clauses within 

sentences tend to be a little shorter than for most academic papers. 

 

I did a blog post on the difference between how autistic and non autistic people preferentially 

parse sentences which may help the reader understand the choices I make in sentence 

structure, see (Walker, n.d.)  

This paper frequently covers recent research findings – because if it didn’t 

it would be 13 years out of date – however it is not itself a comprehensive 

review and shouldn’t be used as such  
Next section – all sections – previous section 

It would be a major omission to write this paper and not mention the Curiosity brines, but they 

were discovered 6 years after the major National Research Council sample return study in 2009 

(SSB, 2009), and three years after the European Space Foundation major revision in 2012 

which focused mainly on the size limit (Ammann et al, 2012). There have been numerous other 

major advances in our understanding of many topics relevant to this mission since those two 

studies, as we’ll see.  

 

Similarly it would be a major omission not to mention the work on transport of biofilms in dust 

storms or the transport of viable b. subtilis spores in saltation bounces and many other topics 

mentioned here.  

 

It would also be a major omission not to include the material on the potential for subsurface ice 

melt in the polar regions which gives potential for a present day fresh water habitat on Mars and 

the same for may other topics mentioned here. 

 

This paper needs to refer to some of that newer research or it would be 13 years out of date. 

However it’s not in any way comprehensive. It just draws attention to some of the most major 

findings of the last decade or so that NASA’s draft EIS omits. 
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I hope that this can encourage NASA and ESA to commission a new sample return study to 

look into these and many other many major new developments of the last decade thoroughly. 

Scope of this review – material likely to be of especial interest to space 

agencies, based on mistakes in NASA’s draft EIS – rather than any attempt 

at a comprehensive review  
Next section – all sections – previous section 

 

It is clearly impossible to attempt a comprehensive review to survey all the most important 

research since 2009, as it would need book length treatment and the participation of many 

experts. So, the cites here are selected in response to mistakes made in NASA’s draft EIS. 

These are treated as likely to be representative of mistakes that other space agencies might 

make in similar Mars Sample Return environmental impact statements. 

 

• Questions for NASA 

• Reasons for these questions: controversial or mistaken statements in NASA's draft EIS 

and the report of the sterilizing subcommittee  

 

This review doesn’t attempt to be comprehensive in its responses to those questions either. 

Instead, the aim is simply to draw attention to some of the more important results of the last 

decade omitted from NASA’s draft Environmental Impact Statement that decision makers need 

to be aware of. The studies mentioned should be seen only as a few illustrative examples drawn 

from a much large literature which a comprehensive review would need to look at.  

 

This review also focuses on Jezero crater, however this can be thought of as a representative 

illustration, as the planetary protection concerns are relevant to just about any site likely to be 

selected for a near future Mars sample return study. 

 

In the near future at least, samples are likely to be returned from equatorial regions since our 

spacecraft are not sterilized sufficiently for the polar regions, and likely to be returned from low 

altitude sites since the need for aerobraking makes a high altitude landing challenging.  

 

Pretty much the entire surface of Mars is within reach of the global dust storms. Frosts are likely 

over much of the equatorial regions and high night-time humidity and the Curiosity brines are 

also likely to be widespread.  
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This paper includes new worst case scenarios – they shouldn’t be 

considered likely – they are considered in detail for the same reason you 

consider the worst case scenario of a house fire when installing or 

designing a smoke alarm 
Next section – all sections – previous section 

This paper includes several new worst-case scenarios which it covers in some detail. These are 

included to encourage space agencies to treat planetary protection more rigorously. There are 

many other scenarios where no life is returned or the life returned is easily contained or 

managed or is beneficial or harmless. Beneficial scenarios are covered only briefly in one 

section. 

 

• NEW: Enhanced Gaia – ways that introduced Martian life could be beneficial to humans, 

ecosystems and Earth’s biosphere 

 

This doesn’t mean that the worst case scenarios are more likely. It is just that they are ones that 

we need to consider carefully for planetary protection issues. Margaret Race’s analogy of a 

smoke detector may help (Rummel et al., 2000)..  

When you install a smoke detector in a house, you need to consider the worst case scenario of 

a house fire and install it correctly so that it will detect a fire. This doesn’t mean that you 

consider the house fire likely. 

This paper covers several options and views not mentioned in NASA’s draft 

EIS such as the option to sterilize samples before they reach Earth, and 

Carl Sagan’s view that “we cannot take even a small risk with a billion lives” 

– the public and legislators need to know about them when making their 

decisions – but this paper shouldn’t be taken as advocating for or against 

these options or views 
Next section – all sections – previous section 

This paper covers the option of sterilizing the samples before they are returned to Earth in 

considerable detail. The aim is to help ensure that this option is considered carefully and 

thoroughly and the public and legislators have this information available when they make their 

decisions. 

 

It’s similar for the discussion of the ethics of when and whether we should require Earth to be 

100% safe, based on a discussion of the prohibitory version of the precautionary principle in a 

discussion of Carl Sagan’s quote (Sagan, 1973):  



156 of 231 
156 

“The likelihood that such pathogens exist is probably small, but we cannot take 

even a small risk with a billion lives.” 

It’s important that the public and legislators know about this view and the reasoning that Carl 

Sagan and others give for it.  

 

This paper shouldn’t be seen as advocating for or against these or any of the views or options 

discussed here. It’s written carefully to abstract away from any views the author may have. 

 

It’s the same for the analysis at the end. This paper reasons that: 

 

• we can keep Earth 100% safe by sterilizing samples before they are returned to Earth,  

• this can be done with virtually no impact on geological or astrobiological science return, 

and  

• the astrobiological sample return can be greatly boosted with minimal impact on cost 

with bonus samples of salt, dirt, atmosphere and dust. 

 

This is part of a dialog. We need to see what conclusions others come to with their reasonings.  

 

All this then can become input to the discussions by public and legislators which then leads to 

the final decision. 

 

The main thing is that, as NEPA requires, we need to make these decisions based on a 

scientifically credible, clear and open process, where the full range of views can be expressed. 

It is also important that the public are part of this process, and not ignored or excluded. 

Factors for space agencies to look out for that may 

lead to them assigning planetary protection of Earth 

much less significance and attention than the 

general public 
Next section – all sections – previous section 
It seems worth drawing attention of space agencies to some factors that could lead to them 

weighting planetary protection differently from the general public. This might also help the 

general public to understand the point of view of NASA engineers and counteract any infodemic 

in advance. It is hard to see how NASA could make so many mistakes except through 

inattention as many of the mistakes are obvious and easy to spot, such as not noticing that their 

cite for the meteorite argument says on page 5 that it shouldn’t be used to support this 

argument. 
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• The meteorite argument can’t be used for potential life in surface dust, salts and dirt as 

these materials can’t mechanically survive ejection from Mars  

 

For the other mistakes: 

 

• Questions for NASA 

• Reasons for these questions: controversial or mistaken statements in NASA's draft EIS 

and the report of the sterilizing subcommittee  

 

There is no way to know why NASA’s EIS has so many mistakes or if any of these factors apply 

to this draft EIS. That would need an investigation to find out. But these are factors space 

agencies could consider to try to ensure they weigh planetary protection higher in their 

environmental impact statements to match the expectations of the general public. 

1. Engineering focus – NASA engineers have been tasked with 

returning samples from Mars to Earth 
Next section – all sections – previous section 

Margaret Race made a relevant point here. She says scientists are likely to focus on (Race, 

1996)  

1. technical details 

2. mission requirements 

3. engineering details 

4. costs of the space operations and hardware 

General public are likely to focus on 

• risks and accidents 

• whether NASA and other institutions can be trusted to do the mission 

• worst case scenarios 

• whether the methods of handling the sample, quarantine and containment of any Martian 

life are adequate 

We see the results of this different focus in the report. It is just not something that greatly 

occupies the minds of the engineers and scientists who work on space projects, yet it is the main 

thing on the minds of members of the public. 

  

For the engineers, and scientists directly involved in the mission it is "above their pay grade" to 

change it to a mission that sterilizes the samples first or to delay the sample return. Their focus 

is on completing the mission as specified for them, within budget and on time. 
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2. The new fast track NEPA process means their EIS won't get 

the close scrutiny by regulators that an EIS had before when the 

process would take years 
Next section – all sections – previous section 

With the new fast track NEPA process, they are likely to feel there is less need to spend much 

time on checking the statement, especially since they have feedback from EPA that their draft 

EIS is already adequate. 

 

See above: 

• EPA’s letter on last day of public discussion says they didn’t identify significant 

environmental concerns in their review of the EIS – with no mention of the public 

comments raising concerns similar to Carl Sagan 

 

3. The example of Apollo – the plan closely parallels the 

procedures for Apollo – they may not be aware that those had no 

scientific peer review and even by the standard of the science of 

the time were not adequate 
Next section – all sections – previous section 

Their plan closely parallels what the Apollo missions did. There are two natural questions one 

might have here. The first one: 

 

3 (a) If it is good enough for Apollo – why wouldn’t it be good enough today, 

updated a little to take account of modern science? – because the Apollo 

plans never had public scrutiny and failed internal peer review 
Next section – all sections – previous section 
 

– because, amongst other things, the Apollo plans never had public scrutiny in 1969 and other 

agencies told NASA at the time that their plans were inadequate. 

 

The NASA planetary protection plans for Apollo predate NEPA which was published the year 

after the Apollo landings. So the plans weren’t actually open to public scrutiny and there was no 

external review process. It was done by private interagency debate.  

 

The plans were made available to the public for the first time on the day of launch of Apollo 11 

giving no time for the public to scrutinize or comment on them (one of the things fixed by 

NEPA). 
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NASA did make an effort to protect Earth from the possibility of life in the lunar samples in 1969. 

However this attempt was largely symbolic. Sadly, even at the time their plans were not 

considered adequate.  

 

Amongst many lapses, the astronauts opened the door of the Apollo 11 capsule after 

splashdown in the open sea, letting out air previously exposed to lunar dust from the landing 

module. There was dust in the astronauts’ clothes. The astronauts donned biological isolation 

garments and exited into a life-raft bobbing in a heavy sea, and quickly swabbed the isolation 

garments with a bleach solution. They then weighted those swabs and dropped them into the 

sea. Finally they disinfected the raft with an iodine solution (Meltzer, 2012:404) and sank the raft 

(Meltzer, 2012:205).  

 

These procedures wouldn’t be enough to protect the sea from microbial spores even with the 

scientific understanding of the 1960s. The view of Vishniac of the National Academy of 

Sciences is summarized by Meltzer as : (Meltzer, 2012:203). 

 

Opening and venting the spacecraft to Earth’s atmosphere after splashdown would, in 

his view, make the rest of Apollo’s elaborate quarantine program pointless. 

The chairman of the Interagency Committee, David Sencer, from Public Health Service said 

these plans violated the concept of biological containment (Meltzer, 2012:203). 

However, NASA set up the internal Interagency Committee with a requirement that all parties 

had to agree on any change to its plans. This consensus had to include NASA itself (Meltzer, 

2012:129). This gave NASA the authority to block any objections. It used this power in 1969 to 

block requests for more stringent precautions on the basis that there wasn't enough time left 

before the launch of Apollo 11 to add the precautions required by interagency experts.  

 

It is impossible to know what scientists and the general public would have decided at the time if 

NEPA had predated Apollo 11. But we could have made the Apollo missions completely safe 

with robotic sample returns similarly to the Soviet missions. It wouldn’t have impacted on the 

science return much to sterilize the first robotic samples. The chance of life in the lunar samples 

or dust were already considered to be extremely low. NASA could have done a sterilized robotic 

sample return, or maybe several, to confirm that the Moon was as uninhabitable as it seemed 

from other observations;  

 

Once NASA had a high level of confidence that the surface of the Moon was sterile they could 

then have dropped all planetary protection protocols and sent humans. 

 

So, even then NASA had the possibility to keep Earth 100% safe. But they didn’t even consider 

it. There was much less public awareness of the importance to protect ecosystems and Earth’s 

biosphere in those times.  

 

The second natural question one might have: 
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3 (b) There was no harm to Earth from the Apollo samples, so why would 

there be any harm to Earth from Mars samples? – Mars has a very different 

history and we may have been lucky for the Moon 
Next section – all sections – previous section 
 

– the difference is that the potential for life on Mars as we understand it today is far higher than 

it was for the Moon even as it was understood in the 1960s – and we might have been lucky 

with the Moon anyway. 

 

Indeed if we had done as much robotic exploration of the Moon by 1969 as we have done for 

Mars today - we would already know by 1969 that the Moon was lifeless. 

 

However, there are differences that make Mars a better candidate for surface native life today 

than the Moon seemed to be with the understanding of the 1960s.  

 

In summary:  

 

● We have clear evidence today, that early Mars had conditions favourable for 

evolution of life, with lakes and even seas . Though it’s possible early Mars was ice 

covered much of the time (Vago et al, 2017) even an ice covered ocean would have 

habitable hydrothermal vents. Then there’s evidence of at least two tsunamis, likely the 

result of impacts (Rodriguez et al, 2019) which suggest at least a temporary largely 

liquid ocean (Turbet et al, 2019), as recently as 3.4 billion years ago (Rodriguez et al, 

2019).  

 

○ In the 1960s we had no clear evidence for a past habitable Moon. There was 

weak evidence suggesting the Mares were ancient sea beds (Gilvarry, 1964a) 

(Gilvarry, 1964b), but this evidence was not persuasive (and of course soon 

turned out to be false)  

  

● Curiosity has detected ultra cold salty brines on and near the surface of sand 

dunes just before dawn / after dusk and below the surface just after sun rises 

and just before the sun sets (Martin-Torres et al, 2015). 

○ There was no detection of liquid water on the Moon, just a hypothetical 

layer that could exist at a depth of tens of meters enriched with organics, 

far from the surface.  
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Figure 3: Sagan’s hypothetical liquid water layer on the Moon (Sagan, 1961), 

photograph is of Buzz Aldrin and the Eagle lunar landing module, 1969 (NASA, 

1995).  

• Mars has a sparse atmosphere humid enough for thin layers of frost to form at 

night in many regions. 

See: 2021: Potential for melting frost to form a “dew” of microns thick layers of fresh 

liquid water even in Jezero crater – as an example to show the potential for future 

surprise microhabitats 

Also, some terrestrial blue green algae and lichen have been able to grow in Mars 

simulation conditions using just the night time humidity in partial shade.  
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See: Example of a lichen which is found all the way from Antarctica to mountains in 

California which can survive and even grow in Mars simulation conditions to show that 

even higher life from Mars could be adapted to live on Earth 

 

o The Moon has no atmosphere, only an exosphere. Frost can’t form there at 

night, and by 1969 it was already clear no life could grow on the surface of 

the Moon. (Sagan, 1961:25) (Stern, 1999),.  

 

• The Martian dust storms may be able to transport spores from distant regions of 

Mars. See: 2015: MEPAG2 review draws attention to potential for viable life transported 

through the atmosphere (for instance in dust storms) and following sections. 

 

o There is no way for life to be transported from distant parts of the Moon.  

 

● A small minority of scientists believe that the Viking landers may have detected 

life in the 1970s and the data from the Viking landers is not yet fully explained by 

either a biological or a chemical hypothesis. 

 

See: The Viking landers in the 1970s remain our only attempt to search for life on Mars 

– a few astrobiologists think its labelled release may have already detected life in the 

1970s – while others say the data can be explained by complex chemistry – we haven’t 

sent the follow up experiments needed to finally resolve this debate and we can’t 

deduce anything about whether Perseverance might return life even if the Viking 

experiment did find complex chemistry  

 

o There were no puzzling observations from lunar experiments that anyone 

interpreted as possibly due to life. 

 

So, Mars has greater potential for life with our current understanding of Mars than the 

Moon ever did even with our understanding of the 1960s before Apollo.  

 

Also, we may have been lucky with the Moon. Sagan’s deep subsurface layer was not 

totally implausible, at the time. Then for a similar Moon but with that deep subsurface 

layer, there could be various processes that could move life from such a layer to the 

surface and for it to still be viable.  

 

Another civilization in another star system might return life from a moon closely 

resembling ours superficially as we understood it at the time of Apollo, perhaps with a 

different accretion history. 

 

As an example, Ceres is superficially somewhat similar to the Moon as we understood it in 

1969. However the patches of ice in regions of permanent shade suggest it may have a 

subsurface liquid water or mud ocean, not unlike Sagan’s hypothesis for a deep 

subsurface habitable layer for the Moon. We don’t know if there is life on Ceres. We may 

https://www.nap.edu/read/18476/chapter/6#25
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return samples from Ceres in the late 2030s. We will need to take precautions to protect 

Earth in case there is life in those samples (Carter, 2022) (Castillo-Rogez, 2022).  

 

4. Inspiration of science fiction 
Next section – all sections – previous section 

Many who work for NASA have a deep interest in space exploration and space technology, so 

they would be likely to be inspired by science fiction stories about astronaut and space 

explorers.  

 

Just about all the science fiction greats set stories on Mars. Examples include Arthur C. Clarke, 

Isaac Asimov, C.S. Lewis, Edgar Rice Burroughs, Robert Heinlein, H.G. Wells, Gregory 

Benford, Kurt Vennegut, Frederick Pohl, Ben Bova, Greg Bear, Ray Bradbury, Phillip K. Dick, 

Kim Stanley Robinson, Andy Weir, Larry Niven amongst others. 

 

None of these stories feature Martian life that harms Earth's biosphere. Indeed, as a science 

fiction enthusiast myself, I can’t think of even a short story that features native life returned from 

Mars that causes large scale harm to Earth’s biosphere or human health. If anyone reading this 

knows of any, do say. 

 

That's understandable because it isn't a plot twist to appeal to a human reader and it wouldn't 

advance their story line in any way. 

 

In many stories Mars is lifeless. In others, especially from the early 20th century, when Mars was 

thought to be more habitable, Mars has life but it’s compatible with terrestrial life. Examples 

include the Edgar Rice Burroughs and C.S. Lewis stories. In these stories, Mars is seen as like 

another terrestrial continent like Australia perhaps, or Africa or the Americas with unusual 

creatures influenced by the low gravity. 

 

Amongst these early famous Martian science fiction stories, one of the more notable fictional 

martians is Stanley G. Weinbaum's "Tweel", a cute intelligent creature in between a plant and 

an animal, the last relic of an ancient Martian civilization (Weinbaum, 1945). Harmless to Earth. 
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Jarvis meeting Tweel. Painting in the Smithsonian's Mars gallery (Rowland, 2010) 

 

The only major story involving Mars with a plot twist of large scale harm to living organisms, is 

H.G. Wells's "War of the World". But there it is resolved in human favour and the creatures 

harmed are the Martians.  
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M. Dudouyt’s vision of the Martians from the 1917 edition of War of the Worlds (Dickson, M. 

n.d.) 

 

In H.G. Wells’ story, Martians had never encountered bacteria on their planet (Wells, 1898 : 

book 2 section VIII).  

 

And scattered about it, some in their overturned war-machines, some in the now rigid 

handling-machines, and a dozen of them stark and silent and laid in a row, were the 

Martians—dead!—slain by the putrefactive and disease bacteria against which their 

systems were unprepared; slain as the red weed was being slain; slain, after all man’s 

devices had failed, by the humblest things that God, in his wisdom, has put upon this 

earth. 

 

For so it had come about, as indeed I and many men might have foreseen had not terror 

and disaster blinded our minds. These germs of disease have taken toll of humanity 

since the beginning of things—taken toll of our prehuman ancestors since life began 

here. But by virtue of this natural selection of our kind we have developed resisting 

power; to no germs do we succumb without a struggle, and to many—those that cause 

putrefaction in dead matter, for instance—our living frames are altogether immune. But 

there are no bacteria in Mars, and directly these invaders arrived, directly they drank and 

fed, our microscopic allies began to work their overthrow. Already when I watched them 

they were irrevocably doomed, dying and rotting even as they went to and fro. It was 

inevitable. By the toll of a billion deaths man has bought his birthright of the earth, and it 
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is his against all comers; it would still be his were the Martians ten times as mighty as 

they are. For neither do men live nor die in vain.  

 

This was the only example Carl Sagan had available to him when he referred to the backwards 

contamination risk as the plot twist of War of the Worlds, but in reverse: 

 

Carl Sagan put it like this (Sagan, 1973:162): 

"Precisely because Mars is an environment of great potential biological interest, it is 

possible that on Mars there are pathogens, organisms which, if transported to the 

terrestrial environment, might do enormous biological damage - a Martian plague, 

the twist in the plot of H. G. Wells' War of the Worlds, but in reverse. … The chance 

of such an infection may be very small, but the hazards, if it occurs, are certainly 

very high. 

The difference here is humans don’t get to write the story line for a real-life return of 

microbes from Mars. 

Perhaps it is time for a science fiction writer to write a ground-breaking work of science fiction 

where there is a risk of harm to Earth? But Carl Sagan’s plot twist of the War of the Worlds in 

reverse wouldn’t work as an inspiring science fiction work for humans. It likely needs to be some 

other plot. 

5. Space colonization enthusiasts who see parallels between 

themselves and the settlers of the American west 
Next section – all sections – previous section 

This is likely to be at least a factor indirectly. The only previous article I found that resembles the 

report of the sterilizing subcommittee is Robert Zubrin’s op. ed. for the Planetary report. They 

don’t refer to Zubrin, and didn’t go as far as he did in their conclusions, and if there is any 

connection it is likely to be indirect.  

 

However, the inspiration may be similar as the sterilizing subcommittee report is a more 

scientific version of that. It doesn’t include any of the examples from the planetary protection 

literature that count against his arguments and doesn’t mention the major Mars sample return 

studies that ALL came to the opposite conclusion to his arguments. See: 

 

• The argument about harmlessness of martian life was previously only presented in a non 

peer reviewed op ed by Zubrin along with the meteorite argument, with an immediate 

response from planetary protection experts that his recommendation to take no 

precautions with Mars sample returns is like building a house without smoke detectors 
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Robert Zubrin’s motive at least is clear as he describes it eloquently himself. He sees Mars as 

the frontier that the US no longer has in the American West, now that the entire continent has 

been explored by Europeans (Zubrin, 1996).  

 

Without a frontier from which to breathe life, the spirit that gave rise to the progressive 

humanistic culture that America has offered to the world for the past several centuries is 

fading. The issue is not just one of national loss — human progress needs a vanguard, 

and no replacement is in sight. 

 

He wants humans to colonize Mars and sees Mars colonists as essential for the vitality of 

Earth’s civilizations. He is focused on the engineering and practicalities of this. He has 

arguments that seem plausible to him that there is no risk of harm to Earth. His views are very 

influential amongst space colonization enthusiasts. This in turn influences science fiction writers 

and may reinforce the tendency to envision Martian life as harmless to Earth in their fiction 

. 

This isn’t the place to try to decide whether our civilization does need a physical frontier for 

vitality. Or to try to settle the long running debate in the US about Turner’s “Frontier thesis” or to 

ask if it really was a frontier given that the Americas were already colonized (Aron, 2016). 

Perhaps it’s best looked at on the level of individual inspiration?  

 

There are many in our civilization who find inspiration in frontiers in art, music, literature, in 

science and technology, in pushing the physical limits of their bodies in sports challenges, and 

so on. Others are inspired by the need to learn to live sustainably, or to protect species and stop 

and reverse biodiversity loss, looking for undiscovered species, or in horticulture, saving old 

varieties of apples (Brown, n.d.), or striving to breed a blue rose (Nanjaraj et al., 2018) or C-4 

rice for higher yields with global warming, which they describe as one of the scientific “Grand 

Challenges” of the 21st century (C4 Rice, n.d.). Others want to push terrestrial physical limits of 

colonization such as living sustainably in deserts with saltwater greenhouses such as the 

Sahara forest project (SFP, 2020), or in floating cities (UNHabitat, 2022) and Buckminster Fuller 

and Osker worked on engineering details for a future with permanent dwellings in the air 

(Lippincott, n.d.). For others, advances in medicine or human rights may be what they see as 

important to the vitality of a civilization. 

 

But there are those like Zubrin who do see physical exploration in space and settling too, as 

vital to our civilization. For those of us who see things like that, it may help to look at a larger 

picture, Space can still be a vibrant frontier without humans colonizing the surface of Mars.  
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If Mars has life such as mirror life that can never be returned 

safely to Earth – this forever unattainable frontier could invigorate 

space exploration – with many other attainable frontiers for 

humans on the Moon, moons of Mars, asteroids, independently 

orbiting space settlements, aerostats above Venus clouds, 

Jupiter’s moon Callisto, Saturn’s moon Titan and beyond 
Start – all sections – previous section 

The example of mirror life shows that it's not a foregone conclusion that Martian life is eventually 

proven safe for Earth. If we do find alien life on Mars which can never be returned safely to 

Earth, initially perhaps this is disappointing for aspiring space settlers, but it could invigorate 

space exploration and settlement. The public interest and the scientific and practical benefits to 

humans could be enormous from a completely alien biology such as mirror life.  

 

A Mars with mirror life, perhaps, becomes a forever unattainable frontier, a world you can never 

actually land on, but can still explore with high fidelity telepresence. We have never had a 

frontier like that.  

 

We have places on Earth we can’t settle currently such as the deep ocean, even the shallow 

ocean is hard for us to inhabit, for now the atmosphere is hard to inhabit, we have only made a 

start on sea steading, and some places are well beyond current technology. We can’t explore 

down to the core of our planet as Jules Verne envisioned in his “Journey to the center of the 

Earth” (Verne, 1897). But we have never had a frontier due to biology.  

 

Might that “untravell’d world” (Tennyson, 1842) also lead to stimulus and challenges and 

invigorate our culture?  

 

Yet all experience is an arch wherethro' 

Gleams that untravell'd world whose margin fades 

For ever and forever when I move. 

… 

And this gray spirit yearning in desire 

To follow knowledge like a sinking star, 

Beyond the utmost bound of human thought.  

 

Mars isn’t such a prize as a planet for humans to inhabit as it seems to be visually from the 

attractive reddish looking terrain. There is no soil there, of course, it’s just desert. And Mars is 

not habitable to humans in any ordinary sense of the word. The atmospheric pressure of 0.6 to 

0.7% is well below the Armstrong limit of 6.3% where water and body fluids boil at body 

temperature (Murray et al, 2013). The atmospheric pressure is too low for our lungs to function, 

so we couldn’t breathe even with bottled oxygen. We would go unconscious in seconds, and 

require a full body pressure suit to breathe.  

https://www.google.com/search?client=firefox-b-d&q=47+mm+of+mercury+in+bars
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Suppose we had a plateau on Earth, at a height of 45 kilometers (NASA, n.d.), five times higher 

than Mount Everest at 8,848.86 km (Dwyer, 2020). The pressure would be typical for Mars, but 

it would be far more habitable and it would be far easier to colonize such a high plateau than 

Mars. Yet if such a plateau occurred on Earth, we would likely have few living there permanently 

except to extract resources or for scientific study. We don’t colonize most deserts, or the 

shallow continental shelves, which are far more habitable. 

 

Lunar dust isn’t laced with perchlorates like the Martian dust, but it was still a major issue for 

lunar astronauts. They all reported difficulties with the dust (Stubbs et al, 2007). Astronaut 

Eugene Cernan, the last man to walk on the Moon to date (NASA, 2017), described the lunar 

dust as one of the greatest inhibitors to a nominal operation on the Moon (Levine, 2020). 

 

Mars has worse dust problems than the Moon. For instance, the Moon doesn’t have dust 

storms. Several times a decade dust storms on Mars block out the sunlight for weeks making 

surface conditions as dark as night. On the Moon we can clear the dust from around a 

settlement, or melt it into paving slabs, and on any landing sites for our rockets, and eliminate 

the issue at least locally as well as along roads and tracks (Taylor et al., 2005). That would be 

only a temporary solution on Mars as the paved surface would get covered by dust again with 

the next dust storm and the dust would still be suspended in the air.  

 

Lunar dust falls back in ballistic arcs, in an atmosphere so thin it is classified as an exosphere 

rather than an atmosphere.  

 

However, on Mars, some of the finest dust kicked up by astronauts or rovers would linger in the 

air for some time even in calm weather without winds.  

 

Inhaling a few milligrams of Martian dust could exceed the recommended maximum daily dose 

for perchlorates (Reference dose or RfD) (Davila et al, 2013). When the perchlorates are 

activated by ionizing radiation they may change to the more deadly chlorates and chlorites with 

some potential for more serious and immediate effects such as respiratory difficulties, 

headaches, skin burns, loss of consciousness and vomiting (Davila et al, 2013).  

 

There are methods for dealing with this, used for dust suppression when mining uranium, lead 

or other heavy metal contaminated areas. But it adds to the complexity of Mars colonization 

(Davila et al, 2013). 

 

The challenges to keep the dust out impact on most aspects of a mission to the surface 

(Rucker, 2017). It can be done. The suitport may be a solution for the problem of dust inside 

habitats (Boyle et al, 2013). 
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Suitport illustration from (Gernhard et al, 2008) reduces loss of air when exiting or 

entering the rover and greatly reduces the dust problem. 

 

None of this makes Mars settlement impossible, but Mars does not seem to be an optimal place 

to colonize for its own sake. There has to be another reason to take the tremendous efforts 

needed to colonize a place like this. If we find instead that we have to explore Mars from orbit, 

actually it would be safer and easier to explore Mars in that way. 

 

There are many other places pioneering humans can explore and perhaps settle. Including the 

moons of Mars. The Moon itself. There are resources on the Moon that may be valuable if the 

cost of returning them is low enough.  

 

Hoyt’s cislunar tether system is an ingenious way of using the gravitational potential difference 

between the Moon and Earth much like the way a syphon can lift water over the lip of a 

container to a lower place. It uses two spinning tethers, one lifts materials out of the lunar 

gravitational well, the other receives them in orbit around Earth. The system is powered by the 

flow of materials from the Moon to Earth which in turn lets astronauts and their provisions and 

tourists travel from Earth to the Moon again with no extra fuel except whatever is needed to fly 

to the lower tip of the tether in Earth’s orbit in a hypersonic space plane (Hoyt et al., 2000).  

This is a brief outline to show it works, first, it captures a payload launched to a low holding 

orbit and boosts it into a lunar transfer orbit to the Moon. 

 

The complete cislunar transport system looks like this:  
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"The Cislunar Tether Transport System. (1) A payload is launched into a LEO holding 

orbit; (2) A Tether Boost Facility in elliptical, equatorial Earth orbit picks up the payload 

(3) and tosses it (4) into a lunar transfer trajectory. When it nears the Moon, (5), a 

Lunavator Tether (6) captures it and delivers it to the lunar surface." 

At the Moon end of the transport system, the tether can spin at just the right speed to be 

stationary relative to the Moon's surface when it is closest to the Moon make it easier to transfer 

passengers and materials to / from the Moon. The material flowing from Earth to the Moon is 

used to keep the lunavator tether spinning and to boost it. 

Then in the other direction, material flowing from the Moon to Earth is used to boost the tether 

in Earth orbit to prevent it de-orbiting and to keep it turning. In this way both tethers are 

continually boosted and kept turning, and it turns out that the gravitational potential difference 

between the Moon and the Earth can be exploited to keep the system going with almost no extra 

fuel so long as more mass is transferred from the Moon to Earth than in the other direction. 

(Hoyt et al., 2000). 

"By balancing the flow of mass to and from the Moon, the orbital momentum and energy 

of the system can be conserved, eliminating the need to expend large quantities of 

propellant to move the payloads back and forth" 

Both can be made with materials we have already. The Earth-orbit tether boost facility needs a 

mass 10.5 times the payloads it can handle and the lunar tether facility needs a mass less than 17 

times the payload it can handle. So, once we have frequent payloads back and forth between the 

Earth and the Moon it will pay for itself in terms of payload mass quickly.  

There are many details to the idea – that's just the outline of how it works (Hoyt et al., 2000). 
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The Moon is also a natural destination for space tourism; for our first science outposts. Once we 

have an industrial base on the Moon, it is a natural place to build spacecraft and rockets, to 

send to explore further afield. We will be able to launch spacecraft, mirrors, and space habitats 

of any size and shape from the surface. There is no need for a faring to make the payload 

aerodynamic and the low gravity makes it easy to launch heavy payloads (Metzger et al, 2013). 

The vacuum conditions also make it a natural place for chip manufacturing plants, for making 

some types of solar panels and so on.  

 

On the Moon, we can even convert the surface into solar panels with an autonomous solar 

panel paving rover taking advantage of the vacuum conditions to make solar panels in situ 

(CAM, n.d.). 

 

The moon is also far more suitable for human settlement than was thought at the time of Apollo. 

New results include the evidence of vast lunar lava tube caves useful for shelter from surface 

ionizing radiation. The largest signal from the Grail gravity data suggests a cave 3.5 km wide 

and 550 meters high, and these lunar caves can be tens of kilometers long (Chappaz et al., 

2017). That’s far larger than a Stanford torus space habitat. E.g. a ten kilometer long habitat 3.5 

km wide has a living area of 35 square kilometers or 35 million square meters. The Stanford 

torus has various sizes, the simplest has an area of 2.7 million square meters (Johnson et al, 

1977:table 4.1, page 45) 

 

Some of the lunar caves probably have an internal steady temperature of around -20 °C, 

potentially useful as a constant heat sink for a settlement (Daga et al., 2009). The challenge of 

providing energy during the lunar night is a similar challenge to providing energy during Martian 

dust storms. Then there are the peaks of almost eternal light at the poles with solar power 24/7 

nearly year round (Foing, 2005), the polar ice and so on (NASA, 2019). The Moon is a place 

where we can make our first steps in sustainable living in space, within easy access of Earth for 

repairs, supplies, and emergency medvac back to Earth in only two days. 

 

Further afield, as another frontier, it’s likely humans explore Venus from the clouds, 

teleoperating assets on the surface. First they would use airships as with the HAVOC design 

(NASA, n.d.) and then more permanent aerostats. We need to be sure first that there is no life 

already in the Venusian clouds, or that if there is, that the sulfuric acid in the clouds makes it so 

alien there is no risk of forward or backward contamination. 

 

Some enthusiasts think that humans could eventually settle in aerostats living above the clouds 

of Venus at a height where the temperature and pressure is similar to Earth normal and the 

skies are clear (Landis, 2003). The idea of colonizing the Venusian skies was first explored by 

the Soviets in the 1970s (Moskalenko, 1981). Venusian cloud settlers could mine a lot of their 

resources from the atmosphere and perhaps get other resources from the surface using 

grapples. What is harder to explain is a reason for living there apart from scientific study of the 

Venus surface. However, sky living does seem to be possible at least in terms of engineering. 

Buckminster Fuller’s kilometer diameter “Cloud Nine” would float in Earth’s atmosphere like a 

hot air balloon using the waste heat from the settlement and using his lightweight robust dome 

https://books.google.co.uk/books?id=PGih0tcJb1MC&pg=PA45&source=gbs_selected_pages&cad=2#v=onepage&q&f=false
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construction to make a habitat that is safe from even the strongest hurricanes. This was later 

elaborated in engineering detail to Osker’s proposal for a one mile diameter Solar Thermal 

Atmospheric Research Station (STARS) (Lippincott, n.d.) 

 

A Venusian space settlement, if it is possible, would be similar, but in the Venusian atmosphere 

using oxygen and nitrogen for buoyancy. A balloon filled with these gases will float in the CO2 

atmosphere much in the same way that a helium balloon floats in ours. Another idea is to 

suspend the habitat from a balloon filled with a mix of water and ammonia which would 

evaporate or condense depending on the external temperature, keeping the balloon stable at a 

particular temperature, and so, height, in the atmosphere (Moskalenko, 1981). 

 

Whether we settle the Venus clouds or not, our exploratory outposts in the Venusian clouds 

would require far less mass launched from Earth for the same habitable volume than any other 

space habitats, except perhaps habitats in lunar caves. It would also require less technological 

sophistication for protection against acid than to contain the atmosphere in a vacuum and 

protect against cosmic radiation. 

 

As our spacecraft get more capable (Adams et al, 2003) , humans can also explore and even 

colonize Callisto, outermost of the Galilean moons of Jupiter (McGuire et al, 2003) .  

 

In the Jupiter system, Europa is very unsuitable for humans. It is well within Jupiter’s very 

hazardous radiation belt where humans would die quickly even protected by a spacesuit. They 

couldn’t survive long on or near the surface without very thick shielding. Then there’s the 

forward and backward contamination risk if there is any native life there, especially if it has rising 

plumes of liquid water in places like Thera Macula (Schmidt et al, 2011). 

 

However, Jupiter’s Callisto has lower radiation levels than Mars and the same planetary 

protection classification as the Moon (Kerwick 2012). It is outside of Jupiter’s ionizing radiation 

belt and also shielded by Jupiter’s magnetic field from solar storms (Kerwick 2012) . Callisto 

also has rock and water ice in abundance. It may have a deep subsurface ocean but the surface 

is unaltered for likely billions of years so there is no forward or backward planetary protection 

issue. Also humans would have a scientific motive to live there, to study Jupiter’s moons and 

the planet itself from close up and as a base for remote exploration of Europa particularly, with 

sterilized robotic explorers. As we explore the solar system Callisto is a natural place for a 

human base and eventually settlement. (Kerwick 2012) 

 

NASA’s Human Outer Planet Exploration (HOPE) program in 2003 selected Callisto as the 

optimal destination for humans beyond the orbit of Mars suitable for human surface exploration 

and with features of scientific interest (Callisto has a deep subsurface ocean). This summarizes 

their reasons for selecting Callisto (Adams et al, 2003:4)  

 

• Europa—Jupiter’s smallest Galilean satellite and the second closest to the planet. 

Scientific interest is largely prompted by the likely presence of a submerged ocean 

with tidal heating, which could offer conditions conducive to the development of life. 
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Europa’s location within the Jovian radiation belts poses significant design problems, 

particularly when contemplating human surface exploration. 

• Callisto—the second-largest Galilean satellite and the most distant from Jupiter. 

Scientific interest is prompted by the possibility of subsurface water. Callisto’s 

distance from Jupiter places it in a significantly less hazardous radiation environment 

than Europa, potentially permitting human surface operations. 

… 

The Jovian moon Callisto was selected because of the balance that it offers concerning 

scientific interest, design challenge severity, and the level of hazard to human operations 

posed by the local environment 

. 

 

 

 
 

Elon Musk’s artist’s impression of his spacecraft for a crew of 100, the Interplanetary 

Transport System. He said his spacecraft would use Europa as a refueling stop in the 

outer solar system. Callisto is a far better refueling stop because of the lethal ionizing 

radiation around Europa which is within Jupiter’s radiation belts. The artist’s impression 

actually more closely resembles Callisto as the surface of Europa is probably broken up 

and rough on the meter scale, at least with current understanding (SpaceX, 2016). 

 

Inset shows artist’s impression of an exploration base on Callisto (NASA, 2004:22) 

 

Then there’s Titan in Saturn’s system, which like the Venusian clouds, has an atmospheric 

pressure similar to Earth, indeed greater. It is far easier to protect against cold than against 

vacuum or acid. Explorers only need a thick insulating high tech version of a diver’s dry suit with 

insulation only 7.5 cm thick, with batteries to heat a visor and gloves, and they could explore 
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Titan’s surface using a closed circuit oxygen or air rebreather system (without bubbles) much 

like military and deep sea divers use (Nott 2009). The winds just a few kilometers above the 

surface can be a source of energy for a settlement, while surface winds are so light as to cause 

no issues (Hendrix et al, 2017). It also has organics for making plastics, a stable environment 

and complete protection from ionizing radiation and the smaller meteorites (as for Earth) . 

(Wohlforth et al, 2016a) (Wohlforth et al, 2016b). Unless there is cryovolcanism, “volcanoes” of 

liquid water instead of lava, there is no risk of forward contamination. As for backwards 

contamination, we’d need to find out what is there but it’s plausible that Titan life if it exists 

would not be able to survive terrestrial temperatures  

 

Whether any of these are easy places to live long term may depend also on the gravity 

requirements for human health which are not yet known. However it is not yet known if the 

gravity on the Moon or Mars is suitable for human health long term either. It’s possible that they 

all need to be supplemented with the use of slow centrifuges spinning for artificial gravity during 

sleep, exercise etc. 

 

If our aim is space settlement, planets may not necessarily be the obvious choice they seem to 

be. This is an observation that goes back to O'Neil in 1969 when he was teaching freshman 

physics, (Heppenheimer, 1977:chapter 2) 

 

The first answers they came up with indicated there was more than a thousand 

times the land area of Earth as the potential room for expansion. They concluded 

that the surface of a planet was not the best place for a technical civilization. The 

best places looked like new, artificial bodies in space, or inside-out planets. 

The classical science-fiction idea, of course, is to settle on the surface of the 

moon or Mars, changing the conditions there as desired. It turned out that there 

were several things wrong with this, however. First, the solar system doesn’t 

really provide all that much area on the planets—a few times the surface area of 

Earth, at most. And in almost all cases the conditions on these planets are very 

hard to work with. 

The asteroid belt has resources sufficient to make habitats with a thousand times the land area 

of Earth, slowly spinning for artificial gravity. Settlers can choose the climate and even 

atmospheric pressure and composition, and gravity level for the habitats. 

 

Finally over the centuries, and millennia, with space habitats slowly spinning for artificial gravity 

and large thin film mirrors to focus sunlight, we could explore and settle the entire solar system 

to Pluto and beyond (Johnson et al, 1977:175)  

 

"At all distances out to the orbit of Pluto and beyond, it is possible to obtain 

Earth-normal solar intensity with a concentrating mirror whose mass is small 

compared to that of the habitat.”  

 

https://space.nss.org/colonies-in-space-chapter-2-our-life-in-space/
At%20all%20distances%20out%20to%20the%20orbit%20of%20Pluto%20and%20beyond,%20it%20is%20possible%20to%20obtain%20Earth-normal%20solar%20intensity
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Once we have fusion power we have the entire Oort cloud to explore / settle / colonize. Once 

we can live in any ice dwarf in the Oort cloud, humans can live almost anywhere around any 

star in the galaxy as nearly all stars have clouds of comets and ice dwarfs surrounding them.  

 

By being careful now to protect Earth and other planets in a solar system we prepare for a 

future where we learn to live sustainably in the galaxy just as we currently need to live 

sustainably on Earth. This protects our solar system from our distant descendants throughout 

the galaxy and protects other life and civilizations from ourselves. I explore that in my “Pale Blue 

Dot” preprint (Walker, n.d.).  

 

So if Mars turns out to have native life we can never return to Earth, there is no shortage of 

frontiers in the solar system, and new places humans can explore. Perhaps we eventually settle 

in some of those places. 

 

However, wherever we go, Earth will remain the planet we evolved on and the one we are 

adapted to. Jeff Bezos put it like this (Boyle, 2016): 

 

We have looked at this solar system. We have sent probes to every planet in this solar 

system. And believe me, this is the best planet. There is no doubt this is the one that you 

want to protect. This is the jewel. We evolved here, we're kind of made for this planet. 

It's gorgeous, and we can use space to protect it. 

 

As we explore in space, many would say that we do need to protect Earth as our top priority, 

and indeed use space to protect it. As Carl Sagan put it (Sagan,1997)  

 

...There is nowhere else, at least in the near future, to which our species could 
migrate. Visit, yes. Settle, not yet. Like it or not, for the moment, the Earth is where 
we make our stand. 
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All sections – for an outline of this paper 

Titles of sections are like mini-abstracts and summarize the details of the section. For a first 

overview of this paper read the section titles.  

Contents 
Abstract Next section – all sections – end 2 

Review of central results in the recent planetary protection literature for Mars Sample 

Return missions for attention of space agencies  3 

The meteorite argument can’t be used for potential life in surface dust, salts and dirt as 

these materials can’t mechanically survive ejection from Mars  4 

For planetary protection, what matters are any species that can’t get to Earth – invasive 

starlings can’t fly across the Atlantic and the invasive freshwater diatom Didymo can’t cross 

the seas to New Zealand – similarly there could be species in Martian surface dust or dirt, 

perhaps living in a biofilm, that can’t get here in a meteorite  5 

It is safe for Japan to return unsterilized samples from Phobos without any special precautions 

because any life in samples from the most recent impact already survived ejection from Mars  9 

2015: Jezero crater seems uninhabited from orbit – but so do terrestrial Mars analogue 

deserts – the EIS doesn’t cite the 2015 MEPAG review which overturned all the main 

conclusions from 2014 relevant to Jezero crater and drew attention to transport in dust 

storms, microhabitats, and biofilms that can make deserts locally more habitable 10 

2015: MEPAG2 review draws attention to potential for viable life transported through 

the atmosphere (for instance in dust storms)  15 

2019: A thin (0.03 microns thick) fragment of desiccated biofilm of chroococcidiopsis would be 

still viable after blowing 100 km in moderate winds (5 meters per sec) in full Martian sunlight 

 16 

2019: Curiosity found UV radiation fell by 97% at the start of the 2018 dust storm, which could 

increase Billi et al’s 100 km to 1000s of kilometers in Martian dust storms  17 

2017: individual microbes can travel in dust storms imbedded in a dust grain for extra 

protection from UV  18 

2019: Microbes can be protected by bouncing sand grains up to half a millimeter in diameter 

traveling meters in each bounce, and some (less than 1 in 1000) b. subtilis spores remain 

viable after hundreds to thousands of kilometers of travel in simulation experiments  19 

New: Martian life could evolve new strategies for dust storm transport such as spores with 

extra layers to protect against UV, and fruiting bodies for higher life that are detached by 

strong winds and may be better protected against UV than terrestrial life  20 

2015: MEPAG2 review draws attention to potential for local microenvironments to 

provide habitats for life that can’t be detected in large scale surveys  23 
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2021: Potential for melting frost to form a “dew” of microns thick layers of fresh liquid water 

even in Jezero crater – as an example to show the potential for future surprise microhabitats 

 24 

2015: MEPAG review also draws attention to biofilms that microbes may need to use to 

create conditions favourable to them in otherwise uninhabitable microniches – this 

reduces the risk for forward contamination for spacecraft with low bioloads – however 

this argument doesn’t work for backwards contamination – such niches could be 

inhabited by Martian life that already lives in biofilms  26 

Martian life could be more capable of coping with Martian conditions than terrestrial life  28 

NEW: Life adjusted to Mars has had millions of years to set up biofilms – and slowly colonize 

microhabitats we may not yet know exist  28 

A Martian biofilm might consist of many species that evolved together to the local conditions 

over millions of years, similarly to the Atacama Desert grit crust [2020]  29 

2010: Martian life could inhabit caves that vent to the surface – and there are many types of 

cave that can only be detected by in situ observation unlike the easier to detect lava tube 

skylights already known about 30 

2016: NASA discovered potential for current habitats for terrestrial life in Gale crater AFTER 

Curiosity’s landing  33 

NASA’s draft EIS argues existing credible evidence suggests Mars has not been 

habitable to Earth life for millions of years – yet their most recent cite for this sentence 

is about searches for currently habitable environments on Mars – another conclusion 

reached through a citing error  35 

Astrobiologists have a range of views on whether current habitats exist on Mars – sometimes 

revising their assessments after discoveries suggesting new microhabitats on Mars or new 

ways that life can grow in extreme conditions  36 

Cockell: There is a high chance of habitable environments on Mars – if we look at many planets 

and don’t find life we will have to try to find out what happened that was unusual on Earth  39 

The Viking landers in the 1970s remain our only attempt to search for life on Mars – a few 

astrobiologists think its labelled release may have already detected life in the 1970s – while 

others say the data can be explained by complex chemistry – we haven’t sent the follow up 

experiments needed to finally resolve this debate and we can’t deduce anything about whether 

Perseverance might return life even if the Viking experiment did find complex chemistry  39 

2012: The European Space Foundation study reduced the size of particle to contain at 

1 in a million from 0.2 microns to 0.01 microns, and also said a particle of 0.05 microns 

or larger shouldn’t be released under any circumstances – a BSL-4 can’t achieve this 

and NASA’s recommendation is based on the science of 1999  42 

The ESF requirement is beyond the range for testing HEPA filters – only tested down to 0.1 to 

0.2 microns  44 

Alternative of an air incinerator for the second HEPA filter – would need to be evaluated for 

containment of putative Martian life likely more resilient than standard test terrestrial spores 

– and for 100% containment  45 
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NEW: If the ESF requirement is met using air filters it seems to need new breakthrough 

technology rather than incremental improvements  46 

ESF study said values for required level of assurance and the size limit need to be revisited 

periodically based on changes in scientific knowledge and risk perception  48 

Draft EIS does mention a 0.05 micron limit – but not for the BSL-4, only for the return capsule – 

and without mentioning the ESF study  50 

NASA’s draft EIS says there is no significant risk of environmental effects – yet the 

NRC study in 2009 warned the potential for even large scale harm to human health and 

the environment isn’t demonstrably zero and the potential for negative impacts can’t 

be assessed – NASA don’t cite the NRC study on this, only the report of their sterilizing 

subcommittee  51 

The sterilizing subcommittee report argues martian life didn’t co-evolve with us so can’t harm 

us and that martian life would be extremophile not able to survive on Earth – these arguments 

were previously presented in an op. ed. by Zubrin in 2000 – and planetary protection experts 

at the time found many errors in them and said it was like a recommendation to build a house 

without smoke detectors  53 

Argument by sterilizing subcommittee that martian pathogens wouldn’t be adapted to 

humans or other Earth hosts has a major omission – legionnaires’ disease, a disease 

of biofilms that opportunistically infects human lungs  55 

The sterilizing subcommittee’s report gives an example of an e. coli strain that they say became 

toxic by coexisting with humans – however the NRC report gave an example of human 

pathogens with close evolutionary connections with microbes in hydrothermal vents – 

meanwhile Łoś et al suggested their example, e. coli, strain 0157:H7, might have actually 

developed Shiga’s toxin to deter protozoan grazing in biofilms and only uses it 

opportunistically in humans – the origin of its virulence remains an open question  58 

Sterilizing subcommittee’s report doesn’t mention clear examples of microbes which express 

accidental toxins without coevolution with humans or higher life, such as neonatal tetanus 

which kills thousands of unvaccinated children every year  59 

NEW: An unrelated exobiology may produce many novel bioactive compounds which could be 

of great benefit, but the difference in biochemistry could also lead to more accidental toxins 

than terrestrial life, and in some scenarios, the internal chemistry of an unfamiliar exobiology 

could be accidentally toxic  61 

NEW: Sterilizing subcommittee’s report gives an example of an opportunistic fungal pathogen, 

Candidiasis, adapted to humans – the omission here is Aspergillus which is not adapted to 

humans and is invasive due to adaptations to survive rapid dehydration and rehydration, rapid 

changes of temperature etc. many of which may be shared by life adapted to Mars – with an 

estimated 200,000 life threatening Aspergillus infections a year – mortality 30% to 95%  62 

NEW: Many terrestrial fungi do well in Mars simulation chambers – a fungal disease from Mars 

would be likely to be hard to distinguish from tuburculosis through testing or medical imaging 

- and with likely no effective antifungals available initially or for some time  65 
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NEW: Our immune system responses are highly specific to each of the three genera of 

opportunistic human fungal pathogens – without the necessary pathogen associated molecular 

patterns (PAMPS) we might all be immunocompromised to a new genus of fungi from Mars  66 

Warnings by some astrobiologists such as Sagan and Lederberg that in worst case we 

could be in effect immunocompromised to an entire exobiology from Mars  67 

NEW: How our body’s first lines of defence could miss alien life –antimicrobial peptides might 

not work with an alien exobiology and dentritic cells might not recognize the need to split alien 

life into antigens to present to T-cells  69 

NEW: Possibility of an allergic response to harmless alien life if it is recognized by the immune 

system but not by the inflammation dampening Treg cells Next section – all sections – previous 

section 72 

NEW: Our antifungals and antibiotics might not work with unrelated Martian life and even 

related life might transfer accidental antibiotic resistance similarly to the way resistance to the 

new synthetic antibiotic quinolones seems to have originated in the Shewanella algae that 

never encountered it  73 

NEW: Could the host of a martian pathogen on Mars be similar enough to protozoa to infect the 

white blood cells in our immune system as for Legionnaires’ disease? This seems to be an open 

question.  74 

Sterilizing subcommittee’s report agrees an invasive Martian species could potentially 

harm or displace terrestrial photosynthetic bacteria – but argues any microbe adapted 

to martian conditions wouldn’t be viable on Earth – example of radiodurans, first found 

in irradiated cans of ham, can recover from 100 double strand breaks of DNA per 

chromosome – the similarly radioresistant blue-green algae chroococcidiopsis is one 

of our top candidates for a terrestrial microbe with potential to survive on Mars  75 

Microbes from near the surface in Jezero crater would withstand temperatures varying 

from below -70 °C to above 15 °C in a single day – and major changes in humidity and 

pressure – this is likely to favour polyextremophiles – and martian life would likely be 

able to resist higher levels of stresses like UV, low humidity, vacuum, dessication, and 

ionizing radiation – which seems likely to make it easier not harder for them to survive 

on Earth  77 

Microbes adjusted to Martian conditions can rapidly make small adaptations to terrestrial 

conditions if they establish a foothold such as higher growth rates, more efficient use of food 

and increased upper temperature limit for growth  82 

Several candidate terrestrial microbes and even higher organisms such as lichens may be able 

to survive on Mars, with promising results in Mars simulation chambers, suggesting a 

possibility that their Mars analogues may be able to live on Earth  82 

2014: Example of an alpine lichen Pleopsidium chlorophanum found in places like California 

and the Alps that also grows in Mars analogue conditions in Antarctica and can survive and 

even grow in Mars simulation conditions – this shows even higher life from Mars could be 

adapted to live on Earth  85 

2009, 2014: Possible future surprise discovery of large quantities of fresh water on Mars: most 

Antarctic meltwater is melted inside the ice through the solid state greenhouse effect when the 
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surface is far below 0 °C – the same should happen on Mars if it has similarly optically 

transparent snow and ice – modelling shows its ice caps should have internal fresh meltwater 

at 0 °C, in summer, even with surface temperatures below -90 °C – with possibly also miniature 

melt ponds around sun warmed dust grains  87 

The remarkable polyextremophile genus, the blue green algae chroococcidiopsis, one 

of our top candidate Mars analogue organisms, has strains in many terrestrial habitats, 

and sometimes in the human microbiome  89 

NEW: Chroococcidiopsis indica produces an accidental neurotoxin, BMAA, which resembles 

serine and can cause protein misfolding, leading to questions about effects of amino acids from 

a novel exobiology  89 

NEW: Martian life could be better at photosynthesis than terrestrial life since terrestrial 

photosynthesis works at well below its theoretical peak efficiency and the lower light levels on 

Mars might favour evolution of more efficient photosynthesis  90 

NEW: Example worst case scenario of a mirror life chroococcidiopsis analogue from 

Mars which could gradually convert organics in ecosystems into indigestible mirror 

organics  92 

NEW: Closely related worst case scenario of a shadow biosphere of mirror life nanobes that 

produce indigestible mirror life biofilms on Earth  96 

NEW: Claudius Gros’s worst case scenario for forward contamination – in this scenario nearly 

all higher life eventually goes extinct outside habitats, though it takes a long period of time and 

humans can survive by “paraterraforming Earth” with large enclosed habitats and preserve 

nearly all our biodiversity  97 

NEW: Enhanced Gaia – ways that introduced Martian life could be beneficial to humans, 

ecosystems and Earth’s biosphere  99 

NEW: Amongst a million extra-terrestrial civilizations that return unsterilized unstudied life – 

how many would find they harmed the biosphere of their home world? We don’t know  101 

If NASA or another space agency accepts the NRC study’s assessment that the risk of 

large scale effects on human health or the environment is not demonstrably zero – this 

has major legal ramifications domestically, with agencies such as the DoA, CDC, 

NOAA etc involved and also internationally and through international treaties with the 

FAO, WHO etc involved as well as potentially domestic laws of other countries  102 

NASA’s draft EIS fails NEPA requirement for a valid Environmental Impact Statement to 

ensure scientific integrity – with missing cites and cites that overturn the sentences 

they are cited to  103 

NASA’s draft EIS fails NEPA requirement to consider reasonable alternatives in detail so that 

reviewers may evaluate their comparative merits – doesn’t examine the reasonable 

alternatives to sterilize samples in space first or to delay the mission until it can be done safely 

 105 

NASA’s draft EIS fails NEPA requirement to use an interdisciplinary approach including the 

social sciences by failing to involve the public early on, not just in the USA but through fora 
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open to representatives from all countries globally as recommended in sample return studies – 

and the public weren’t given the opportunity to comment on a scientifically valid draft EIS  105 

Other commentators raised significant issues – including one of the principle authors of 

NASA’s probabilistic risk assessment guide who said the it should include the possibility of 

delaying the return until the risks are better understood  106 

NEPA say to contact the agency to resolve issues, however NASA is not responding to attempts 

to contact them on this topic  107 

Questions for NASA  107 

Reasons for these questions: controversial or mistaken statements in NASA's draft EIS and the 

report of the sterilizing subcommittee  109 

We can’t actually assess the level of risk until we know more about Mars – it could be 

zero or it could be far higher than expected  115 

Worst case scenarios introduce novel ethical and legal questions – is a 1 in a million level of 

risk acceptable?  115 

Synthetic biologists suggest a safety mechanism for synthetic life should be many orders of 

magnitude safer than a BSL-4  116 

NEW: Society places very high value on the environment and given the potential for large scale 

effects, we might require Earth is kept 100% safe for this mission – i.e. use the prohibitory 

precautionary principle  116 

Carl Sagan and others warning we can’t take even a small risk with a billion lives – this 

could be formalized into law as a requirement to use the prohibitory precautionary 

principle whenever there is any appreciable risk for harm unprecedented in human 

history  117 

The decision about acceptable levels of risk for large scale harm is an ethical decision and can’t 

be decided on the basis of science or engineering  118 

Public comments on the EIS show that many members of the public have similar views to Carl 

Sagan that this is a qualitatively different situation from a human pathogen in a BSL-4 and that 

shouldn’t take even a low level of risk  119 

EPA’s letter on last day of public discussion says they didn’t identify significant environmental 

concerns in their review of the EIS – with no mention of the public comments raising concerns 

similar to Carl Sagan  121 

This doesn’t look like broad acceptance which is essential for success of this mission – if NASA 

continues this action is vulnerable to being stopped in the future  121 

NEW: We can forestall all these issues and make the mission 100% safe by sterilizing 

samples before they reach Earth  123 

NEW: Sterilization with 500 million years equivalent of surface ionizing radiation will have 

virtually no effect on geological studies  124 

500 million years of ionizing radiation would reduce a gram of amino acids to a milligram 124 
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Amino acids exposed to 3 billion years of surface radiation have been reduced from grams to 

attograms, a billionth of a billionth of a gram – meanwhile infall from space adds about 60 

micrograms per gram but is constantly destroyed by surface processes  125 

NEW: Sadly Perseverance’s permitted levels of 0.7 nanograms per gram for their most 

abundant biosignatures would overwhelm any faint signature of biosignatures from 

past life or a few cells per gram of present day life even if viable  126 

So sterilization preserves virtually all geological interest, and because of the forward 

contamination would have minimal impact on astrobiological interest – but NASA’s EIS 

doesn’t permit it due to a requirement for “safety testing”  128 

NEW: Even if samples are returned unsterilized this “safety testing” seems to serve no useful 

purpose – all the samples would be guaranteed false positives – with no biosignature to 

distinguish terrestrial from potential martian life – and we can’t test for martian life by trying 

to cultivate it as we can’t reliably cultivate even terrestrial life in a lab  128 

NEW: Too early for any form of safety testing at the level of assurance needed for potential 

large scale harm – after destructively testing 10,000 grains of dust the 10,001th grain could 

have a viable microbe in it  129 

NEW: So “safety testing” is not feasible at present, and sterilization keeps Earth 100% safe with 

likely virtually no difference to the science return  130 

NEW: Samples can be sterilized in a satellite similar to those for Geostationary orbit, 

but above GEO – and the spacecraft can be returned through low energy ballistic 

transfer without aerobraking or even flybys of the Earth or Moon  130 

NEW: This keeps Earth 100% safe with virtually no loss to science and little change in NASA’s 

budget – since they save the cost of a Sample Receiving Facility – estimated at $471 million in 

2015 US dollars for the 1999 technology specifications  131 

With more ambition but little change in the budget we can make this a far more 

interesting mission for astrobiology – though we can’t expect samples returned to 

answer central questions in astrobiology except with extraordinary luck  132 

NEW: We could transform this into a much more interesting mission for astrobiology 

with little change in the overall budget by adding bonus samples collected in a 

STERILE container sent on the ESF fetch rover of dust, dirt, ideally salts, atmosphere 

and then some pebbles for a technology demo of a rock sample return without forward 

contamination  134 

NEW: These clean samples can be studied above geostationary orbit in Mars simulation 

conditions with a Martian gravity centrifuge – not for safety testing, humans never go near the 

satellite  136 

This dust and dirt samples are just the first step in Sagan’s “exhaustive program of unmanned 

biological exploration of Mars”– and the first try out for the supersensitive instruments that 

astrobiologists have developed to send to Mars to find life in situ so that we know what to 

return 139 

NEW: With yet more ambition we can search for past organics using a Marscopter to return 

pebbles excavated by a recent crater to a depth of 2 meters or more – as a technology demo 
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and first look at organics from 3 billion years ago though unlikely to return life with the first 

sample found  143 

NEW: With even more ambition we could make a 100% sterile marscopter by specifying 

components able to resist heating at 300 °C for several hours – which can be flown to sensitive 

locations with no risk of forward contamination and retrieve samples with no risk of 

backwards contamination  144 

NEW: The satellite above GEO could include a Mars simulation chamber, similar to BIOMEX but 

much greater fidelity, simulating Mars gravity, variation of temperature, pressure and 

humidity between day and night, seasons, UV levels for dust storms etc  145 

NEW: The satellite above GEO could expand to a receiving station for samples throughout the 

solar system including Ceres, and eventually Europa and Enceladus  146 

NEW: NASA have an opportunity to set precedent for future missions to keep Earth 

100% safe – and if we find life on Mars that can never be returned safely it may 

stimulate rather than discourage space exploration and settlement  148 

NEW: We might later be able to return even mirror life to Earth – sketch for a potentially 100% 

safe lab even with the prohibitory version of the precautionary principle  150 

NEW: We can explore and exploit Mars without humans on the surface, as part of a vigorous 

program of exploration and perhaps settlement throughout the solar system  151 

Method and limitations  151 

Note on use of language – this paper is designed to be maximally accessible – by careful use of 

vocabulary and grammatical structures, but never with loss of precision in the meaning of the 

text  152 

This paper frequently covers recent research findings – because if it didn’t it would be 13 years 

out of date – however it is not itself a comprehensive review and shouldn’t be used as such  153 

Scope of this review – material likely to be of especial interest to space agencies, based on 

mistakes in NASA’s draft EIS – rather than any attempt at a comprehensive review  154 

This paper includes new worst case scenarios – they shouldn’t be considered likely – they are 

considered in detail for the same reason you consider the worst case scenario of a house fire 

when installing or designing a smoke alarm  155 

This paper covers several options and views not mentioned in NASA’s draft EIS such as the 

option to sterilize samples before they reach Earth, and Carl Sagan’s view that “we cannot take 

even a small risk with a billion lives” – the public and legislators need to know about them 

when making their decisions – but this paper shouldn’t be taken as advocating for or against 

these options or views  155 

Factors for space agencies to look out for that may lead to them assigning planetary 

protection of Earth much less significance and attention than the general public  156 

1. Engineering focus – NASA engineers have been tasked with returning samples from 

Mars to Earth  157 

2. The new fast track NEPA process means their EIS won't get the close scrutiny by 

regulators that an EIS had before when the process would take years  158 



185 of 231 
185 

3. The example of Apollo – the plan closely parallels the procedures for Apollo – they 

may not be aware that those had no scientific peer review and even by the standard of 

the science of the time were not adequate  158 

3 (a) If it is good enough for Apollo – why wouldn’t it be good enough today, updated a little to 

take account of modern science? – because the Apollo plans never had public scrutiny and 

failed internal peer review 158 

3 (b) There was no harm to Earth from the Apollo samples, so why would there be any harm to 

Earth from Mars samples? – Mars has a very different history and we may have been lucky for 

the Moon 160 

4. Inspiration of science fiction  163 

5. Space colonization enthusiasts who see parallels between themselves and the 

settlers of the American west  166 

If Mars has life such as mirror life that can never be returned safely to Earth – this 

forever unattainable frontier could invigorate space exploration – with many other 

attainable frontiers for humans on the Moon, moons of Mars, asteroids, independently 

orbiting space settlements, aerostats above Venus clouds, Jupiter’s moon Callisto, 

Saturn’s moon Titan and beyond Start – all sections – previous section 168 

All sections – for an outline of this paper 177 
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Supplementary Information 
Start – all sections – end 

Perseverance ground temperature 

The ground temperature data for Perseverance mission sols 361 and 380 uses the data page; 

Welcome to the Mars 2020 Perseverance archive which you can browse online by clicking on 

the Calibrated Data Link or the Derived Data where appropriate, for ground temperature you 

use the calibrated data.  

 

• ground temperature from the TIRS data for sol 361 range 198.82 °K to to 290.11 °K. 

• ground temperature from the TIRS data for sol 380 range 208.1°K to 291.99 °K 

 

Data files used: 

https://atmos.nmsu.edu/data_and_services/atmospheres_data/PERSEVERANCE/meda.html
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_derived_env/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0380/
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Perseverance TIRS data for sol 361.  

Hyperlink: 

https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0

300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV 

All the calibrated data for sol 361 

Hyperlink: 

https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0

300_0419/sol_0380/ 

 

Perseverance TIRS data for sol 380.  

Hyperlink: 

https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0

300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV 

All the data for sol 380 

Hyperlink: 

https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0

300_0419/sol_0380/ 

New: extending the JAXA analysis to photosynthetic life on or near the 

surface of any Martian meteorites 

 

There may be a slight omission in JAXA’s discussion of the fireball of re-entry as their 10% 

figure is based on life that inhabits the interior rather than just the surface of rocks. (SSB, 2019 : 

40). The astrobiologist Charles Cockell tested the blue-green algae chroococcidiopsis. When he 

attached it at a typical growing depth on a re-entry aeroshell, he found that not only the algae, 

but all its associated organics were destroyed. He concluded (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. 

 

So, could photosynthetic life get to Phobos on the surface of a rock, and still be viable there, 

living within a layer that would be destroyed during the re-entry fireball on Earth? 

 

First, it helps that some photosynthetic life near the surface of the ejected rocks may be 

sterilized or destroyed already by the fireball of exit from Mars on its way to Phobos. However 

the details here are uncertain because the total mass ejected by the Zumil impact was about 

30% of the mass of the atmosphere above it, which could be enough to shield some of the 

ejecta from aerodynamic heating (SSB, 2019 : 27).  

 

Second, all our martian meteorites come from locations where photosynthesis is unlikely. They 

were thrown into space by glancing collisions into the high altitude southern uplands 

https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0380/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0380/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0361/WE__0361___________CAL_TIRS________________P02.CSV
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0380/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0380/
https://atmos.nmsu.edu/PDS/data/PDS4/Mars2020/mars2020_meda/data_calibrated_env/sol_0300_0419/sol_0380/
https://nap.nationalacademies.org/read/25357/chapter/5?term=Earth#40
https://nap.nationalacademies.org/read/25357/chapter/4#27
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(Tornabene et al, 2006), where the thin atmosphere makes ejection to Earth easier. They also 

come from at least 3 meters below the surface (Head et al, 2002:1355), and anywhere below 12 

centimetres has a uniform temperature of around -73°C (Möhlmann, 2005:figure 2).  

 

Third, there is yet another twist here to look at if we want to be as thorough as possible. The 

remarkable blue-green algae chroococcidiopsis can use alternative metabolic pathways to grow 

underground without any light (Li et al, 2020) (Puente-Sánchez et al., 2018). So, martian life 

capable of photosynthesis is not impossible deep underground, but even then it would be using 

other metabolic pathways with no reason to live near the surface of a rock, in complete 

darkness.  

 

Fourth, there is another possible exception, life can use thermal radiation from a deep sea 

hydrothermal vent for photosynthesis (Beatty et al, 2005). The most recent possibility for a 

hydrothermal system in the southern uplands on Mars might be the rootless cones (volcanic 

cones without a magma chamber below them) which may have had hydrothermal systems 

above 0 C for up to 1,300 years (Hamilton et al, 2010) possibly active as recently as less than 

20 million years ago (Stacey, 2019). However, these are very different conditions from a deep 

sea hydrothermal vent. This may need expert review but it seems unlikely that photosynthetic 

life using thermal radiation for photosynthesis could be found in the rootless cones in the last 20 

million years and then be ejected to Earth, with the photosynthetic life only found near the 

surface of the ejected rocks, as is needed for it to be sterilized in Earth’s atmosphere but 

potentially survive impact on Phobos. 

 

Then we don’t need to go further back than 20 million years, because any life from earlier 

impacts that might get into the surface samples from Phobos has had over 22.5% of many of its 

amino acids destroyed (calculated in discussion of sterilization dose below).  

 

So, the JAXA analysis seems correct with this minor tweak to account for photosynthetic life. 

The more eyes that look at these studies the better given how important it is to protect Earth’s 

biosphere.  

 

By a similar argument it may be safe to send astronauts to Phobos so long as they sterilize any 

materials before contact from deep below the surface. There may be viable life on Phobos 

buried deep after ancient larger impacts on Mars which can’t get to Earth currently. 

 

 

References 

7th Circuit, 1997, Simmons v. U.S. Army Corps of Engineers, 120 F.3d 664  

Aron, S., 2016, The History of the American West Gets a Much-Needed Rewrite, Smithsonian 

Magazine 

https://casetext.com/case/simmons-v-us-army-corps-of-engineers
https://www.smithsonianmag.com/history/history-american-west-gets-much-needed-rewrite-180960149/


188 of 231 
188 

 

Abdo, J.M., Sopko, N.A. and Milner, S.M., 2020. The applied anatomy of human skin: a model 

for regeneration. Wound Medicine, 28, p.100179. 

 Skin is an active immunological organ, and dysfunctional innate defenses have serious 

clinical implications. Products of the stratum corneum, including free fatty acids, polar 

lipids, and glycosphingolipids accumulate in the intercellular spaces and horny layer, 

exhibiting antimicrobial properties, and functioning as a first line of defense. 

Antimicrobial peptides (AMPs) exhibit potent and targeted resistance against a wide 

spectrum of common pathogens. When this barrier is breached, second lines of 

protection are provided by inflammatory cascades in the subepithelial tissue. 

Approximately sixteen AMPs have been shown to be expressed in the skin (Table 1) 

Abe, S., 2001, Can Liquid Water Exist on Present-Day Mars? NASA Astrobiology Institute 

Abramov, O., Rathbun, J.A., Schmidt, B.E. and Spencer, J.R., 2013. Detectability of 

thermal signatures associated with active formation of ‘chaos terrain’on Europa. Earth and 

Planetary Science Letters, 384, pp.37-41. 

Abrevaya, X.C., Mauas, P.J. and Cortón, E., 2010. Microbial fuel cells applied to the 

metabolically based detection of extraterrestrial life. Astrobiology, 10(10), pp.965-971. 

 

Adams, R.B., Alexander, R.A., Chapman, J.M., Fincher, S.S., Hopkins, R.C., Philips, A.D., 

Polsgrove, T.T., Litchford, R.J., Patton, B.W. and Statham, G., 2003. Conceptual design of in-

space vehicles for human exploration of the outer planets. 

 

Atri, D., Abdelmoneim, N., Dhuri, D.B. and Simoni, M., 2022. Diurnal variation of the surface 

temperature of Mars with the Emirates Mars Mission: A comparison with Curiosity and 

Perseverance rover measurements. arXiv preprint arXiv:2204.12850. 

 

Afzal, I., Shinwari, Z.K., Sikandar, S. and Shahzad, S., 2019. Plant beneficial endophytic 

bacteria: Mechanisms, diversity, host range and genetic determinants. Microbiological research, 

221, pp.36-49 

 

Alberts B, Johnson A, Lewis J, et al. Molecular Biology of the Cell. 4th edition,2002,  

New York: Garland Science; .Cell Biology of Infection 

Allen, C.C., Albert, F.G., Combie, J., Bodnar, R.J., Hamilton, V.E., Jolliff, B.L., Kuebler, K., 

Wang, A., Lindstrom, D.J. and Morris, P.A., 1999. Biological sterilization of returned Mars 

samples 

Almeida, M.P., Parteli, E.J., Andrade, J.S. and Herrmann, H.J., 2008. Giant saltation on Mars. 

Proceedings of the National Academy of Sciences, 105(17), pp.6222-6226. 

 

https://www.sciencedirect.com/science/article/pii/S2213909520300033#bib0020
https://www.sciencedirect.com/science/article/pii/S2213909520300033#bib0020
https://nai.nasa.gov/articles/2001/3/26/can-liquid-water-exist-on-present-day-mars/
https://www.lpl.arizona.edu/~abramovo/papers/Abramov_etal_2013.pdf
https://www.lpl.arizona.edu/~abramovo/papers/Abramov_etal_2013.pdf
https://arxiv.org/ftp/arxiv/papers/1006/1006.1585.pdf
https://arxiv.org/ftp/arxiv/papers/1006/1006.1585.pdf
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20040010797.pdf
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20040010797.pdf
https://arxiv.org/pdf/2204.12850.pdf
https://arxiv.org/pdf/2204.12850.pdf
https://arxiv.org/pdf/2204.12850.pdf
https://www.sciencedirect.com/science/article/pii/S0944501318304592
https://www.sciencedirect.com/science/article/pii/S0944501318304592
https://www.ncbi.nlm.nih.gov/books/NBK26833/
https://mars.nasa.gov/mgs/sci/fifthconf99/6161.pdf
https://mars.nasa.gov/mgs/sci/fifthconf99/6161.pdf
https://www.pnas.org/content/pnas/105/17/6222.full.pdf


189 of 231 
189 

Alves, R., Barata-Antunes, C., Casal, M., Brown, A.J., Van Dijck, P. and Paiva, S., 2020. 

Adapting to survive: How Candida overcomes host-imposed constraints during human 

colonization. PLoS Pathogens, 16(5), p.e1008478. 

Ambrogelly, A., Palioura, S. and Söll, D., 2007. Natural expansion of the genetic code. Nature 

chemical biology, 3(1), pp.29-35. 

Ammann, W., Barros, J., Bennett, A., Bridges, J., Fragola, J., Kerrest, A., Marshall-Bowman, K., 

Raoul, H., Rettberg, P., Rummel, J. and Salminen, M., 2012. Mars Sample Return backward 

contamination–Strategic advice and requirements – Report from the ESF-ESSC Study Group 

on MSR Planetary Protection Requirements. 

 

Anbar, A.D. and Levin, G.V., 2012, June. A Chiral Labelled Release Instrument for In Situ 

Detection of Extant Life. In Concepts and Approaches for Mars Exploration (Vol. 1679, p.4319) 

 

Anderson, A.W., 1956. Studies on a radio-resistant micrococcus. I. Isolation, morphology, 

cultural characteristics, and resistance to gamma radiation. Food Technol, 10, pp.575-578. 

Attias, M., Al-Aubodah, T. and Piccirillo, C.A., 2019. Mechanisms of human FoxP3+ Treg 

cell development and function in health and disease. Clinical & experimental immunology, 

197(1), pp.36-51. 

Bada, J.L., Aubrey, A.D., Grunthaner, F.J., Hecht, M., Quinn, R., Mathies, R., Zent, A. and 

Chalmers, J.H., 2009. Seeking signs of life on Mars: In situ investigations as prerequisites to a 

sample return mission. Planetary science decadal survey White Paper, Scripps Institution of 

Oceanography, USA. 

 

Bahl, J., Lau, M.C., Smith, G.J., Vijaykrishna, D., Cary, S.C., Lacap, D.C., Lee, C.K., Papke, 

R.T., Warren-Rhodes, K.A., Wong, F.K. and McKay, C.P., 2011. Ancient origins determine 

global biogeography of hot and cold desert cyanobacteria. Nature communications, 2(1), pp.1-6.  

 

Bains, W. and Schulze-Makuch, D., 2016. The cosmic zoo: the (near) inevitability of the 

evolution of complex, macroscopic life. Life, 6(3), p.25. 

 

Bak, E.N., Larsen, M.G., Jensen, S.K., Nørnberg, P., Moeller, R. and Finster, K., 2019. Wind-

driven saltation: an overlooked challenge for life on Mars. Astrobiology, 19(4), pp.497-505. 

 

Spores in cavities will only be subjected to abrasion when the cavities crack open and 

the spores can get hit upon by a mineral particle. This process may be slow and explain 

the long tail of the number of surviving spores.The grain size of the regolith will likely 

affect the above-mentioned mechanisms and thus would have influence on the survival 

time of present microorganisms. We will address the effect of grain size in more detail in 

coming experiments. 

 

https://www.researchgate.net/profile/Dieter_Soll/publication/6627120_Natural_expansion_of_the_genetic_code_Nat/links/54d8bdc40cf25013d03efd4e/Natural-expansion-of-the-genetic-code-Nat.pdf
https://science.nasa.gov/science-red/s3fs-public/atoms/files/ESF_Mars_Sample_Return_backward_contamination_study.pdf
https://science.nasa.gov/science-red/s3fs-public/atoms/files/ESF_Mars_Sample_Return_backward_contamination_study.pdf
https://www.lpi.usra.edu/meetings/marsconcepts2012/pdf/4319.pdf
https://www.lpi.usra.edu/meetings/marsconcepts2012/pdf/4319.pdf
b_Anderson_1956
https://academic.oup.com/cei/article/197/1/36/6402553
https://academic.oup.com/cei/article/197/1/36/6402553
http://mepag.jpl.nasa.gov/reports/decadal/JeffreyLBada_URS211530.pdf
http://mepag.jpl.nasa.gov/reports/decadal/JeffreyLBada_URS211530.pdf
https://www.nature.com/articles/ncomms1167
https://www.nature.com/articles/ncomms1167
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5041001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5041001/
https://www.researchgate.net/profile/Kai-Finster/publication/328837688_Wind-Driven_Saltation_An_Overlooked_Challenge_for_Life_on_Mars/links/5be5916fa6fdcc3a8dc8fc19/Wind-Driven-Saltation-An-Overlooked-Challenge-for-Life-on-Mars.pdf
https://www.researchgate.net/profile/Kai-Finster/publication/328837688_Wind-Driven_Saltation_An_Overlooked_Challenge_for_Life_on_Mars/links/5be5916fa6fdcc3a8dc8fc19/Wind-Driven-Saltation-An-Overlooked-Challenge-for-Life-on-Mars.pdf


190 of 231 
190 

Ballard, E., Melchers, W.J., Zoll, J., Brown, A.J., Verweij, P.E. and Warris, A., 2018. In-host 

microevolution of Aspergillus fumigatus: A phenotypic and genotypic analysis. Fungal Genetics 

and Biology, 113, pp.1-13. 

Batbander, K., 2020, A Barn Swallow in Flight, Wikimedia Commons 

 

Baugh, R.F., 2017. Murky Water: Cyanobacteria, BMAA and ALS. Journal of Neurological 

Research and Therapy, 2(1), p.34. 

 

Beatty, J.T., Overmann, J., Lince, M.T., Manske, A.K., Lang, A.S., Blankenship, R.E., Van 

Dover, C.L., Martinson, T.A. and Plumley, F.G., 2005. An obligately photosynthetic bacterial 

anaerobe from a deep-sea hydrothermal vent. Proceedings of the National Academy of 

Sciences, 102(26), pp.9306-9310. 

 

Beauchamp, P., 2012. Assessment of planetary protection and contamination control 

technologies for future planetary science missions 

.  

Belbruno, E., 2018. Capture dynamics and chaotic motions in celestial mechanics: With 

applications to the construction of low energy transfers. Princeton University Press. 

Benner, S. and Davies, P. , 2010,  ‘Towards a Theory of Life’, in Impey, C., Lunine, J. and 

Funes, J. eds., Frontiers of astrobiology. Cambridge University Press. 

 
Bianciardi, G., Miller, J.D., Straat, P.A. and Levin, G.V., 2012. Complexity analysis of the Viking 
labelled release experiments. International Journal of Aeronautical and Space Sciences, 13(1), 
pp.14-26. 
 
Billi, D., Staibano, C., Verseux, C., Fagliarone, C., Mosca, C., Baqué, M., Rabbow, E. and 

Rettberg, P., 2019a. Dried biofilms of desert strains of Chroococcidiopsis survived prolonged 

exposure to space and Mars-like conditions in low Earth orbit. Astrobiology, 19(8), pp.1008-

1017. 

Our results suggest that bacteria might indeed survive on Mars if shielded from UV, for 

instance by martian dust, since it is known that a few millimeters of soil is enough for UV 

protection (Mancinelli and Klovstad, 2000; Cockell and Raven, 2004). In view of the 

resistance of desert strain of Chroococcidiopsis to ionizing radiation (Billi et al., 2000; 

Verseux et al., 2017), the exposure in LEO to a total dose of 0.5 Gy of ionizing radiation 

did not affect biofilm survival. Hence, based on the dose of 76 mGy/year measured by 

the Curiosity rover at Gale Crater’s surface (Hassler et al., 2013), dried biofilms would 

survive on Mars more than half a decade. In addition, since the UV dose received in 

LEO corresponds to approximately 8 h under a Mars UV flux at the equator (Cockell et 

al., 2000), the speculated biofilm survival supports the possible dissemination of viable 

organisms. If carried, for instance, by winds at 5 m/sec (Gomez-Elvira et al., 2014) with 

the average flux mentioned above, they could travel more than 100km without dying. 

However, other factors found on Mars need to be taken into account so as to reduce the 

planetary protection risk, such as the presence of perchlorates that have been shown to 

be highly damaging to life (Wadsworth and Cockell, 2017) 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5883321/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5883321/
https://commons.wikimedia.org/wiki/File:A_Barn_Swallow_in_Flight_(50505960682).jpg
https://openaccesspub.org/jnrt/article/592
https://www.pnas.org/doi/10.1073/pnas.0503674102
https://www.pnas.org/doi/10.1073/pnas.0503674102
https://web.archive.org/web/20170808152222/https:/solarsystem.nasa.gov/docs/PPCCTECHREPORT3.pdf
https://web.archive.org/web/20170808152222/https:/solarsystem.nasa.gov/docs/PPCCTECHREPORT3.pdf
https://press.princeton.edu/books/hardcover/9780691094809/capture-dynamics-and-chaotic-motions-in-celestial-mechanics
https://press.princeton.edu/books/hardcover/9780691094809/capture-dynamics-and-chaotic-motions-in-celestial-mechanics
https://books.google.co.uk/books?id=OscgAwAAQBAJ&pg=PA27#v=onepage&q&f=false
http://central.oak.go.kr/repository/journal/11315/HGJHC0_2012_v13n1_14.pdf
http://central.oak.go.kr/repository/journal/11315/HGJHC0_2012_v13n1_14.pdf
https://www.researchgate.net/profile/Cyprien-Verseux/publication/331027480_Dried_Biofilms_of_Desert_Strains_of_Chroococcidiopsis_Survived_Prolonged_Exposure_to_Space_and_Mars-like_Conditions_in_Low_Earth_Orbit/links/5ee9e56d299bf1faac5c948f/Dried-Biofilms-of-Desert-Strains-of-Chroococcidiopsis-Survived-Prolonged-Exposure-to-Space-and-Mars-like-Conditions-in-Low-Earth-Orbit.pdf
https://www.researchgate.net/profile/Cyprien-Verseux/publication/331027480_Dried_Biofilms_of_Desert_Strains_of_Chroococcidiopsis_Survived_Prolonged_Exposure_to_Space_and_Mars-like_Conditions_in_Low_Earth_Orbit/links/5ee9e56d299bf1faac5c948f/Dried-Biofilms-of-Desert-Strains-of-Chroococcidiopsis-Survived-Prolonged-Exposure-to-Space-and-Mars-like-Conditions-in-Low-Earth-Orbit.pdf


191 of 231 
191 

 

Billi, D., Verseux, C., Fagliarone, C., Napoli, A., Baqué, M. and de Vera, J.P., 2019b. A desert 

cyanobacterium under simulated Mars-like conditions in low Earth orbit: implications for the 

habitability of Mars. Astrobiology, 19(2), pp.158-169. 

In this experiment, survival of the Chroococcidiopsis strain occurred only with those cells 

that were mixed with martian regolith simulant and plated as thin layers (about 15–

30 μm, corresponding to 4–5 cell layers).  

… Our finding suggests that a putative microbial life-form at least as resistant to 

desiccation and radiation as the investigated desert cyanobacterium could withstand 

some exposure to UV on the martian surface. 

… Our findings support the hypothesis that opportunistic colonization of protected niches 

on Mars, such as in fissures, cracks, and microcaves in rocks or soil, could have 

enabled life to remain viable while being transported to a new habitat 

Billi, D., Viaggiu, E., Cockell, C.S., Rabbow, E., Horneck, G. and Onofri, S., 2011. Damage 

escape and repair in dried Chroococcidiopsis spp. from hot and cold deserts exposed to 

simulated space and Martian conditions. Astrobiology, 11(1), pp.65-73. 

 

The survival of dried cells of strain CCMEE 123 when exposed to 21 days of simulated 

martian conditions further supports the employment of hot desert strains of 

Chroococcidiopsis in future approaches to mimic endolithic martian exposure. It was 

previously reported that the survival of dried cells of Chroococcidiopsis sp. CCMEE 029 

(Negev Desert) under simulant martian soil or gneiss was not affected by a 4 h exposure 

to unattenuated martian UV flux. This shows that in theory such organisms could survive 

or even grow on Mars or Mars-like planets if they had a source of water and nutrients; 

thus they could be active in such environments (Cockell et al., 2005) 

 

Birnbach, I., 1997. Newly Imposed Limitations on Citizens' Right to Sue for Standing in a 

Procedural Rights Case. Fordham Envtl. LJ, 9, p.311. 

 

Blackmond, D.G., 2019. The origin of biological homochirality. Cold Spring Harbor perspectives 

in biology, 11(3), p.a032540. 

 

Blakeslee, S., 2004. The CRAAP test. Loex Quarterly, 31(3), p.4.  

 

Blankenship, R.E., Tiede, D.M., Barber, J., Brudvig, G.W., Fleming, G., Ghirardi, M., Gunner, 

M.R., Junge, W., Kramer, D.M., Melis, A. and Moore, T.A., 2011. Comparing photosynthetic and 

photovoltaic efficiencies and recognizing the potential for improvement. science, 332(6031), 

pp.805-809. 

 

https://www.researchgate.net/profile/Daniela-Billi/publication/331027480_Dried_Biofilms_of_Desert_Strains_of_Chroococcidiopsis_Survived_Prolonged_Exposure_to_Space_and_Mars-like_Conditions_in_Low_Earth_Orbit/links/5ca21364a6fdcc1ab5ba0613/Dried-Biofilms-of-Desert-Strains-of-Chroococcidiopsis-Survived-Prolonged-Exposure-to-Space-and-Mars-like-Conditions-in-Low-Earth-Orbit.pdf
https://www.researchgate.net/profile/Daniela-Billi/publication/331027480_Dried_Biofilms_of_Desert_Strains_of_Chroococcidiopsis_Survived_Prolonged_Exposure_to_Space_and_Mars-like_Conditions_in_Low_Earth_Orbit/links/5ca21364a6fdcc1ab5ba0613/Dried-Biofilms-of-Desert-Strains-of-Chroococcidiopsis-Survived-Prolonged-Exposure-to-Space-and-Mars-like-Conditions-in-Low-Earth-Orbit.pdf
https://www.researchgate.net/profile/Daniela-Billi/publication/331027480_Dried_Biofilms_of_Desert_Strains_of_Chroococcidiopsis_Survived_Prolonged_Exposure_to_Space_and_Mars-like_Conditions_in_Low_Earth_Orbit/links/5ca21364a6fdcc1ab5ba0613/Dried-Biofilms-of-Desert-Strains-of-Chroococcidiopsis-Survived-Prolonged-Exposure-to-Space-and-Mars-like-Conditions-in-Low-Earth-Orbit.pdf
https://www.researchgate.net/profile/Charles-Cockell/publication/49810974_Damage_Escape_and_Repair_in_Dried_Chroococcidiopsis_spp_from_Hot_and_Cold_Deserts_Exposed_to_Simulated_Space_and_Martian_Conditions/links/0c960530543245cde9000000/Damage-Escape-and-Repair-in-Dried-Chroococcidiopsis-spp-from-Hot-and-Cold-Deserts-Exposed-to-Simulated-Space-and-Martian-Conditions.pdf
https://www.researchgate.net/profile/Charles-Cockell/publication/49810974_Damage_Escape_and_Repair_in_Dried_Chroococcidiopsis_spp_from_Hot_and_Cold_Deserts_Exposed_to_Simulated_Space_and_Martian_Conditions/links/0c960530543245cde9000000/Damage-Escape-and-Repair-in-Dried-Chroococcidiopsis-spp-from-Hot-and-Cold-Deserts-Exposed-to-Simulated-Space-and-Martian-Conditions.pdf
https://www.researchgate.net/profile/Charles-Cockell/publication/49810974_Damage_Escape_and_Repair_in_Dried_Chroococcidiopsis_spp_from_Hot_and_Cold_Deserts_Exposed_to_Simulated_Space_and_Martian_Conditions/links/0c960530543245cde9000000/Damage-Escape-and-Repair-in-Dried-Chroococcidiopsis-spp-from-Hot-and-Cold-Deserts-Exposed-to-Simulated-Space-and-Martian-Conditions.pdf
https://ir.lawnet.fordham.edu/cgi/viewcontent.cgi?referer=&httpsredir=1&article=1496&context=elr
https://ir.lawnet.fordham.edu/cgi/viewcontent.cgi?referer=&httpsredir=1&article=1496&context=elr
https://cshperspectives.cshlp.org/content/11/3/a032540.full
https://commons.emich.edu/cgi/viewcontent.cgi?article=1009&context=loexquarterly
https://www.researchgate.net/profile/Richard_Sayre/publication/51120946_Comparing_Photosynthetic_and_Photovoltaic_Efficiencies_and_Recognizing_the_Potential_for_Improvement/links/00463517eb44cd0891000000.pdf
https://www.researchgate.net/profile/Richard_Sayre/publication/51120946_Comparing_Photosynthetic_and_Photovoltaic_Efficiencies_and_Recognizing_the_Potential_for_Improvement/links/00463517eb44cd0891000000.pdf


192 of 231 
192 

Boeder, P.A. and Soares, C.E., 2020. Mars 2020: mission, science objectives and build. In 

Systems Contamination: Prediction, Control, and Performance 2020 (Vol. 11489, p. 1148903). 

International Society for Optics and Photonics 

 

Bohannon, J., 2010. Mirror-image cells could transform science-or kill us all. Wired 

 

Borges, W.D.S., Borges, K.B., Bonato, P.S., Said, S. and Pupo, M.T., 2009. Endophytic fungi: 

natural products, enzymes and biotransformation reactions. Current Organic Chemistry, 13(12), 

pp.1137-1163. 

 

Borojeni, I.A., Gajewski, G. and Riahi, R.A., 2022. Application of Electrospun Nonwoven Fibers 

in Air Filters. Fibers, 10(2), p.15. 

 

Boston, P.J., Hose, L.D., Northup, D.E. and Spilde, M.N., 2006. The microbial communities of 

sulfur caves: a newly appreciated geologically driven system on Earth and potential model for 

Mars. 

 

Boston, P.J., 2010. Location, location, location! Lava caves on Mars for habitat, resources, and 

the search for life. Journal of Cosmology, 12, pp.3957-3979. 

 

Boxe, C.S., Hand, K.P., Nealson, K.H., Yung, Y.L. and Saiz-Lopez, A., 2012. An active nitrogen 

cycle on Mars sufficient to support a subsurface biosphere. International Journal of 

Astrobiology, 11(2), pp.109-115. 

 

Boyle, A., 2016, Where does Jeff Bezos foresee putting space colonists? Inside O’Neill 

cylinders, Geek wire. Video transcription from 12:40 into the interview. 

 

 

 

Boyle, R., Rodriggs, L.M., Allton, C., Jennings, M. and Aitchison, L.T., 2013. Suitport feasibility-

human pressurized space suit donning tests with the marman clamp and pneumatic flipper 

suitport concepts. In 43rd International Conference on Environmental Systems (p. 3399). 

 

Brazil, R., 2015, The origin of homochirality, Chemistry World. 

 

Bristow, L.A., Mohr, W., Ahmerkamp, S. and Kuypers, M.M., 2017. Nutrients that limit growth in 

the ocean. Current Biology, 27(11), pp.R474-R478. 

 

Brown, G.D., Denning, D.W., Gow, N.A., Levitz, S.M., Netea, M.G. and White, T.C., 2012. 

Hidden killers: human fungal infections. Science translational medicine, 4(165), pp.165rv13-

165rv13. 

 

Brown, T., n.d. Apple Search  

 

https://www.researchgate.net/publication/343915302_Mars_2020_mission_science_objectives_and_build
https://www.researchgate.net/publication/343915302_Mars_2020_mission_science_objectives_and_build
https://web.archive.org/web/20151124042506/https:/www.wired.com/2010/11/ff_mirrorlife/
https://www.researchgate.net/profile/Warley_Borges/publication/233633077_Endophytic_Fungi_Natural_Products_Enzymes_and_Biotransformation_Reactions/links/550e1dbb0cf2ac2905aac539.pdf
https://www.researchgate.net/profile/Warley_Borges/publication/233633077_Endophytic_Fungi_Natural_Products_Enzymes_and_Biotransformation_Reactions/links/550e1dbb0cf2ac2905aac539.pdf
https://www.mdpi.com/2079-6439/10/2/15/pdf?version=1644317375
https://www.mdpi.com/2079-6439/10/2/15/pdf?version=1644317375
https://www.researchgate.net/publication/279870866_The_microbial_communities_of_sulfur_caves_A_newly_appreciated_geologically_driven_system_on_Earth_and_potential_model_for_Mars
https://www.researchgate.net/publication/279870866_The_microbial_communities_of_sulfur_caves_A_newly_appreciated_geologically_driven_system_on_Earth_and_potential_model_for_Mars
https://www.researchgate.net/publication/279870866_The_microbial_communities_of_sulfur_caves_A_newly_appreciated_geologically_driven_system_on_Earth_and_potential_model_for_Mars
https://web.archive.org/web/20101129032534/http:/journalofcosmology.com/Mars130.html
https://web.archive.org/web/20101129032534/http:/journalofcosmology.com/Mars130.html
https://authors.library.caltech.edu/30213/1/Boxe2012p17592Int_J_Astrobiol.pdf
https://authors.library.caltech.edu/30213/1/Boxe2012p17592Int_J_Astrobiol.pdf
https://www.geekwire.com/2016/jeff-bezos-space-colonies-oneill/
https://www.geekwire.com/2016/jeff-bezos-space-colonies-oneill/
https://youtu.be/VNwE3sRWxHw?t=760
https://core.ac.uk/download/pdf/42736689.pdf
https://core.ac.uk/download/pdf/42736689.pdf
https://core.ac.uk/download/pdf/42736689.pdf
https://www.chemistryworld.com/features/the-origin-of-homochirality/9073.article
https://www.sciencedirect.com/science/article/pii/S0960982217303287
https://www.sciencedirect.com/science/article/pii/S0960982217303287
https://knowthecause.com/wp-content/uploads/2015/09/Brown10121FungiGHiddenKillers.pdf
https://applesearch.org/newsletter.html


193 of 231 
193 

Brüggemann, H., Bäumer, S., Fricke, W.F., Wiezer, A., Liesegang, H., Decker, I., Herzberg, C., 

Martinez-Arias, R., Merkl, R., Henne, A. and Gottschalk, G., 2003. The genome sequence of 

Clostridium tetani, the causative agent of tetanus disease. Proceedings of the National 

Academy of Sciences, 100(3), pp.1316-1321. 

 

The origin of pE88 remains unclear. Over 50% of all ORFs on pE88 are unique to C. 

tetani.  

 

 BS, 2009, BS EN 1822-1:2009 High efficiency air filters (EPA, HEPA and ULPA), Part 1: 

Classification, performance testing, marking 

 

C4 Rice, n.d., The C-4 rice project. 

 

Cabrol, N.A., 2018. The coevolution of life and environment on Mars: an ecosystem perspective 

on the robotic exploration of biosignatures. 

 

Preliminary results (e.g., Phillips et al., 2017) show that, to be effective and diag  

nostic, the orbital resolution of a visible imager should reach *1 cm/pixel to resolve fine-

scaled geomorphic features in microbialites, spring mounds, and salt habitats, which is 

beyond the recommendation of *10–15 cm/pixel for a future orbital visible imager (e.g., 

MEPAG NEX-SAG Report, 2015). HiRISE and a future orbiter with *10–15 cm/pixel 

resolution could identify bulk geomorphic features that are consistent with a potential 

habitat (e.g., Suosaari et al., 2016), but might still not be diagnostic for many of them 

(e.g., Allen and Oehler, 2008) unless data sets can be improved through new super-

resolution techniques (e.g., Tao and Muller, 2016). 

 

Campanale, C., Massarelli, C., Savino, I., Locaputo, V. and Uricchio, V.F., 2020. A detailed 

review study on potential effects of microplastics and additives of concern on human health. 

International Journal of Environmental Research and Public Health, 17(4), p.1212. 

 

Caron, L., Douady, D., de Martino, A. and Quinet, M., 2001. Light harvesting in brown algae. 

Cah Biol Mar, 42, pp.109-124. 

 

Carrier, B.L., Beaty, D.W., Meyer, M.A., Blank, J.G., Chou, L., DasSarma, S., Des Marais, 

D.J., Eigenbrode, J.L., Grefenstette, N., Lanza, N.L. and Schuerger, A.C., 2020. Mars 

Extant Life: What's Next? Conference Report. (html)  

 

Carter, J., 2022, Why this Ceres mission could change the search for alien life 

 

Castillo-Rogez, J., and Brophy, J., 2022, Ceres Exploration of Ceres' habitability 

 

Cecere, E., Petrocelli, A. and Verlaque, M., 2011. Vegetative reproduction by multicellular 

propagules in Rhodophyta: an overview. Marine Ecology, 32(4), pp.419-437. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC298770/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC298770/
http://www.gttlab.com/uploads/soft/161025/EN1822-1-2009Highefficiencyairfilters(EPA,HEPAandULPA)Part1Classification,performance.pdf
http://www.gttlab.com/uploads/soft/161025/EN1822-1-2009Highefficiencyairfilters(EPA,HEPAandULPA)Part1Classification,performance.pdf
https://c4rice.com/the-science/engineering-photosynthesis-what-we-are-doing/
https://www.liebertpub.com/doi/pdf/10.1089/ast.2017.1756
https://www.liebertpub.com/doi/pdf/10.1089/ast.2017.1756
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7068600/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7068600/
http://www.vliz.be/imisdocs/publications/289162.pdf
https://www.liebertpub.com/doi/pdfplus/10.1089/ast.2020.2237
https://www.liebertpub.com/doi/pdfplus/10.1089/ast.2020.2237
https://www.liebertpub.com/doi/10.1089/ast.2020.2237
https://www.planetary.org/articles/ceres-sample-return-mission-alien-life
https://science.nasa.gov/science-red/s3fs-public/atoms/files/Exploration%20of%20Ceres%20Habitability.pdf?fbclid=IwAR3u1ws2Atwm_ZdQa1VIXKvdJ0dlaKTBYtbmvTC4P1VdAeGTqTfoFrFIrnM
https://d1wqtxts1xzle7.cloudfront.net/51137109/Vegetative_reproduction_by_multicellular20161231-29593-yau2q6.pdf?1483254010=&response-content-disposition=inline%3B+filename%3DVegetative_reproduction_by_multicellular.pdf&Expires=1614959639&Signature=A-9PiSVqRCkdtmTidDurz4Y2EZeFCLv3sD7S9REndyla-~tnC0Epg2abz5Brv8ycScZbsM9YYYBploNQkgnypZt-6afnZB-5JQbpQi14z60dKBZz7ysu4phZ3gPOpTq-al959S2U6HlAVD8gISKdxIzDYoE3BHYGzmyc9ZgZO0PJZSfoe74IyJIyuw9s7xgLPrwtEzWvf2mYPamkdKoqenG8B-QG5wEg3pX7-xQEBfjsFG2FvulWqAtYo6JP66obbKRN366ltOjW670koyuobHNNQ5jrv6B51A-6iukbB7azTAPk2uvSOMICM0LREnTf0Jd1rAL-6VcLJml4rioZ1A__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://d1wqtxts1xzle7.cloudfront.net/51137109/Vegetative_reproduction_by_multicellular20161231-29593-yau2q6.pdf?1483254010=&response-content-disposition=inline%3B+filename%3DVegetative_reproduction_by_multicellular.pdf&Expires=1614959639&Signature=A-9PiSVqRCkdtmTidDurz4Y2EZeFCLv3sD7S9REndyla-~tnC0Epg2abz5Brv8ycScZbsM9YYYBploNQkgnypZt-6afnZB-5JQbpQi14z60dKBZz7ysu4phZ3gPOpTq-al959S2U6HlAVD8gISKdxIzDYoE3BHYGzmyc9ZgZO0PJZSfoe74IyJIyuw9s7xgLPrwtEzWvf2mYPamkdKoqenG8B-QG5wEg3pX7-xQEBfjsFG2FvulWqAtYo6JP66obbKRN366ltOjW670koyuobHNNQ5jrv6B51A-6iukbB7azTAPk2uvSOMICM0LREnTf0Jd1rAL-6VcLJml4rioZ1A__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA


194 of 231 
194 

Center for Advanced Materials, n.d., In situ resource utilization – Lunar Solar Cell 

Manufacturing, University of Houston 

 

Chang, E., 2015, Mars Is Pretty Clean. Her Job at NASA Is to Keep It That Way. 

 

Chappaz, L., Sood, R., Melosh, H.J., Howell, K.C., Blair, D.M., Milbury, C. and Zuber, M.T., 

2017. Evidence of large empty lava tubes on the Moon using GRAIL gravity. Geophysical 

Research Letters, 44(1), pp.105-112. 

 

Chávez, R., Fierro, F., García-Rico, R.O. and Vaca, I., 2015. Filamentous fungi from extreme 

environments as a promising source of novel bioactive secondary metabolites. Frontiers in 

Microbiology, 6, p.903. 

 

Chevrier, V.F., Rivera-Valentín, E.G., Soto, A. and Altheide, T.S., 2020. Global Temporal and 

Geographic Stability of Brines on Present-day Mars. The Planetary Science Journal, 1(3), p.64. 

Clark, R.A., 2010. Skin-resident T cells: the ups and downs of on site immunity. Journal of 

Investigative Dermatology, 130(2), pp.362-370Clark, S., 2018, NOAA’s new GOES-17 weather 

satellite has degraded vision at night 

 

Cleland, C.E., 2019. The Quest for a Universal Theory of Life: Searching for Life as we don't 

know it (Vol. 11). Cambridge University Press. 

 

Cockell, C.S., 2008. The Interplanetary Exchange of Photosynthesis. Origins of Life and 

Evolution of Biospheres, 38(1), pp.87-104. 

 

Cockell, C.S., 2014. Trajectories of Martian habitability. Astrobiology, 14(2), pp.182-203. 

 

Cortesão, M., Fuchs, F.M., Commichau, F.M., Eichenberger, P., Schuerger, A.C., Nicholson, 

W.L., Setlow, P. and Moeller, R., 2019. Bacillus subtilis spore resistance to simulated Mars 

surface conditions. Frontiers in microbiology, 10, p.333. 

 

Cortesão, M., Siems, K., Koch, S., Beblo-Vranesevic, K., Rabbow, E., Berger, T., Lane, M., 

James, L., Johnson, P., Waters, S.M. and Verma, S.D., 2021. MARSBOx: fungal and bacterial 

endurance from a balloon-flown analog mission in the stratosphere. Frontiers in Microbiology, 

12, p.601713. 

 

Fungal spores of Aspergillus niger and bacterial cells of Salinisphaera shabanensis, 

Staphylococcus capitis subsp. capitis, and Buttiauxella sp. MASE-IM-9 were launched 

inside the MARSBOx (Microbes in Atmosphere for Radiation, Survival, and Biological 

Outcomes Experiment) payload filled with an artificial martian atmosphere and pressure 

throughout the mission profile. The dried microorganisms were either exposed to full UV-

VIS radiation (UV dose = 1148 kJ m−2) or were shielded from radiation. After the 5-h 

https://web.archive.org/web/20100622143653/http:/www.cam.uh.edu/SpaRC/ISRU%202p%20v1%20022007.pdf
https://web.archive.org/web/20100622143653/http:/www.cam.uh.edu/SpaRC/ISRU%202p%20v1%20022007.pdf
https://www.nytimes.com/2015/10/06/science/mars-catharine-conley-nasa-planetary-protection-officer.html
https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1002/2016GL071588
https://www.frontiersin.org/articles/10.3389/fmicb.2015.00903/full
https://www.frontiersin.org/articles/10.3389/fmicb.2015.00903/full
https://iopscience.iop.org/article/10.3847/PSJ/abbc14/pdf
https://iopscience.iop.org/article/10.3847/PSJ/abbc14/pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2922675/
https://spaceflightnow.com/2018/05/23/noaas-new-goes-17-weather-satellite-has-degraded-vision-at-night/
https://spaceflightnow.com/2018/05/23/noaas-new-goes-17-weather-satellite-has-degraded-vision-at-night/
https://books.google.co.uk/books?id=eqCsDwAAQBAJ
https://books.google.co.uk/books?id=eqCsDwAAQBAJ
https://www.researchgate.net/profile/Charles_Cockell/publication/5937888_The_Interplanetary_Exchange_of_Photosynthesis/links/0c960530632bf30e20000000.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3929387/
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00333/full
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00333/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.601713/full
https://www.frontiersin.org/articles/10.3389/fmicb.2021.601713/full


195 of 231 
195 

stratospheric exposure, samples were assayed for survival and metabolic changes. 

Spores from the fungus A. niger and cells from the Gram-(–) bacterium S. shabanensis 

were the most resistant with a 2- and 4-log reduction, respectively. 

 

The fungus Aspergillus niger and the bacterium Staphylococcus capitis subsp. capitis 

were included in this study because they are human-associated and opportunistic 

pathogens, and have both been previously detected on the International Space Station 

(ISS). Thus, they are likely to travel to Mars in crewed space missions …. Moreover, 

spores from A. niger might resist space travel on the outside of a spacecraft; therefore, 

understanding their survival potential in a Mars-like environment is of interest to 

planetary protection. 

Council on Environmental Quality, 2007. A citizen’s guide to the NEPA: Having your voice 

heard. 

 

Congressional Research Service, 2021, National Environmental Policy Act: Judicial Review and 

Remedies 

 
Conley, °C (2016), interviewed by Straus, M., for National Geographic, Going to Mars Could 

Mess Up the Hunt for Alien Life.  

 

From the perspective of planetary protection, Conley is also concerned about terrestrial 

organisms that can absorb water from the air. She recalls fieldwork she did in the 

Atacama Desert in Chile, which is one of the driest places on Earth, with less than 0.04 

inch of rain a year. 

 

Even in this dessicated place, she found life: photosynthetic bacteria that had made a 

home in tiny chambers within halite salt crystals. There’s a small amount of water 

retained inside the halite and, at night, it cools down and condenses both on the walls of 

the chambers and on the surface of the organisms that are sitting there. 

 

Comolli, L.R., Baker, B.J., Downing, K.H., Siegerist, C.E. and Banfield, J.F., 2009. Three-

dimensional analysis of the structure and ecology of a novel, ultra-small archaeon. The ISME 

journal, 3(2), pp.159-167. 

 

Cornelius, A.J., Chambers, S., Aitken, J., Brandt, S.M., Horn, B. and On, S.L., 2012. 

Epsilonproteobacteria in humans, New Zealand. Emerging infectious diseases, 18(3), p.510. 

 

COSPAR, 2011. COSPAR Planetary Protection Policy, 20 October 2002, as amended 

to 24 March 2011, COSPAR/IAU Workshop on Planetary Protection. 

Cowen, L.E., Sanglard, D., Howard, S.J., Rogers, P.D. and Perlin, D.S., 2015. Mechanisms of 

antifungal drug resistance. Cold Spring Harbor perspectives in medicine, 5(7), p.a019752 

 

https://ceq.doe.gov/docs/get-involved/Citizens_Guide_Dec07.pdf
https://ceq.doe.gov/docs/get-involved/Citizens_Guide_Dec07.pdf
https://crsreports.congress.gov/product/pdf/IF/IF11932
https://crsreports.congress.gov/product/pdf/IF/IF11932
http://news.nationalgeographic.com/2016/09/mars-journey-nasa-alien-life-protection-humans-planets-space/
http://news.nationalgeographic.com/2016/09/mars-journey-nasa-alien-life-protection-humans-planets-space/
https://www.nature.com/articles/ismej200899
https://www.nature.com/articles/ismej200899
https://wwwnc.cdc.gov/eid/article/18/3/11-0875_article
http://www.physics.rutgers.edu/~ajbaker/honors292/COSPAR_Planetary_Protection_Policy_v3-24-11.pdf
http://www.physics.rutgers.edu/~ajbaker/honors292/COSPAR_Planetary_Protection_Policy_v3-24-11.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4484955/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4484955/


196 of 231 
196 

Cox, P.A., Banack, S.A., Murch, S.J., Rasmussen, U., Tien, G., Bidigare, R.R., Metcalf, J.S., Morrison, 

L.F., Codd, G.A. and Bergman, B., 2005. Diverse taxa of cyanobacteria produce β-N-methylamino-L-

alanine, a neurotoxic amino acid. Proceedings of the National Academy of Sciences, 102(14), pp.5074-

5078.  

 

Craven, E., Winters, M., Smith, A.L., Lalime, E., Mancinelli, R., Shirey, B., Schubert, W., 

Schuerger, A., Burgin, M., Seto, E.P. and Hendry, M., 2021. Biological safety in the context of 

backward planetary protection and Mars Sample Return: conclusions from the Sterilization Working 

Group. International Journal of Astrobiology, 20(1), pp.1-28. 

Cronin, J.R. and Pizzarello, S., 1983. Amino acids in meteorites. Advances in Space Research, 

3(9), pp.5-18. 

 

Daga, A.W., Allen, C., Battler, M.M., Burke, J.D., Crawford, I.A., Léveillé, R.J., Simon, S.B. and 

Tan, L.T., 2009, November. Lunar and martian lava tube exploration as part of an overall 

scientific survey. In Annual Meeting of the Lunar Exploration Analysis Group (Vol. 1515, p. 15). 

 

Dance, A., 2020, The search for microbial dark matter, Nature 

 

Daubar, I.J., Atwood‐Stone, C., Byrne, S., McEwen, A.S. and Russell, P.S., 2014. The 

morphology of small fresh craters on Mars and the Moon. Journal of Geophysical Research: 

Planets, 119(12), pp.2620-2639. 

David, L., 2015, Q&A with Chris McKay, Senior Scientist at NASA Ames Research Center, 

SpaceNews  

 

Davies, P., 2014, The key to life on Mars may well be found in Chile, The Guardian 

 

Davila, A.F., Skidmore, M., Fairén, A.G., Cockell, C. and Schulze-Makuch, D., 2010. New 

priorities in the robotic exploration of Mars: the case for in situ search for extant life. 

Astrobiology, 10(7), pp.705-710  

 

Davila, A.F., Willson, D., Coates, J.D. and McKay, C.P., 2013. Perchlorate on Mars: a chemical 

hazard and a resource for humans. Int. J. Astrobiol, 12(04), pp.321-325.  

 

Davis, J., 2018, Liquid water found beneath the surface of Mars, Natural History Museum,  

The conditions in the lake are expected to be extreme. To stay liquid beneath more than a 

kilometre of ice, it is likely that the water is hypersaline (very salty). Usually this would 

make it difficult for life to exist – but it's not beyond the realms of possibility. 

Dr David Williams, a Researcher of Diatoms at the Museum, says 'Yes, technically tiny 

life forms such as diatoms and cyanobacteria could survive in these environments. But 

that is not the question we should be asking. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC555964/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC555964/
https://web.archive.org/web/20210224111553id_/https:/www.cambridge.org/core/services/aop-cambridge-core/content/view/B541CA22933846952EC723FD2514B6F4/S1473550420000397a.pdf/div-class-title-biological-safety-in-the-context-of-backward-planetary-protection-and-mars-sample-return-conclusions-from-the-sterilization-working-group-div.pdf
https://web.archive.org/web/20210224111553id_/https:/www.cambridge.org/core/services/aop-cambridge-core/content/view/B541CA22933846952EC723FD2514B6F4/S1473550420000397a.pdf/div-class-title-biological-safety-in-the-context-of-backward-planetary-protection-and-mars-sample-return-conclusions-from-the-sterilization-working-group-div.pdf
https://web.archive.org/web/20210224111553id_/https:/www.cambridge.org/core/services/aop-cambridge-core/content/view/B541CA22933846952EC723FD2514B6F4/S1473550420000397a.pdf/div-class-title-biological-safety-in-the-context-of-backward-planetary-protection-and-mars-sample-return-conclusions-from-the-sterilization-working-group-div.pdf
https://pubmed.ncbi.nlm.nih.gov/11542462/
https://www.lpi.usra.edu/decadal/leag/AndrewWDagaFINAL.pdf
https://www.lpi.usra.edu/decadal/leag/AndrewWDagaFINAL.pdf
https://www.nature.com/articles/d41586-020-01684-z
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/2014JE004671
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1002/2014JE004671
https://spacenews.com/qa-with-chris-mckay-senior-scientist-at-nasa-ames-research-center/
https://www.theguardian.com/commentisfree/2012/aug/03/life-mars-chile
http://online.liebertpub.com/doi/abs/10.1089/ast.2010.0538?journalCode=ast
http://online.liebertpub.com/doi/abs/10.1089/ast.2010.0538?journalCode=ast
https://www.researchgate.net/publication/242525435_Perchlorate_on_Mars_A_chemical_hazard_and_a_resource_for_humans
https://www.researchgate.net/publication/242525435_Perchlorate_on_Mars_A_chemical_hazard_and_a_resource_for_humans
https://www.nhm.ac.uk/discover/news/2018/july/liquid-water-found-beneath-the-surface-of-mars.html
http://www.nhm.ac.uk/our-science/departments-and-staff/staff-directory/david-williams.html


197 of 231 
197 

'A more interesting question is whether we would know what we're looking at, even if we 

did find something in the lake. Would we even be able to identify it as life, if it originated 

on Mars itself?'  

Debus, A., 2004, April. Planetary Protection: Organisation, Requirements and Needs for Future 

Planetary Exploration Missions. In Tools and Technologies for Future Planetary Exploration 

(Vol. 543, pp. 103-114).  

Dehel, T., 2022. 

• Comment posted May 4th 

• Comment posted December 13th 

 

Deighton B., 2016, Life could exist on Mars today, bacteria tests show, Horizon, EU research 

and Innovation Magazine  

Demaneuf, G., 2020. The Good, the Bad and the Ugly: a review of SARS Lab Escapes 

Desroches, T.C., McMullin, D.R. and Miller, J.D., 2014. Extrolites of Wallemia sebi, a very 

common fungus in the built environment. Indoor air, 24(5), pp.533-542. 

 

de Vera, J.P., Schulze-Makuch, D., Khan, A., Lorek, A., Koncz, A., Möhlmann, D. and Spohn, 

T., 2014. Adaptation of an Antarctic lichen to Martian niche conditions can occur within 34 days. 

Planetary and Space Science, 98, pp.182-190. 

 

De Vera, J.P., Alawi, M., Backhaus, T., Baqué, M., Billi, D., Böttger, U., Berger, T., Bohmeier, 

M., Cockell, C., Demets, R. and De la Torre Noetzel, R., 2019. Limits of life and the habitability 

of Mars: the ESA space experiment BIOMEX on the ISS. Astrobiology, 19(2), pp.145-157. 

 

Dickson, M. n.d. Requiem for a Cliché 

 

Dinan, F.J. and Yee, G.T., 2007. An adventure in stereochemistry: Alice in mirror image land. 

New York: National Center for Case Study Teaching in Science, University at Buffalo, State 

University of New York. 

 

DiGregorio, B., 2022. 

• Comment posted April 28th 

• Comment posted May 7th [with attachment with detailed proposal] 

• Comment posted December 5th 

Doyle, A., 2014, Mapping Amino Acids to Understand Life's Origins, NASA Astrobiology 

magazine. 

http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?db_key=AST&bibcode=2004ESASP.543..103D&letter=0&classic=YES&defaultprint=YES&whole_paper=YES&page=105&epage=105&send=Send+PDF&filetype=.pdf
http://articles.adsabs.harvard.edu/cgi-bin/nph-iarticle_query?db_key=AST&bibcode=2004ESASP.543..103D&letter=0&classic=YES&defaultprint=YES&whole_paper=YES&page=105&epage=105&send=Send+PDF&filetype=.pdf
https://www.regulations.gov/comment/NASA-2022-0002-0058
https://www.regulations.gov/comment/NASA-2022-0002-0237
https://ec.europa.eu/research-and-innovation/en/horizon-magazine/life-could-exist-mars-today-bacteria-tests-show
file:///C:/Users/rober/Downloads/GBU_article-2.pdf
https://onlinelibrary.wiley.com/doi/pdf/10.1111/ina.12100
https://onlinelibrary.wiley.com/doi/pdf/10.1111/ina.12100
https://core.ac.uk/download/pdf/31019036.pdf
https://www.liebertpub.com/doi/pdf/10.1089/ast.2018.1897
https://www.liebertpub.com/doi/pdf/10.1089/ast.2018.1897
https://diseasesofmodernlife.web.ox.ac.uk/article/requiem-for-a-cliche
https://static.nsta.org/case_study_docs/case_studies/alice.pdf
https://www.regulations.gov/comment/NASA-2022-0002-0005
https://www.regulations.gov/comment/NASA-2022-0002-0173
https://www.regulations.gov/comment/NASA-2022-0002-0227
https://www.astrobio.net/origin-and-evolution-of-life/mapping-amino-acids-to-understand-lifes-origins/


198 of 231 
198 

Doytchinov, V.V. and Dimov, S.G., 2022. Microbial community composition of the Antarctic 

ecosystems: Review of the bacteria, fungi, and archaea identified through an NGS-based 

metagenomics approach. Life, 12(6), p.916. 

Dwyer, C., 2020, Everest Gets A Growth Spurt As China, Nepal Revise Official Elevation 

Upward, NPR 

 

Elleman, D., 2014, Path to Discovery 

Emerson, J.B., Adams, R.I., Román, C.M.B., Brooks, B., Coil, D.A., Dahlhausen, K., Ganz, 

H.H., Hartmann, E.M., Hsu, T., Justice, N.B. and Paulino-Lima, I.G., 2017. Schrödinger’s 

microbes: tools for distinguishing the living from the dead in microbial 

ecosystems. Microbiome, 5(1), pp.1-23. 

 

EMW, ISO 29463 - New test standard for HEPA Filters At: https://www.emw.de/en/filter-

campus/iso29463.html Accessed on 7 July 2020 

 

Engineering ToolBox, 2003. Young's Modulus - Tensile and Yield Strength for common 

Materials [online]. 

 

In 1998 EN 1822 came into effect. This was the first standard, which established a filter 

classification system for HEPA filters based on filtration process theory. EN 1822 also 

introduced the evaluation criterion MPPS (Most Penetrating Particle Size). MPPS is the 

particle size at which the air filter has its lowest arrestance. Not just a whim of nature, 

MPPS relates directly to physical mechanisms in the filtration process. 

The U.S. takes a different approach for filter classification of HEPA filters. The mother of 

all test procedures for these filters in the U.S. is MIL-STD-282, which was introduced in 

1956. Other test procedures include e.g. IEST-RP-CC001 and IEST-RP-CC007. Each test 

procedure specifies certain particle sizes at which efficiency is evaluated. Depending on 

the filter class evaluated, this is done at 0.3 µm, 0.1 - 0.2 µm or 0.2 - 0.3 µm. 

Eninger, R.M., Honda, T., Reponen, T., McKay, R. and Grinshpun, S.A., 2008. What does 

respirator certification tell us about filtration of ultrafine particles?. Journal of occupational and 

environmental hygiene, 5(5), pp.286-295. 

EPA, 2022, Comment Submitted by the United States Environmental Protection Agency, 

December 7th, 2022 

EPA, n.d., Partnering with International Organizations 

Erwin, D.H. and Davidson, E.H., 2002. The last common bilaterian ancestor. 

 

ESA, n.d., Life Marker Chip 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9228076/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9228076/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9228076/
https://www.npr.org/2020/12/08/944152693/everest-gets-a-growth-spurt-as-china-nepal-revise-official-elevation-upward
https://www.npr.org/2020/12/08/944152693/everest-gets-a-growth-spurt-as-china-nepal-revise-official-elevation-upward
file:///C:/Users/rober/Documents/booklets/autorecovered/hou.usra.edu/meetings/ipm2016/pdf/4095.pdf
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-017-0285-3
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-017-0285-3
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-017-0285-3
https://phys.org/news/2015-10-nasa-reveals-apollo-lunar-samples.html
https://phys.org/news/2015-10-nasa-reveals-apollo-lunar-samples.html
https://www.emw.de/en/filter-campus/iso29463.html
https://www.emw.de/en/filter-campus/iso29463.html
https://www.emw.de/en/filter-campus/iso29463.html
https://www.engineeringtoolbox.com/young-modulus-d_417.html
https://www.engineeringtoolbox.com/young-modulus-d_417.html
https://www.engineeringtoolbox.com/young-modulus-d_417.html
https://www.engineeringtoolbox.com/young-modulus-d_417.html
https://www.emw.de/en/filter-campus/filter-classes.html
https://www.emw.de/en/filter-campus/filter-classes.html
https://www.emw.de/en/products/hepa-air-filters/
https://www.emw.de/en/products/hepa-air-filters/
https://www.emw.de/en/filter-campus/theory-of-particle-filtration.html
https://www.emw.de/en/filter-campus/theory-of-particle-filtration.html
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6800048/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6800048/
https://www.regulations.gov/comment/NASA-2022-0002-0235
https://www.regulations.gov/comment/NASA-2022-0002-0235
https://www.epa.gov/international-cooperation/partnering-international-organizations
https://authors.library.caltech.edu/12099/1/ERWdev02.pdf
http://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/Exploration/Life_marker_chip


199 of 231 
199 

Eshleman, C., 2008. Lectures on the Ice-Age Painted Caves of Southwestern France. Interval 

(le) s, pp.11-2. 

 

 

Lascaux was discovered on September 12 th , 1940, primarily by 17 year old Marcel 

Ravidat and 15 year old Jacques Marsal, both of whom—Marsal especially—became 

the caretakers and guides of Lascaux. Several days earlier, Ravidat and other friends 

had discovered a hole created by a toppled juniper. The boys dropped some stones into 

the hole and heard them hit far below. On the 12th , Ravidat returned with Marsal, 

equipped with a lamp made from an old oil-pump, and a big knife. He widened the hole 

so that he could squirm in five or six yards, at which point he tumbled to the cave’s floor 

into what is now known as the Rotunda. With Marsal and two other boys he explored the 

cave and discovered the paintings. 

 

For many years a story was told in which it was said that Lascaux was discovered by 

Ravidat’s dog, Robot. There is some basis for this, as during the first trip Ravidat had 

been drawn to the toppled pine hole by the barking of Robot who had become entangled 

in its brambly overgrowth. However, it appears that Robot was not around when the 

boys went down through the hole. 

 

 

EU, 2001, Directive 2001/42/EC of the European Parliament and of the Council of 27 June 2001 

on the assessment of the effects of certain plans and programmes on the environment 

Everline, C., 2022. Comment posted December 20th  

 

Feldman, D.M. and Nichols, K.A., n.d. NEPA’s Scientific and Information Standards—Taking the 
Harder Look  
 
Fischer, E., Martinez, G., Elliott, H.M., Borlina, C. and Renno, N.O., 2013, December. The 

Michigan Mars Environmental Chamber: Preliminary Results and Capabilities. In AGU Fall 

Meeting Abstracts (Vol. 2013, pp. P41C-1928). 

 

Fishbaugh, K.E., Poulet, F., Chevrier, V., Langevin, Y. and Bibring, J.P., 2007. On the origin of 

gypsum in the Mars north polar region. Journal of Geophysical Research: Planets, 112(E7).  

 

Fischer, E., Martínez, G.M., Elliott, H.M. and Rennó, N.O., 2014. Experimental evidence for the 

formation of liquid saline water on Mars. Geophysical research letters, 41(13), pp.4456-4462. 

 

Foing, B., 2005, Peaks of Eternal Light, NASA astrobiology magazine.  

 

Frantseva, K., Mueller, M., ten Kate, I.L., van der Tak, F.F. and Greenstreet, S., 2018. Delivery 

of organics to Mars through asteroid and comet impacts. Icarus, 309, pp.125-133. 

 

http://labos.ulg.ac.be/cipa/wp-content/uploads/sites/22/2015/07/25_eshleman.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32001L0042&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32001L0042&from=EN
https://www.regulations.gov/comment/NASA-2022-0002-0253
https://www.hollandhart.com/files/66008_RMMLF-NEPA_s-Scientific-and-Information-Standards--Taking.pdf
https://www.hollandhart.com/files/66008_RMMLF-NEPA_s-Scientific-and-Information-Standards--Taking.pdf
https://www.researchgate.net/publication/283504377_The_Michigan_Mars_Environmental_Chamber_Preliminary_Results_and_Capabilities
https://www.researchgate.net/publication/283504377_The_Michigan_Mars_Environmental_Chamber_Preliminary_Results_and_Capabilities
https://www.researchgate.net/publication/283504377_The_Michigan_Mars_Environmental_Chamber_Preliminary_Results_and_Capabilities
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2006JE002862
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2006JE002862
https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1002/2014GL060302
https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1002/2014GL060302
https://web.archive.org/web/20140903154604/http:/www.astrobio.net/news-exclusive/peaks-of-eternal-light/
https://arxiv.org/pdf/1803.03270.pdf
https://arxiv.org/pdf/1803.03270.pdf


200 of 231 
200 

Franz, H.B., Mahaffy, P.R., Webster, C.R., Flesch, G.J., Raaen, E., Freissinet, C., Atreya, S.K., 

House, C.H., McAdam, A.C., Knudson, C.A. and Archer, P.D., 2020. Indigenous and exogenous 

organics and surface–atmosphere cycling inferred from carbon and oxygen isotopes at Gale 

crater. Nature Astronomy, 4(5), pp.526-532. 

 

Fraser, C.I., Terauds, A., Smellie, J., Convey, P. and Chown, S.L., 2014. Geothermal activity 

helps life survive glacial cycles. Proceedings of the National Academy of Sciences, 111(15), 

pp.5634-5639. Press release Volcanoes provided ice-age refuge for Antarctic biodiversity 

G 

 

Galletta, G., Bertoloni, G. and D'Alessandro, M., 2010. Bacterial survival in Martian conditions. 

arXiv preprint arXiv:1002.4077. 

 

Gannon, R., 1962. Life in a Germfree World. Popular Science, 90. 

 

Gaskin, J.A., Jerman, G., Gregory, D. and Sampson, A.R., 2012, March. Miniature variable 

pressure scanning electron microscope for in-situ imaging & chemical analysis. In Aerospace 

Conference, 2012 IEEE (pp. 1-10). IEEE. 

 

Georgiou, C.D., Zisimopoulos, D., Kalaitzopoulou, E. and Quinn, R.C., 2017. Radiation-driven 

formation of reactive oxygen species in oxychlorine-containing Mars surface analogues. 

Astrobiology, 17(4), pp.319-336. 

 

Gernhardt, M.L. and Abercromby, A.F., 2008. Health and safety benefits of small pressurized 

suitport rovers as EVA surface support vehicles. 

 

Ghuneim, L.A.J., Jones, D.L., Golyshin, P.N. and Golyshina, O.V., 2018. Nano-sized and 

filterable bacteria and archaea: biodiversity and function. Frontiers in microbiology, 9, p.1971. 

See section Selective Pressures for Small Size 

 

Gilvarry, J.J., 1964a. The possibility of a pristine lunar life. Journal of Theoretical Biology, 6(3), 

pp.325-346. 

 

Gilvarry, J.J., 1964b. The possibility of a primordial lunar life. in Mamikunian, G. and Briggs, 

M.H. eds., 2013. Current aspects of exobiology. Elsevier. 

 

Glass, J.I., Assad-Garcia, N., Alperovich, N., Yooseph, S., Lewis, M.R., Maruf, M., Hutchison III, 

C.A., Smith, H.O. and Venter, J.C., 2006. Essential genes of a minimal bacterium. Proceedings 

of the National Academy of Sciences, 103(2), pp.425-430. 

 

Gleiser, M., Thorarinson, J. and Walker, S.I., 2008. Punctuated chirality. Origins of Life and 

Evolution of Biospheres, 38(6), pp.499-508. 

 

http://www-personal.umich.edu/~atreya/Articles/indigenous.pdf
http://www-personal.umich.edu/~atreya/Articles/indigenous.pdf
http://www-personal.umich.edu/~atreya/Articles/indigenous.pdf
https://www.pnas.org/content/111/15/5634#T1
https://www.pnas.org/content/111/15/5634#T1
https://www.antarctica.gov.au/magazine/issue-26-june-2014/science/volcanoes-provided-ice-age-refuge-for-antarctic-biodiversity/
https://www.antarctica.gov.au/magazine/issue-26-june-2014/science/volcanoes-provided-ice-age-refuge-for-antarctic-biodiversity/
https://arxiv.org/abs/1002.4077
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3477854/#f122
https://ieeexplore.ieee.org/abstract/document/6187064/
https://ieeexplore.ieee.org/abstract/document/6187064/
https://www.researchgate.net/profile/Christos-Georgiou-6/publication/316354998_Radiation-Driven_Formation_of_Reactive_Oxygen_Species_in_Oxychlorine-Containing_Mars_Surface_Analogues/links/592adae70f7e9b9979a9558e/Radiation-Driven-Formation-of-Reactive-Oxygen-Species-in-Oxychlorine-Containing-Mars-Surface-Analogues.pdf
https://www.researchgate.net/profile/Christos-Georgiou-6/publication/316354998_Radiation-Driven_Formation_of_Reactive_Oxygen_Species_in_Oxychlorine-Containing_Mars_Surface_Analogues/links/592adae70f7e9b9979a9558e/Radiation-Driven-Formation-of-Reactive-Oxygen-Species-in-Oxychlorine-Containing-Mars-Surface-Analogues.pdf
https://web.archive.org/web/20100213221815/http:/ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20080014281_2008013625.pdf
https://web.archive.org/web/20100213221815/http:/ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20080014281_2008013625.pdf
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01971/full
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01971/full
https://www.sciencedirect.com/science/article/abs/pii/0022519364900517
https://books.google.co.uk/books?hl=en&lr=&id=t8zYBAAAQBAJ&oi=fnd&pg=PA179
https://www.pnas.org/doi/full/10.1073/pnas.0510013103
https://arxiv.org/pdf/0802.1446.pdf


201 of 231 
201 

Glenister, C. and Cameron, B., 2021. Paleoenvironmental Reconstruction of Glaciovolcanism in 

the Cascades of the Pacific Northwest: Implications of Potential Habitable Environments on 

Mars. In Proceedings of the Wisconsin Space Conference (Vol. 1, No. 1). 

 

Goetz, W., Brinckerhoff, W.B., Arevalo, R., Freissinet, C., Getty, S., Glavin, D.P., Siljeström, S., 

Buch, A., Stalport, F., Grubisic, A. and Li, X., 2016. MOMA: the challenge to search for organics 

and biosignatures on Mars. International Journal of Astrobiology, 15(3), pp.239-250 

 

Gordon, E., Mouz, N., Duee, E. and Dideberg, O., 2000. The crystal structure of the penicillin-

binding protein 2x from Streptococcus pneumoniae and its acyl-enzyme form: implication in 

drug resistance. Journal of molecular biology, 299(2), pp.477-485. 

 

Gough, R.V., Rapin, W., Martínez, G.M., Meslin, P.Y., Gasnault, O., Schröder, S. and Wiens, 

R.C., 2020, March. Possible Detection of Water Frost by the Curiosity Rover. In Lunar and 

Planetary Science Conference (No. 2326, p. 2205).  

 

Graham, J., 1993. Risk in perespective: The legacy of one in a million. Harvard Center for Risk 

Analysis, Risk Perspective, 1, pp.1-2. 

 

Greenberg, R. and Tufts, B.R., 2001. Macroscope: Infecting Other Worlds. American Scientist, 

89(4), pp.296-299. 

Gronstall, A., 2014, Liquid Water from Ice and Salt on Mars, NASA astrobiology magazine. 

 

Gros, C., 2016. Developing ecospheres on transiently habitable planets: the genesis project. 

Astrophysics and Space Science, 361(10), p.324. 

 

Hales, T.C., 1998. An overview of the Kepler conjecture. arXiv preprint math/9811071 

 

Hales, T., Adams, M., Bauer, G., Dang, T.D., Harrison, J., Le Truong, H., Kaliszyk, C., Magron, 

V., McLaughlin, S., Nguyen, T.T. and Nguyen, Q.T., 2017. A formal proof of the Kepler 

conjecture. In Forum of mathematics, Pi (Vol. 5). Cambridge University Press. 

 

Hamilton, C.W., Fagents, S.A. and Wilson, L., 2010. Explosive lava‐water interactions in 

Elysium Planitia, Mars: Geologic and thermodynamic constraints on the formation of the 

Tartarus Colles cone groups. Journal of Geophysical Research: Planets, 115(E9). 

Hancock, R.E. and Diamond, G., 2000. The role of cationic antimicrobial peptides in 

innate host defences. Trends in microbiology, 8(9), pp.402-410. 

Hancock, R.E. and Sahl, H.G., 2006. Antimicrobial and host-defense peptides as new 

anti-infective therapeutic strategies. Nature biotechnology, 24(12), pp.1551-1557. 

file:///C:/Users/rober/Downloads/353-1303-1-PB.pdf
file:///C:/Users/rober/Downloads/353-1303-1-PB.pdf
file:///C:/Users/rober/Downloads/353-1303-1-PB.pdf
https://www.researchgate.net/publication/305311049_MOMA_The_challenge_to_search_for_organics_and_biosignatures_on_Mars
https://www.researchgate.net/publication/305311049_MOMA_The_challenge_to_search_for_organics_and_biosignatures_on_Mars
https://www.sciencedirect.com/science/article/pii/S0022283600937409
https://www.sciencedirect.com/science/article/pii/S0022283600937409
https://www.sciencedirect.com/science/article/pii/S0022283600937409
https://www.hou.usra.edu/meetings/lpsc2020/pdf/2205.pdf
https://cdn1.sph.harvard.edu/wp-content/uploads/sites/1273/2013/06/The-Legacy-of-One-in-a-Million-March-1993.pdf
https://www.jstor.org/stable/27857494
https://www.astrobio.net/mars/liquid-water-ice-salt-mars/
https://link.springer.com/article/10.1007/s10509-016-2911-0
https://arxiv.org/pdf/math/9811071.pdf
https://www.cambridge.org/core/services/aop-cambridge-core/content/view/78FBD5E1A3D1BCCB8E0D5B0C463C9FBC/S2050508617000014a.pdf/a-formal-proof-of-the-kepler-conjecture.pdf
https://www.cambridge.org/core/services/aop-cambridge-core/content/view/78FBD5E1A3D1BCCB8E0D5B0C463C9FBC/S2050508617000014a.pdf/a-formal-proof-of-the-kepler-conjecture.pdf
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2009JE003546
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2009JE003546
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2009JE003546
http://www.cmdr.ubc.ca/bobh/wp-content/uploads/2016/10/227.-Hancock-2000.pdf
http://www.cmdr.ubc.ca/bobh/wp-content/uploads/2016/10/227.-Hancock-2000.pdf
http://www.personal.psu.edu/kck11/blogs/bmb_498a_antibiotics_development_and_resistance/320_2006_NatureBiotech_24_p1551.pdf
http://www.personal.psu.edu/kck11/blogs/bmb_498a_antibiotics_development_and_resistance/320_2006_NatureBiotech_24_p1551.pdf


202 of 231 
202 

Harris, D.R., Pollock, S.V., Wood, E.A., Goiffon, R.J., Klingele, A.J., Cabot, E.L., Schackwitz, 

W., Martin, J., Eggington, J., Durfee, T.J. and Middle, C.M., 2009. Directed evolution of ionizing 

radiation resistance in Escherichia coli. Journal of bacteriology, 191(16), pp.5240-5252. 

 

QUOTE We also examined the recovery of genomic DNA from CB1000 and CB2000 

after exposure to 5,000 Gy of 137Cs (7.8 Gy/min) and compared this with the fate of 

genomic DNA in the founder strain. The acquired phenotype was evident in this 

experiment (Fig. (Fig.5).5). The DNA from the founder did not recover after this dose of 

radiation over a 9-hour time course. Even the fragmented DNA appeared to disappear 

with time, probably reflecting nuclease degradation. No growth of the irradiated cell 

culture was evident over a period of 9 h. In contrast, the genomic DNAs from CB1000 

and CB2000 were repaired, with the normal NotI banding pattern clearly visible in the 

pulsed-field gel after 2 hours in both cases. Visible genome restoration appeared to peak 

after 3 to 4 h. The increase in genomic DNA was not due to growth of undamaged 

survivors. No increase in bacterial cell mass was evident in the cultures until 8 h and 5 h 

for CB1000 and CB2000, respectively. These results indicate that the genomic DNA was 

repaired well before the initiation of normal genome replication and cell division. 

 

QUOTE One single colony isolate was taken from each of these populations, generating 

purified strains designated CB2000, CB3000, and CB4000. The founder, like other E. 

coli K-12 strains, is quite sensitive to IR; exposure to 3,000 Gy gamma radiation (60Co; 

19 Gy/min) reduced the viability 4 orders of magnitude compared to that of the 

unirradiated culture (Fig. (Fig.2).2). The D37 value [37% survival] for CB1000 was 1,100 

Gy, whereas the D37 value for CB2000 and CB3000 was 2,000 Gy—approximately 

threefold less than the D37 value measured for actively growing cultures of Deinococcus 

radiodurans R1 (41). The D37 value for the founder was 730 Gy. Higher doses of IR 

revealed a major improvement in resistance. CB1000, CB2000, and CB3000 exhibited 

1,500- to 4,500-fold increases in survival relative to the founder after exposure to 3,000 

Gy (Fig. (Fig.2).2). CB4000 was approximately 10-fold less radioresistant than the other 

isolates. 

 

QUOTE 20 iterative cycles of irradiation and outgrowth. The length of each exposure 

was adjusted to kill >99% of the population, with this dose increasing from 2,000 Gy for 

the first cycle to 10,000 Gy on the last cycle 

 

Hartmann, W.K. and Daubar, I.J., 2017. Martian cratering 11. Utilizing decameter scale crater 

populations to study Martian history. Meteoritics & Planetary Science, 52(3), pp.493-510. 

Hassler, D.M., Zeitlin, C., Wimmer-Schweingruber, R.F., Ehresmann, B., Rafkin, S., 

Eigenbrode, J.L., Brinza, D.E., Weigle, G., Böttcher, S., Böhm, E. and Burmeister, S., 2014. 

Mars’ surface radiation environment measured with the Mars Science Laboratory’s Curiosity 

rover. science, 343(6169). 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2725583/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2725583/
https://onlinelibrary.wiley.com/doi/full/10.1111/maps.12807
https://onlinelibrary.wiley.com/doi/full/10.1111/maps.12807
https://authors.library.caltech.edu/42648/1/RAD_Surface_Results_paper_SCIENCE_12nov13_FINAL.pdf
https://authors.library.caltech.edu/42648/1/RAD_Surface_Results_paper_SCIENCE_12nov13_FINAL.pdf


203 of 231 
203 

Head, J.N., Melosh, H.J. and Ivanov, B.A., 2002. Martian meteorite launch: High-speed ejecta 

from small craters. Science, 298(5599), pp.1752-1756. 

Page 1355: Nishiizumi et al. (1986) found that all cosmogenic nuclide data indicate that 

the shergottites were ejected from>3 m depth. This conclusion was supported by Reedy 

(1989) stating that the Shergottite-Nakhdite-Chassignite group meteorites (SNCs), 

especially the shergottites, must have been buried >5 m in any previous parent object 

(corresponding to a shielding depth of >I500 glcm²) 

 

Heim, N.A., Payne, J.L., Finnegan, S., Knope, M.L., Kowalewski, M., Lyons, S.K., McShea, 

D.W., Novack-Gottshall, P.M., Smith, F.A. and Wang, S.C., 2017. Hierarchical complexity and 

the size limits of life. Proceedings of the Royal Society B: Biological Sciences, 284(1857), 

p.20171039. 

 

Heinz, P., Geslin*, E. and Hemleben, C., 2005. Laboratory observations of benthic foraminiferal 

cysts. Marine Biology Research, 1(2), pp.149-159. 

 

Hendrickson, R., Urbaniak, C., Minich, J.J., Aronson, H.S., Martino, C., Stepanauskas, R., 

Knight, R. and Venkateswaran, K., 2021. Clean room microbiome complexity impacts planetary 

protection bioburden. Microbiome, 9(1), pp.1-17. 

 

Hendrix, A.R. and Yung, Y.L., 2017. Energy Options for Future Humans on Titan. arXiv preprint 

arXiv:1707.00365. 

 

Heppenheimer, T.A., 1977. Colonies in Space.  

 

 

 

Hoff, B., Thomson, G. and Graham, K., 2007. Ontario: Neurotoxic cyanobacterium (blue-green 

alga) toxicosis in Ontario. The Canadian Veterinary Journal, 48(2), p.147. 

 

Hogle, J.M., 2002. Poliovirus cell entry: common structural themes in viral cell entry pathways. 

Annual Reviews in Microbiology, 56(1), pp.677-702. 

Holson, D.A.. 2015, Ackee Fruit Toxicity, Medscape - Emergency medicine 

 

Holtcamp, W., 2012. The emerging science of BMAA: do cyanobacteria contribute to neurodegenerative 

disease?. Environmental health perspectives, 120(3), pp.a110-a116.  

 

Horvath, D.G., Moitra, P., Hamilton, C.W., Craddock, R.A. and Andrews-Hanna, J.C., 2021. 

Evidence for geologically recent explosive volcanism in Elysium Planitia, Mars. Icarus, 365, 

p.114499. 

 

Stratigraphic relationships indicate a relative age younger than the surrounding volcanic 

plains and the Zunil impact crater (~0.1–1 Ma), with crater counting suggesting an 

https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1945-5100.2002.tb01033.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1945-5100.2002.tb01033.x
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2017.1039
https://royalsocietypublishing.org/doi/full/10.1098/rspb.2017.1039
https://www.researchgate.net/profile/Emmanuelle_Geslin/publication/235927029_Laboratory_observations_of_benthic_foraminiferal_cysts/links/55cb13f208aeca747d6a0083/Laboratory-observations-of-benthic-foraminiferal-cysts.pdf
https://www.researchgate.net/profile/Emmanuelle_Geslin/publication/235927029_Laboratory_observations_of_benthic_foraminiferal_cysts/links/55cb13f208aeca747d6a0083/Laboratory-observations-of-benthic-foraminiferal-cysts.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8643001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8643001/
https://arxiv.org/ftp/arxiv/papers/1707/1707.00365.pdf
https://space.nss.org/colonies-in-space-chapter-2-our-life-in-space/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1780230/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1780230/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1500891/
https://emedicine.medscape.com/article/1008792-overview
https://ehp.niehs.nih.gov/doi/full/10.1289/ehp.120-a110
https://ehp.niehs.nih.gov/doi/full/10.1289/ehp.120-a110
https://arxiv.org/ftp/arxiv/papers/2011/2011.05956.pdf


204 of 231 
204 

absolute model age of 53 to 210 ka. This young age implies that if this deposit is of 

volcanic origin then the Cerberus Fossae region may not be extinct and Mars may still 

be volcanically active today.  

 

… 

Dike-induced melting of ground ice and hydrothermal circulation could generate 

favorable conditions for recent or even extant habitable environments in the subsurface. 

These environments would be analogous to locations on Earth where volcanic activity 

occurs in glacial environments such as Iceland, where chemotrophic and psychrophilic 

(i.e., cryophilic) bacteria thrive (Cousins & Crawford, 2011). 

 

 

Houtkooper, J.M. and Schulze-Makuch, D., 2006. A possible biogenic origin for hydrogen 

peroxide on Mars: the Viking results reinterpreted. arXiv preprint physics/0610093. 

 

Horne, W.H., Volpe, R.P., Korza, G., DePratti, S., Conze, I.H., Shuryak, I., Grebenc, T., 

Matrosova, V.Y., Gaidamakova, E.K., Tkavc, R. and Sharma, A., 2022. Effects of Desiccation 

and Freezing on Microbial Ionizing Radiation Survivability: Considerations for Mars Sample 

Return. Astrobiology. 

Hoshika, S., Leal, N.A., Kim, M.J., Kim, M.S., Karalkar, N.B., Kim, H.J., Bates, A.M., Watkins, 

N.E., SantaLucia, H.A., Meyer, A.J. and DasGupta, S., 2019. Hachimoji DNA and RNA: A 

genetic system with eight building blocks. Science, 363(6429), pp.884-887 

 

Hoyt, R.P. and Uphoff, C., 2000. Cislunar tether transport system. Journal of Spacecraft and 

Rockets, 37(2), pp.177-186.  

 

Huesing, J., Sutherland, O., Geelen, K., Vijendran, S., Alves, J., Edwards Jr, C.D., Muirhead, 

B.K., Lock, R.E., Nicholas, A.K., Umland, J.W. and Nairouz, B., 2019. Engineering the Earth 

Return Orbiter Concept for a potential Mars Sample Return Campaign. LPICo, 2089, p.6347. ) 

 

Hussein, H.S. and Brasel, J.M., 2001. Toxicity, metabolism, and impact of mycotoxins on 

humans and animals. Toxicology, 167(2), pp.101-134. 

 

The worldwide contamination of foods and feeds with mycotoxins is a significant 

problem. Mycotoxins are secondary metabolites of molds that have adverse effects on 

humans, animals, and crops that result in illnesses and economic losses. 

 

Aflatoxins, ochratoxins, trichothecenes, zearelenone, fumonisins, tremorgenic toxins, 

and ergot alkaloids are the mycotoxins of greatest agro-economic importance. … 

Mycotoxins have various acute and chronic effects on humans and animals (especially 

monogastrics) depending on species and susceptibility of an animal within a species. 

… 

https://arxiv.org/ftp/physics/papers/0610/0610093.pdf
https://arxiv.org/ftp/physics/papers/0610/0610093.pdf
https://www.liebertpub.com/doi/pdf/10.1089/AST.2022.0065?fbclid=IwAR3b2cGbAu_2Wu9bFHYTfUblARsZRIkFExalSwY5gSMDa2ubEGei7uNPobc
https://www.liebertpub.com/doi/pdf/10.1089/AST.2022.0065?fbclid=IwAR3b2cGbAu_2Wu9bFHYTfUblARsZRIkFExalSwY5gSMDa2ubEGei7uNPobc
https://www.liebertpub.com/doi/pdf/10.1089/AST.2022.0065?fbclid=IwAR3b2cGbAu_2Wu9bFHYTfUblARsZRIkFExalSwY5gSMDa2ubEGei7uNPobc
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6413494/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6413494/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6413494/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6413494/
http://www.niac.usra.edu/files/studies/final_report/7Hoyt.pdf
https://www.hou.usra.edu/meetings/ninthmars2019/pdf/6347.pdf
https://www.hou.usra.edu/meetings/ninthmars2019/pdf/6347.pdf
http://higiene.unex.es/bibliogr/micotoxi/T1000101.pdf
http://higiene.unex.es/bibliogr/micotoxi/T1000101.pdf


205 of 231 
205 

Mycotoxins are secondary metabolites that have no biochemical significance in fungal 

growth and development 

 

These toxins account for millions of dollars annually in losses world-wide in human 

health, animal health, and condemned agricultural products. 

 

Huwe, B., Fiedler, A., Moritz, S., Rabbow, E., de Vera, J.P. and Joshi, J., 2019. Mosses in low 

Earth orbit: implications for the limits of life and the habitability of Mars. Astrobiology, 19(2), 

pp.221-232 

 

Inmarsat, 2013, Successful launch confirmed for Inmarsat’s first Global Xpress satellite 

(Inmarsat-5 F1) 

 

Jakosky, B., Amato, M., Atreya, S., Des Marais, D., Mahaffy, P., Mumma, M., Tolbert, M., Toon, 

B., Webster, C. and Zurek, R., 2021. Scientific value of returning an atmospheric sample from 

Mars. Bulletin of the AAS, 53(4). 

 

Jankovic, J., 2004. Botulinum toxin in clinical practice. Journal of Neurology, Neurosurgery & 

Psychiatry, 75(7), pp.951-957. 

  

Johansson, M., 2006. Living in Space: A Comparative Study of one Conventional Life Support 

System and two Biological Systems.  

 

Johnson, R.D. and Holbrow, C.H. eds., 1977. Space settlements: A design study (Vol. 413). 

Scientific and Technical Information Office, National Aeronautics and Space Administ 

Page 175: "At all distances out to the orbit of Pluto and beyond, it is possible to 

obtain Earth-normal solar intensity with a concentrating mirror whose mass is small 

compared to that of the habitat.”  

Johnstone, J., 2017, Starling, Wikimedia Commons 

 

Joyce, G.F., 2007. A glimpse of biology's first enzyme. Science, 315(5818), pp.1507-1508. 

 

JPL, 2006, NASA Findings Suggest Jets Bursting From Martian Ice Cap 

 

JPL, 2016, NASA Weighs Use of Rover to Image Potential Mars Water Sites 

Kakoi, M., Howell, K.C. and Folta, D., 2014. Access to Mars from Earth–Moon libration point 

orbits: manifold and direct options. Acta Astronautica, 102, pp.269-286. 

 

Jung, P., Baumann, K., Lehnert, L.W., Samolov, E., Achilles, S., Schermer, M., Wraase, L.M., 

Eckhardt, K.U., Bader, M.Y., Leinweber, P. and Karsten, U., 2020. Desert breath—How fog 

promotes a novel type of soil biocenosis, forming the coastal Atacama Desert’s living skin. 

Geobiology, 18(1), pp.113-124. 

 

https://scholar.google.com/scholar?cluster=10502930596394515836&hl=en&as_sdt=0,5
https://scholar.google.com/scholar?cluster=10502930596394515836&hl=en&as_sdt=0,5
https://www.inmarsat.com/en/news/latest-news/corporate/2013/successful-launch-confirmed-inmarsats-first-global-xpress-satellite-inmarsat-5-f1.html
https://www.inmarsat.com/en/news/latest-news/corporate/2013/successful-launch-confirmed-inmarsats-first-global-xpress-satellite-inmarsat-5-f1.html
https://assets.pubpub.org/fljl7iiz/51617915355905.pdf
https://assets.pubpub.org/fljl7iiz/51617915355905.pdf
https://jnnp.bmj.com/content/75/7/951.share
https://www.diva-portal.org/smash/get/diva2:460979/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:460979/FULLTEXT01.pdf
https://books.google.co.uk/books?id=PGih0tcJb1MC&source=gbs_navlinks_s
https://books.google.co.uk/books?id=PGih0tcJb1MC&pg=PA175&source=gbs_selected_pages&cad=2#v=onepage&q&f=false
https://commons.wikimedia.org/wiki/File:Starling_-_Flickr_-_TrotterFechan.jpg
https://science.sciencemag.org/content/315/5818/1507.full
https://www.jpl.nasa.gov/news/news.php?feature=6542
https://ntrs.nasa.gov/api/citations/20150000152/downloads/20150000152.pdf
https://ntrs.nasa.gov/api/citations/20150000152/downloads/20150000152.pdf
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1111/gbi.12368
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1111/gbi.12368


206 of 231 
206 

Jung, P., Lehnert, L.W., Bendix, J., Lentendu, G., Grube, M., Alfaro, F.D., Del Río, C., Luis, J., 

Van Den Brink, L. and Lakatos, M., 2022. The grit crust: A poly-extremotolerant microbial 

community from the Atacama Desert as a model for astrobiology, Frontiers in Astronomy and 

Space Sciences, p.342. 

Kapoor, G., Saigal, S. and Elongavan, A., 2017. Action and resistance mechanisms of 

antibiotics: A guide for clinicians. Journal of anaesthesiology, clinical pharmacology, 33(3), 

p.300 

 

KEGG, n.d., Metabolic pathways – Chroococcidiopsis thermalis, Kyoto Encyclopedia of Genes 

and Genomes. 

 

 

Kelly, K.E. and Cardon, N.C., 1991. The Myth of 10-6 as a Definition of Acceptable Risk: Or," in 

Hot Pursuit of Superfund's Holy Grail". Environmental Toxicology International, Incorporated. 

 

Kerwick, T.B., 2012. Colonizing Jupiter's Moons: An Assessment of Our Options and 

Alternatives. Journal of the Washington Academy of Sciences, pp.15-26. 

 

Kiang, 2007, The Color of Life, on Earth and on Extrasolar Planets, NASA science briefs 

 

Kim, H.J., Kim, H.N., Raza, H.S., Park, H.B. and Cho, S.O., 2016. An intraoral miniature X-ray 

tube based on carbon nanotubes for dental radiography. Nuclear Engineering and Technology, 

48(3), pp.799-804., 

The dose rate of the X-ray at 3-cm apart from the miniature X-ray tube in air was 

8.19 Gy/min at 0° when the X-ray tube was operated at 50 kV with the emission beam 

current of 140 μA.. 

[This corresponds to 7 watts of power output] 

X-rays are almost perfectly blocked when the thickness of the copper collimator is 3 mm 

 

 

Kim, J.P., Kim, J.H., Kim, J., Lee, S.N. and Park, H.O., 2016. A nanofilter composed of carbon 

nanotube-silver composites for virus removal and antibacterial activity improvement. Journal of 

Environmental Sciences, 42, pp.275-283. 

 

King, G.M., 2015. Carbon monoxide as a metabolic energy source for extremely halophilic 

microbes: implications for microbial activity in Mars regolith. Proceedings of the National 

Academy of Sciences, 112(14), pp.4465-4470. 

 

King, H., n.d., Mohs Hardness Scale, Geology.com 

 

Kirst, H., Formighieri, C. and Melis, A., 2014. Maximizing photosynthetic efficiency and culture 

productivity in cyanobacteria upon minimizing the phycobilisome light-harvesting antenna size. 

Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1837(10), pp.1653-1664. 

 

https://www.frontiersin.org/articles/10.3389/fspas.2022.1052278/full
https://www.frontiersin.org/articles/10.3389/fspas.2022.1052278/full
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5672523/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5672523/
https://www.genome.jp/kegg-bin/show_pathway?cthe01100+Chro_2988
https://www.heartland.org/publications-resources/publications/the-myth-of-10-6-as-a-definition-of-acceptable-risk
https://www.heartland.org/publications-resources/publications/the-myth-of-10-6-as-a-definition-of-acceptable-risk
http://www.environmental-safety.webs.com/Galileo_WaS_Journal.pdf
http://www.environmental-safety.webs.com/Galileo_WaS_Journal.pdf
https://web.archive.org/web/20160118212625/https:/www.giss.nasa.gov/research/briefs/kiang_01/
https://www.sciencedirect.com/science/article/pii/S1738573316000437
https://www.sciencedirect.com/science/article/pii/S1738573316000437
https://www.sciencedirect.com/science/article/abs/pii/S1001074215004180
https://www.sciencedirect.com/science/article/abs/pii/S1001074215004180
https://www.pnas.org/doi/full/10.1073/pnas.1424989112
https://www.pnas.org/doi/full/10.1073/pnas.1424989112
https://geology.com/minerals/mohs-hardness-scale.shtml
https://www.sciencedirect.com/science/article/pii/S0005272814005362
https://www.sciencedirect.com/science/article/pii/S0005272814005362


207 of 231 
207 

Kleidon, A., 2002. Testing the effect of life on Earth's functioning: how Gaian is the Earth 

system?. Climatic Change, 52(4), pp.383-389. 

 

Klingler, J.M., Mancinelli, R.L. and White, M.R., 1989. Biological nitrogen fixation under 

primordial Martian partial pressures of dinitrogen. Advances in Space Research, 9(6), pp.173-

176. 

 

Kminek, G. and Bada, J.L., 2006. The effect of ionizing radiation on the preservation of amino 

acids on Mars. Earth and Planetary Science Letters, 245(1-2), pp.1-5. 

Kminek, G., Benardini, J.N., Brenker, F.E., Brooks, T., Burton, A.S., Dhaniyala, S., Dworkin, 

J.P., Fortman, J.L., Glamoclija, M., Grady, M.M. and Graham, H.V., 2022. COSPAR Sample 

Safety Assessment Framework (SSAF). 

Kok, J.F., 2010. Difference in the wind speeds required for initiation versus continuation of sand 

transport on Mars: Implications for dunes and dust storms. Physical Review Letters, 104(7), 

p.074502. 

 

Korr, M., 2020. Mary Mallon: First Asymptomatic Carrier of Typhoid Fever. Rhode Island 

Medical Journal, 103(4), pp.73-73. 

 

Kosaka, T., Nakajima, Y., Ishii, A., Yamashita, M., Yoshida, S., Murata, M., Kato, K., Shiromaru, 

Y., Kato, S., Kanasaki, Y. and Yoshikawa, H., 2019. Capacity for survival in global warming: 

adaptation of mesophiles to the temperature upper limit. PLoS One, 14(5), p.e0215614. 

 

Kremic, T. and Hunter, G.W., 2021. Long-lived in-Situ solar system explorer (LLISSE) Potential 

Contributions to solar system Exploration. Bulletin of the American Astronomical Society, 53(4), 

p.151. 

 

Krisko, A. and Radman, M., 2013. Biology of extreme radiation resistance: the way of Deinococcus 

radiodurans. Cold Spring Harbor perspectives in biology, 5(7), p.a012765. 

Kronstad, J., Saikia, S., Nielson, E.D., Kretschmer, M., Jung, W., Hu, G., Geddes, J.M., 

Griffiths, E.J., Choi, J., Cadieux, B. and Caza, M., 2012. Adaptation of Cryptococcus 

neoformans to mammalian hosts: integrated regulation of metabolism and virulence. Eukaryotic 

cell, 11(2), pp.109-118. 

Kumar, V., van de Veerdonk, F.L. and Netea, M.G., 2018. Antifungal immune responses: 

emerging host–pathogen interactions and translational implications. Genome medicine, 10(1), 

pp.1-3. 

 

Kun, Á., 2021. Maintenance of Genetic Information in the First Ribocell. Ribozymes, 1, pp.387-

417. 

Kurokawa, H., Kuroda, T., Aoki, S. and Nakagawa, H., 2022. Can we constrain the origin of 

Mars' recurring slope lineae using atmospheric observations?. Icarus, 371, p.114688. 

https://link.springer.com/content/pdf/10.1023/A:1014213811518.pdf
https://link.springer.com/content/pdf/10.1023/A:1014213811518.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11537369
http://www.ncbi.nlm.nih.gov/pubmed/11537369
https://www.researchgate.net/profile/Jeffrey_Bada/publication/222819214_The_effect_of_ionizing_radiation_on_the_preservation_of_amino_acids_on_Mars/links/5c1c0f61299bf12be38eedf5/The-effect-of-ionizing-radiation-on-the-preservation-of-amino-acids-on-Mars.pdf
https://www.researchgate.net/profile/Jeffrey_Bada/publication/222819214_The_effect_of_ionizing_radiation_on_the_preservation_of_amino_acids_on_Mars/links/5c1c0f61299bf12be38eedf5/The-effect-of-ionizing-radiation-on-the-preservation-of-amino-acids-on-Mars.pdf
https://doi.org/10.1089/ast.2022.0017
https://doi.org/10.1089/ast.2022.0017
https://arxiv.org/ftp/arxiv/papers/1002/1002.1346.pdf
https://arxiv.org/ftp/arxiv/papers/1002/1002.1346.pdf
https://search.proquest.com/openview/b536a8e243370d01edfceccee5aab225/1?pq-origsite=gscholar&cbl=24126
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215614#pone-0215614-t001
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0215614#pone-0215614-t001
https://assets.pubpub.org/fhm6bv7l/21617915343249.pdf
https://assets.pubpub.org/fhm6bv7l/21617915343249.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3685888/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3685888/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3272904/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3272904/
https://link.springer.com/article/10.1186/s13073-018-0553-2
https://link.springer.com/article/10.1186/s13073-018-0553-2
http://real.mtak.hu/139999/1/RibozymeBook-AdamKun-05.pdf
https://www.sciencedirect.com/science/article/pii/S0019103521003444
https://www.sciencedirect.com/science/article/pii/S0019103521003444


208 of 231 
208 

 

Lackey, K.A., Williams, J.E., Meehan, C.L., Zachek, J.A., Benda, E.D., Price, W.J., Foster, J.A., 

Sellen, D.W., Kamau-Mbuthia, E.W., Kamundia, E.W. and Mbugua, S., 2019. What's normal? 

Microbiomes in human milk and infant feces are related to each other but vary geographically: 

the INSPIRE study. Frontiers in nutrition, 6, p.45. 

 

Landis, G.A., 2003, January. Colonization of Venus. In AIP conference proceedings (Vol. 654, 

No. 1, pp. 1193-1198). American Institute of Physics.  

 

Latgé, J.P., 1999. Aspergillus fumigatus and aspergillosis. Clinical microbiology reviews, 12(2), 

pp.310-350. 

 

Lederberg, J., 1999a. Paradoxes of the host-parasite relationship. ASM News, 65(12). 

 

Lederberg, J., 1999b. Parasites face a perpetual dilemma. ASM News, 65(2). 

 

Lenardon, M.D., Munro, C.A. and Gow, N.A., 2010. Chitin synthesis and fungal pathogenesis. 

Current opinion in microbiology, 13(4), pp.416-423. 

Lerner, L, 2019, Salt deposits on Mars hold clues to sources of ancient water, University 

of Chicago news. 

Lesage, E., Massol, H., Howell, S.M. and Schmidt, F., 2022. Simulation of Freezing 

Cryomagma Reservoirs in Viscoelastic Ice Shells. The Planetary Science Journal, 3(7), 

p.170.  

Levin, G.V. and Ann Straat, P., 1976. Labeled release—an experiment in radiorespirometry. 

Origins of Life, 7(3), pp.293-311. 

 

Levin, G.V. and Straat, P.A., 2016. The case for extant life on Mars and its possible detection by 

the Viking labelled release experiment. Astrobiology, 16(10), pp.798-810. 

 

Levine, J.S., 2020. Lunar Dust and Its Impact on Human Exploration: Identifying the Problems. 

The Impact of Lunar Dust on Human Exploration, 2141, p.5007. .  

 

Levy, M. and Miller, S.L., 1998. The stability of the RNA bases: implications for the origin of life. 
Proceedings of the National Academy of Sciences, 95(14), pp.7933-7938. 
 

Li, C., Zhang, X., Ye, T., Li, X. and Wang, G., 2022. Protection and Damage Repair 

Mechanisms Contributed To the Survival of Chroococcidiopsis sp. Exposed To a Mars-Like 

Near Space Environment. Microbiology Spectrum, 10(6), pp.e03440-22. 

 

Li, J., Mara, P., Schubotz, F., Sylvan, J.B., Burgaud, G., Klein, F., Beaudoin, D., Wee, S.Y., 

Dick, H.J., Lott, S. and Cox, R., 2020. Recycling and metabolic flexibility dictate life in the lower 

oceanic crust. Nature, 579(7798), pp.250-255. 

https://www.frontiersin.org/articles/10.3389/fnut.2019.00045/full
https://www.frontiersin.org/articles/10.3389/fnut.2019.00045/full
https://www.frontiersin.org/articles/10.3389/fnut.2019.00045/full
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20030022668_2003025525.pdf
https://scholar.google.com/scholar_url?url=http://cmr.asm.org/content/12/2/310.full&hl=en&sa=T&oi=gsb-gga&ct=res&cd=0&ei=0sS-WovXCMK1mAGjh5LQBw&scisig=AAGBfm1LpPRudw3-i5PXvXsD6H1BB4pWpQ
https://profiles.nlm.nih.gov/spotlight/bb/catalog/nlm:nlmuid-101584906X19509-doc
https://profiles.nlm.nih.gov/spotlight/bb/catalog/nlm:nlmuid-101584906X19508-doc
https://www.sciencedirect.com/science/article/pii/S1369527410000639
https://news.uchicago.edu/story/salt-deposits-mars-hold-clues-sources-ancient-water
https://iopscience.iop.org/article/10.3847/PSJ/ac75bf/meta
https://iopscience.iop.org/article/10.3847/PSJ/ac75bf/meta
https://web.archive.org/web/20110925190951/http:/www.gillevin.com:80/Mars/Reprint78-labelrel-files/Reprint78-labrelea.htm
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6445182/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6445182/
https://www.lpi.usra.edu/announcements/artemis/whitepapers/2012.pdf
http://www.pnas.org/content/pnas/95/14/7933.full.pdf
https://journals.asm.org/doi/pdf/10.1128/spectrum.03440-22
https://journals.asm.org/doi/pdf/10.1128/spectrum.03440-22
https://journals.asm.org/doi/pdf/10.1128/spectrum.03440-22
https://par.nsf.gov/servlets/purl/10149187
https://par.nsf.gov/servlets/purl/10149187


209 of 231 
209 

 

Lindensmith, C.A., Rider, S., Bedrossian, M., Wallace, J.K., Serabyn, E., Showalter, G.M., 

Deming, J.W. and Nadeau, J.L., 2016. A submersible, off-axis holographic microscope for 

detection of microbial motility and morphology in aqueous and icy environments. PloS one, 

11(1), p.e0147700. 

 

Lingam, M., 2021. Theoretical constraints imposed by gradient detection and dispersal on 

microbial size in astrobiological environments. Astrobiology, 21(7), pp.813-830. 

 

Lippincott, M., n.d., Solar Thermal Atmospheric Research Station (STARS) Proposals, 1978-

1982 

 

Liston, G.E. and Winther, J.G., 2005. Antarctic surface and subsurface snow and ice melt 

fluxes. Journal of Climate, 18(10), pp.1469-1481. 

Liu, J., Li, B., Wang, Y., Zhang, G., Jiang, X. and Li, X., 2019. Passage and community 

changes of filterable bacteria during microfiltration of a surface water supply. Environment 

international, 131, p.104998 

Liu K., 2016, Dendritic Cells. Encyclopedia of Cell Biology 

Lock, R.E., Bailey, Z.J., Kowalkowski, T.D., Nilsen, E.L. and Mattingly, R.L., 2014, March. Mars 

Sample Return Orbiter Concepts Using Solar Electric Propulsion for the Post-Mars 2020 

Decade. In 2014 IEEE Aerospace Conference (pp. 1-10). IEEE. 

 

Los Angeles Fire Department, 2018, “Smoke alarm saves residents of a Bel Air home” 

 

Łoś, J.M., Łoś, M., Węgrzyn, A. and Węgrzyn, G., 2013. Altruism of Shiga toxin-producing 

Escherichia coli: recent hypothesis versus experimental results. Frontiers in cellular and 

infection microbiology, 2, p.166. 

Although STEC strains produce virulence factors and cause severe symptoms in 

infected humans, they might be assessed as non-classical human pathogens. This is 

because human-to-human transmission of STEC is relatively rare outside of an outbreak 

situation and therefore is probably insufficient to sustain populations of these bacteria 

 

Losiak, A. and Velbel, M.A., 2011. Evaporite formation during weathering of Antarctic 

meteorites––A weathering census analysis based on the ANSMET database. Meteoritics & 

Planetary Science, 46(3), pp.443-458. 

 

Losiak, A., Czechowski, L. and Velbel, M.A., 2014, September. Ice Melting by Radiantly Heated 

Dust Grains on the Martian Northern Pole. In 77th Annual Meeting of the Meteoritical Society 

(Vol. 77, No. 1800, p. 5314). 

 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0147700
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0147700
https://arxiv.org/pdf/2102.05009.pdf
https://arxiv.org/pdf/2102.05009.pdf
https://www.headfullofair.com/post/stars/
https://www.headfullofair.com/post/stars/
https://brage.npolar.no/npolar-xmlui/bitstream/handle/11250/174146/2005%20liston%20JCLIM.pdf?sequence=1
https://brage.npolar.no/npolar-xmlui/bitstream/handle/11250/174146/2005%20liston%20JCLIM.pdf?sequence=1
https://www.sciencedirect.com/science/article/pii/S016041201930772X
https://www.sciencedirect.com/science/article/pii/S016041201930772X
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7148618/
https://www.researchgate.net/profile/Zachary_Bailey/publication/269300438_Mars_Sample_Return_Orbiter_concepts_using_Solar_Electric_Propulsion_for_the_post-Mars2020_decade/links/55955d6708ae21086d206431.pdf
https://www.researchgate.net/profile/Zachary_Bailey/publication/269300438_Mars_Sample_Return_Orbiter_concepts_using_Solar_Electric_Propulsion_for_the_post-Mars2020_decade/links/55955d6708ae21086d206431.pdf
https://www.researchgate.net/profile/Zachary_Bailey/publication/269300438_Mars_Sample_Return_Orbiter_concepts_using_Solar_Electric_Propulsion_for_the_post-Mars2020_decade/links/55955d6708ae21086d206431.pdf
https://www.flickr.com/photos/lafd/40194010602
Łoś,%20J.M.,%20Łoś,%20M.,%20Węgrzyn,%20A.%20and%20Węgrzyn,%20G.,%202013.%20Altruism%20of%20Shiga%20toxin-producing%20Escherichia%20coli:%20recent%20hypothesis%20versus%20experimental%20results.%20Frontiers%20in%20cellular%20and%20infection%20microbiology,%202,%20p.166.
Łoś,%20J.M.,%20Łoś,%20M.,%20Węgrzyn,%20A.%20and%20Węgrzyn,%20G.,%202013.%20Altruism%20of%20Shiga%20toxin-producing%20Escherichia%20coli:%20recent%20hypothesis%20versus%20experimental%20results.%20Frontiers%20in%20cellular%20and%20infection%20microbiology,%202,%20p.166.
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1945-5100.2010.01166.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1945-5100.2010.01166.x
https://www.hou.usra.edu/meetings/metsoc2014/pdf/5314.pdf
https://www.hou.usra.edu/meetings/metsoc2014/pdf/5314.pdf


210 of 231 
210 

Madariaga-Mazón, A., Hernández-Alvarado, R.B., Noriega-Colima, K.O., Osnaya-Hernández, 

A. and Martinez-Mayorga, K., 2019. Toxicity of secondary metabolites. Physical Sciences 

Reviews, 4(12). 

 

Magana-Arachchi, D.N. and Wanigatunge, R.P., 2013. First report of genus Chroococcidiopsis 

(cyanobacteria) from Sri Lanka: a potential threat to human health. Journal of the national 

science foundation of Sri Lanka, 41(1). 

 

Maki, T., Lee, K.C., Kawai, K., Onishi, K., Hong, C.S., Kurosaki, Y., Shinoda, M., Kai, K., 

Iwasaka, Y., Archer, S.D. and Lacap‐Bugler, D.C., 2019. Aeolian dispersal of bacteria 

associated with desert dust and anthropogenic particles over continental and oceanic surfaces. 

Journal of Geophysical Research: Atmospheres, 124(10), pp.5579-5588. 

Mancinelli, R.L., 1993, personal communication with D. Thomas at NASA Ames Research 

center, cited in Thomas, D., 1995, Biological aspects of the ecopoesis and terraformation of 

Mars: Current perspectives and research, Journal of the British Interplanetary Society, vol 48, 

pp 415 – 418, 

“Additional unpublished research revealed nitrogen fixation by a variety of 

microorganisms at pN of 0.2 mbar – the current partial pressure of nitrogen in the Mars 

atmosphere.” 

 

Mann, A., 2012, Almost Being There: Why the Future of Space Exploration Is Not What You 

Think, Wired 

 

Mantel, N. and Bryan, W.R., 1961. “Safety” testing of carcinogenic agents. Journal of the 

National Cancer Institute, 27(2), pp.455-470. 

 

Martínez, J.L., 2012. Natural antibiotic resistance and contamination by antibiotic resistance 

determinants: the two ages in the evolution of resistance to antimicrobials. Frontiers in 

microbiology, 3, p.1. 

 

Martínez, G.M. and Renno, N.O., 2013. Water and brines on Mars: current evidence and 

implications for MSL. Space Science Reviews, 175(1-4), pp.29-51. Section numbers refer to the 

pdf rather than the online html version of the article. 

 

Martín-Torres, F.J., Zorzano, M.P., Valentín-Serrano, P., Harri, A.M., Genzer, M., Kemppinen, 

O., Rivera-Valentin, E.G., Jun, I., Wray, J., Madsen, M.B. and Goetz, W., 2015. Transient liquid 

water and water activity at Gale crater on Mars. Nature Geoscience, 8(5), p.357. Summary:  

"Evidence of liquid water found on Mars (BBC). NASA press release: NASA Mars Rover's 

Weather Data Bolster Case for Brine and University of Copenhagen press release, Mars might 

have liquid water 

 

Mattingly, R, 2010, Mission Concept Study, Planetary Science Decadal Survey, MSR Orbiter 

Mission (Including Mars Returned Sample Handling) 

https://www.researchgate.net/publication/335275132_Toxicity_of_secondary_metabolites/link/5e2b37fc92851c3aadd7bcbf/download
https://scholar.google.com/scholar?cluster=7725054431080211508
https://scholar.google.com/scholar?cluster=7725054431080211508
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018JD029597
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2018JD029597
https://s3.amazonaws.com/academia.edu.documents/5281196/1995_Thomas_48_415-418.pdf?AWSAccessKeyId=AKIAIWOWYYGZ2Y53UL3A&Expires=1522874944&Signature=G4jffUdXqwiHPq6YNKyAxkSWANg%3D&response-content-disposition=inline%3B%20filename%3DBiological_aspects_of_the_ecopoeisis_and.pdf
https://s3.amazonaws.com/academia.edu.documents/5281196/1995_Thomas_48_415-418.pdf?AWSAccessKeyId=AKIAIWOWYYGZ2Y53UL3A&Expires=1522874944&Signature=G4jffUdXqwiHPq6YNKyAxkSWANg%3D&response-content-disposition=inline%3B%20filename%3DBiological_aspects_of_the_ecopoeisis_and.pdf
https://www.wired.com/2012/11/telerobotic-exploration/
https://www.wired.com/2012/11/telerobotic-exploration/
https://academic.oup.com/jnci/article-abstract/27/2/455/907154?redirectedFrom=PDF
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3257838/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3257838/
https://link.springer.com/article/10.1007/s11214-012-9956-3
https://link.springer.com/article/10.1007/s11214-012-9956-3
https://www.nature.com/articles/ngeo2412
https://www.nature.com/articles/ngeo2412
http://www.bbc.co.uk/news/science-environment-32287609
http://www.bbc.co.uk/news/science-environment-32287609
http://www.bbc.co.uk/news/science-environment-32287609
https://www.nasa.gov/jpl/msl/nasa-mars-rovers-weather-data-bolster-case-for-brine
https://www.nasa.gov/jpl/msl/nasa-mars-rovers-weather-data-bolster-case-for-brine
https://www.nbi.ku.dk/english/news/news15/mars-might-have-liquid-water/
https://www.nbi.ku.dk/english/news/news15/mars-might-have-liquid-water/
https://www.nap.edu/resource/13117/App%20G%2008_Mars-Sample-Return-Orbiter.pdf
https://www.nap.edu/resource/13117/App%20G%2008_Mars-Sample-Return-Orbiter.pdf


211 of 231 
211 

 

Maus, D., Heinz, J., Schirmack, J., Airo, A., Kounaves, S.P., Wagner, D. and Schulze-Makuch, 

D., 2020. Methanogenic archaea can produce methane in deliquescence-driven Mars analog 

environments. Scientific Reports, 10(1), p.6. 

 

Our results show that M. soligelidi is an especially suitable model organism for studying 

how microbial life could thrive in Martian environments that are subject to deliquescence 

producing conditions. Considering the UV radiation and freeze-thawing tolerance of M. 

soligelidi, this organism is in principle well adapted to conditions expected to be 

prevalent within the salty shallow subsurface at RSL locations on Mars. Although UV 

radiation tolerance would not be necessary within the shallow subsurface, it would be 

crucial for aeolian-driven dispersion. Other studies have shown that methanogenic 

archaea can also withstand Mars-like conditions such as pressures of 50 to 400 mbar or 

three weeks of simulated Martian thermal conditions 

Maxmen, A., 2010. Virus-like particles speed bacterial evolution. Nature 

doi:10.1038/news.2010.507  

McCormick, A., Loeffler, J. and Ebel, F., 2010. Aspergillus fumigatus: contours of an 

opportunistic human pathogen. Cellular microbiology, 12(11), pp.1535-1543 

McDaniel, L.D., Young, E., Delaney, J., Ruhnau, F., Ritchie, K.B. and Paul, J.H., 2010. High 

frequency of horizontal gene transfer in the oceans. Science, 330(6000), pp.50-50. 

 

McDonald, M.J., 2019. Microbial experimental evolution–a proving ground for evolutionary 

theory and a tool for discovery. EMBO reports, 20(8), p.e46992. 

 

McEwen, A.S., Ojha, L., Dundas, C.M., Mattson, S.S., Byrne, S., Wray, J.J., Cull, S.C., Murchie, 

S.L., Thomas, N. and Gulick, V.C., 2011. Seasonal flows on warm Martian slopes. Science, 

333(6043), pp.740-743. 

 

McEwen, A.S., Schaefer, E.I., Dundas, C.M., Sutton, S.S., Tamppari, L.K. and Chojnacki, M., 

2021. Mars: Abundant recurring slope lineae (RSL) following the Planet‐Encircling Dust Event 

(PEDE) of 2018. Journal of Geophysical Research: Planets, 126(4), p.e2020JE006575.  

 

MacGregor, D.G. and Race, M., 2001. Microbiologists’ Perceptions of Planetary Protection. 

 

McGuire, M.L., Borowski, S.K., Mason, L.M. and Gilland, J., 2003. High power MPD nuclear 

electric propulsion (NEP) for artificial gravity HOPE missions to Callisto. 

 

Mégarbane, B., Borron, S.W. and Baud, F.J., 2005. Current recommendations for treatment of 

severe toxic alcohol poisonings. Intensive care medicine, 31(2), pp.189-195. 

 

Melis, A., 2009. Solar energy conversion efficiencies in photosynthesis: minimizing the 

chlorophyll antennae to maximize efficiency. Plant science, 177(4), pp.272-280. 

https://www.nature.com/articles/s41598-019-56267-4
https://www.nature.com/articles/s41598-019-56267-4
https://www.nature.com/news/2010/100930/full/news.2010.507.html
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1462-5822.2010.01517.x
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1462-5822.2010.01517.x
https://www.researchgate.net/profile/Kim-Ritchie/publication/47369923_High_Frequency_of_Horizontal_Gene_Transfer_in_the_Oceans/links/5578554908ae752158703436/High-Frequency-of-Horizontal-Gene-Transfer-in-the-Oceans.pdf
https://www.researchgate.net/profile/Kim-Ritchie/publication/47369923_High_Frequency_of_Horizontal_Gene_Transfer_in_the_Oceans/links/5578554908ae752158703436/High-Frequency-of-Horizontal-Gene-Transfer-in-the-Oceans.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6680118/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6680118/
http://science.sciencemag.org/content/333/6043/740
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JE006575
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JE006575
https://scholarsbank.uoregon.edu/xmlui/bitstream/handle/1794/20638/458.pdf?sequence=1
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20040005901.pdf
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20040005901.pdf
https://www.semanticscholar.org/paper/Current-recommendations-for-treatment-of-severe-M%C3%A9garbane-Borron/2634afbfda7553fb76f78b5dd827145bebe9fcba
https://www.semanticscholar.org/paper/Current-recommendations-for-treatment-of-severe-M%C3%A9garbane-Borron/2634afbfda7553fb76f78b5dd827145bebe9fcba
https://ehsanzadeh.iut.ac.ir/sites/ehsanzadeh.iut.ac.ir/files/files_course/rue-antennae2009.pdf
https://ehsanzadeh.iut.ac.ir/sites/ehsanzadeh.iut.ac.ir/files/files_course/rue-antennae2009.pdf


212 of 231 
212 

Meltzer, M., 2007. Mission to Jupiter: a history of the Galileo project. NASA STI/Recon 

Technical Report N, 7. 

 

Meltzer, M., 2012. When Biospheres Collide: A History of NASA's Planetary Protection 

Programs. Government Printing Office, After Splashdown: Plans To Safely Transport the Apollo 

Astronauts, Command Module, and Samples to the Recovery Ship, Page 217 and following  

 

Meringer, M., Cleaves, H.J. and Freeland, S.J., 2013. Beyond terrestrial biology: Charting the 

chemical universe of α-amino acid structures. Journal of chemical information and modeling, 

53(11), pp.2851-2862. 

Merino, N., Aronson, H.S., Bojanova, D.P., Feyhl-Buska, J., Wong, M.L., Zhang, S. and 

Giovannelli, D., 2019. Living at the extremes: extremophiles and the limits of life in a planetary 

context. Frontiers in microbiology, 10, p.780. 

 

Metzger, P.T., Muscatello, A., Mueller, R.P. and Mantovani, J., 2013. Affordable, rapid 

bootstrapping of the space industry and solar system civilization. Journal of Aerospace 

Engineering, 26(1), pp.18-29.  

 

Meyer, E.L., Jenkins, C. and Rengarajan, K., 2019. NIH guidelines April 2019. Applied 

Biosafety, 24(4), pp.179-181. 

 

If an air incinerator is used in lieu of the second high efficiency particulate air/HEPA filter, 

it shall be biologically challenged to prove all viable test agents are sterilized. The 

biological challenge must be minimally 1x108 organisms per cubic foot of airflow through 

the incinerator. . Test spores meeting this criterion are Bacillus subtilis var. niger or 

Bacillus stearothermophilus. The operating temperature of the incinerator shall be 

continuously monitored and recorded during use 

 

Miedaner, T. and Geiger, H.H., 2015. Biology, genetics, and management of ergot (Claviceps 

spp.) in rye, sorghum, and pearl millet. Toxins, 7(3), pp.659-678. 

 

Miller, J.D., Straat, P.A. and Levin, G.V., 2002, February. Periodic analysis of the Viking lander 

Labelled Release experiment. In Instruments, Methods, and Missions for Astrobiology IV (Vol. 

4495, pp. 96-108). International Society for Optics and Photonics. 

 

Miller, R., 2006, PIA08660: Sand-Laden Jets (Artist's Concept), JPL 

 

Minton, K.W., 1994. DNA repair in the extremely radioresistant bacterium Deinococcus 

radiodurans. Molecular microbiology, 13(1), pp.9-15. 

 

Miteva, V.I. and Brenchley, J.E., 2005. Detection and isolation of ultrasmall microorganisms 

from a 120,000-year-old Greenland glacier ice core. Applied and Environmental Microbiology, 

71(12), pp.7806-7818. 

https://history.nasa.gov/sp4231.pdf
https://www.nasa.gov/pdf/607072main_WhenBiospheresCollide-ebook.pdf
https://www.nasa.gov/pdf/607072main_WhenBiospheresCollide-ebook.pdf
https://pubs.acs.org/doi/abs/10.1021/ci400209n
https://pubs.acs.org/doi/abs/10.1021/ci400209n
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00780/full#T4
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00780/full#T4
https://www.liebertpub.com/doi/pdf/10.1177/1535676019871146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4379517/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4379517/
http://www.gillevin.com/Mars/Reprint119-Miller-Straat-Levin-FINAL_files/Reprint119-Miller-Straat-Levin-FINAL.htm
http://www.gillevin.com/Mars/Reprint119-Miller-Straat-Levin-FINAL_files/Reprint119-Miller-Straat-Levin-FINAL.htm
https://photojournal.jpl.nasa.gov/catalog/PIA08660
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1365-2958.1994.tb00397.x
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1365-2958.1994.tb00397.x
https://aem.asm.org/content/aem/71/12/7806.full.pdf
https://aem.asm.org/content/aem/71/12/7806.full.pdf


213 of 231 
213 

Möhlmann, D., 2005. Adsorption water-related potential chemical and biological processes in 

the upper Martian surface. Astrobiology, 5(6), pp.770-777. 

 

Möhlmann, D.T.F., 2009, June. Liquid Interfacial and Melt-Water in the Upper Sub-Surface of 

Mars. In Workshop on Modeling Martian Hydrous Environments (Vol. 1482, p. 48).  

 

Möhlmann, D.T., 2010. Temporary liquid water in upper snow/ice sub-surfaces on Mars?. Icarus, 207(1), 

pp.140-148. New Scientist story Watery niche may foster life on Mars 

 

Mojarro, A., Hachey, J., Tani, J., Smith, A., Bhattaru, S., Pontefract, A., Doebler, R., Brown, M., 
Ruvkun, G., Zuber, M.T. and Carr, C.E., 2016, October. SETG: nucleic acid extraction and 
sequencing for in situ life detection on Mars. In 3rd International Workshop on Instrumentation 
for Planetary Mission (Vol. 1980). 
 

Mosca, C., Rothschild, L.J., Napoli, A., Ferré, F., Pietrosanto, M., Fagliarone, C., Baqué, M., 

Rabbow, E., Rettberg, P. and Billi, D., 2019. Over-expression of UV-damage DNA repair genes 

and ribonucleic acid persistence contribute to the resilience of dried biofilms of the desert 

cyanobacetrium Chroococcidiopsis exposed to Mars-like UV flux and long-term desiccation. 

Frontiers in microbiology, 10, p.2312. 

 

Dried-rewetted biofilms and dried-UV-irradiated-rewetted biofilms were tested for 

respiration by monitoring the INT reduction by dehydrogenases after 72 h of rehydration. 

The INT staining revealed 30 and 10% of alive cells with insoluble red formazan spots in 

the cytoplasm of dried-rewetted biofilms and dried-UV-irradiated-rewetted biofilms, 

respectively, 

 

After 7 years of air-drying, Chroococcidiopsis not only avoided genome degradation but 

preserved at least a sub-set of mRNAs and 16S ribosomal RNA. 

 

... In the present work, the occurrence of survivors in dried biofilms and dried-UV-

irradiated biofilms was proved by growth after transfer into liquid BG-11 medium (not 

shown) and by INT reduction after 72 h of rewetting. 

 

Reshaping the boundaries of Chroococcidiopsis desiccation and UV tolerance has 

implications in the search for extra-terrestrial life since it contributes to defining the 

habitability of Mars and planets orbiting other stars. In fact, the UV dose used here 

corresponds to that of a few hours at Mars’s equator (Cockell et al., 2000). Hence, 

considering that survivors occurred in the bottom layers of the biofilms (Baqué et al., 

2013), it might be hypothesized that if a biofilm life form ever appeared during Mars’s 

climatic history, it might have been transported in a dried state under UV radiation, from 

niches that had become unfavorable to niches that were inhabitable (Westall et al., 

2013). The reported survival also suggests that intense UV radiation fluxes would not 

prevent the presence of phototrophic biofilms or their colonizing of the landmass of other 

planets. 

 

https://www.researchgate.net/publication/7390930_Adsorption_Water-Related_Potential_Chemical_and_Biological_Processes_in_the_Upper_Martian_Surface#pf3
https://www.researchgate.net/publication/7390930_Adsorption_Water-Related_Potential_Chemical_and_Biological_Processes_in_the_Upper_Martian_Surface#pf3
https://www.lpi.usra.edu/meetings/hydrous2009/pdf/4001.pdf
https://www.lpi.usra.edu/meetings/hydrous2009/pdf/4001.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0019103509004539?via%3Dihub
https://www.newscientist.com/article/mg20427373-700-watery-niche-may-foster-life-on-mars/
https://www.hou.usra.edu/meetings/ipm2016/pdf/4095.pdf
https://www.hou.usra.edu/meetings/ipm2016/pdf/4095.pdf
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02312/full#ref51
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02312/full#ref51
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02312/full#ref51


214 of 231 
214 

Moskalenko, G. , 1981, Airship for Venus, Science and life, No. 9, pp85-87  

 

Mulkidjanian A.Y. (2015) Abiotic Photosynthesis. In: Gargaud, M., Amils, R. and Cleaves, H.J. 

eds., 2011. Encyclopedia of astrobiology (Vol. 1). Springer Science & Business Media. 

Muñoz-Dorado, J., Marcos-Torres, F.J., García-Bravo, E., Moraleda-Muñoz, A. and Pérez, J., 

2016. Myxobacteria: moving, killing, feeding, and surviving together. Frontiers in microbiology, 

7, p.781. 

 

Murray, D.H., Pilmanis, A.A., Blue, R.S., Pattarini, J.M., Law, J., Bayne, C.G., Turney, M.W. and 

Clark, J.B., 2013. Pathophysiology, prevention, and treatment of ebullism. Aviation, space, and 

environmental medicine, 84(2), pp.89-96. 

 

Nakagawa, S., Takaki, Y., Shimamura, S., Reysenbach, A.L., Takai, K. and Horikoshi, K., 2007. 

Deep-sea vent ε-proteobacterial genomes provide insights into emergence of pathogens. 

Proceedings of the National Academy of Sciences, 104(29), pp.12146-12150. 

 

Nanjaraj Urs, A.N., Hu, Y., Li, P., Yuchi, Z., Chen, Y. and Zhang, Y., 2018. Cloning and 

expression of a nonribosomal peptide synthetase to generate blue rose. ACS Synthetic Biology, 

8(8), pp.1698-1704 

NASA, 1995, photograph AS11-40-5927 from Apollo 11 image library. 

NASA, 1997, PIA00571: Ice on Mars Utopia Planitia Again 

 

 

NASA, 2004, The Vision for Space Exploration 

NASA, 2008, Morning Frost on the Surface of Mars  

NASA, 2011, Are Water Plumes Spraying From Europa? NASA's Europa Clipper Is on 

the Case 

NASA, 2012, Telerobotics Could vHelp Humanity Explore Space  

 
NASA, 2016hmossf, How Mold on Space Station Flowers is Helping Get Us to Mars 

 

NASA, 2017rgc, Remembering Gene Cernan. 

 

NASA, 2016, NASA Rover's Sand-Dune Studies Yield Surprise  

NASA, 2022, Mars Perseverance Sol 361: Left Navigation Camera (Navcam) 

NASA, 2022, NASA Study Suggests Shallow Lakes in Europa's Icy Crust Could Erupt 

 

NASA, 2019, Moon’s South Pole in NASA’s Landing Sites 

https://epizodyspace-ru.translate.goog/bibl/n_i_j/1981/9/9-dir.html?_x_tr_sch=http&_x_tr_sl=auto&_x_tr_tl=en&_x_tr_hl=en-US&_x_tr_pto=wapp
https://link.springer.com/referenceworkentry/10.1007%2F978-3-662-44185-5_4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4880591/
https://www.researchgate.net/profile/Jonathan-Clark-10/publication/235754706_Pathophysiology_Prevention_and_Treatment_of_Ebullism/links/57cf6ffb08ae057987ac0dcc/Pathophysiology-Prevention-and-Treatment-of-Ebullism.pdf
https://pubmed.ncbi.nlm.nih.gov/17615243/
https://pubs.acs.org/doi/abs/10.1021/acssynbio.8b00187
https://pubs.acs.org/doi/abs/10.1021/acssynbio.8b00187
https://www.history.nasa.gov/alsj/a11/AS11-40-5927HR.jpg
https://www.history.nasa.gov/alsj/a11/images11.html
https://www.history.nasa.gov/alsj/a11/images11.html
https://photojournal.jpl.nasa.gov/catalog/PIA00571
https://www.nasa.gov/pdf/55583main_vision_space_exploration2.pdf
https://www.nasa.gov/multimedia/imagegallery/image_feature_1160.html
https://europa.nasa.gov/news/40/are-water-plumes-spraying-from-europa-nasas-europa-clipper-is-on-the-case/
https://europa.nasa.gov/news/40/are-water-plumes-spraying-from-europa-nasas-europa-clipper-is-on-the-case/
https://sservi.nasa.gov/articles/telerobotics-could-help-humanity-explore-space/
https://www.nasa.gov/mission_pages/station/research/news/flowers
https://www.nasa.gov/astronautprofiles/cernan/
https://www.jpl.nasa.gov/news/nasa-rovers-sand-dune-studies-yield-surprise
https://mars.nasa.gov/mars2020/multimedia/raw-images/NLG_0361_0698997520_847ECM_N0110000NCAM00527_00_2I4J
NASA%20Study%20Suggests%20Shallow%20Lakes%20in%20Europa's%20Icy%20Crust%20Could%20Erupt
https://www.nasa.gov/feature/moon-s-south-pole-in-nasa-s-landing-sites


215 of 231 
215 

 

NASA, 2022, MSR Campaign Programmatic EIS, DRAFT Mars Sample Return (MSR) 

Campaign Programmatic Environmental Impact Statement 

 

NASA, 2022, Mars Lander Missions 

 

NASA, 2022, Perseverance's First 2 Regolith Samples  

 

NASA, n.d.ame, Atmosphere, Mars Education 

 

NASA, n.d., Centrifuge Rotor [biology experiment on the ISS] 

 

NASA, n.d., HOTTech 

 

NASA, n.d., Mars fact sheet 

 

NASA, n.d., Martian seasons and solar longitude  
 

NASA, n.d., Perseverance Sample Tube 266  

 

NASA, n.d. Searching for Frost at Jezero Crater 

 

NASA, n.d., Starting HAVOC for a Venus Exploration Concept, featuring Dale Arney and Chris 

Jones 

 

NASA, n.d., Where is Curiosity 

 

Nausman, R., n.d., Source Evaluation, a quick guide to CRAAP 

 

National Center for Biotechnology Information., n.d. PubChem Compound Summary for CID 

2724488, L-Glucose. https://pubchem.ncbi.nlm.nih.gov/compound/L-Glucose. Accessed Jan. 

27, 2023. 

 

Navale, V., Vamkudoth, K.R., Ajmera, S. and Dhuri, V., 2021. Aspergillus derived mycotoxins in 

food and the environment: Prevalence, detection, and toxicity. Toxicology reports, 8, pp.1008-

1030.  

 

Navarro‐González, R., Vargas, E., de La Rosa, J., Raga, A.C. and McKay, C.P., 2010. 

Reanalysis of the Viking results suggests perchlorate and organics at midlatitudes on Mars. 

Journal of Geophysical Research: Planets, 115(E12). 

 

Negi, S., Perrine, Z., Friedland, N., Kumar, A., Tokutsu, R., Minagawa, J., Berg, H., Barry, A.N., 

Govindjee, G. and Sayre, R., 2020. Light regulation of light‐harvesting antenna size 

https://www.regulations.gov/document/NASA-2022-0002-0176
https://www.regulations.gov/document/NASA-2022-0002-0176
https://www.giss.nasa.gov/tools/mars24/help/landers.html
https://mars.nasa.gov/resources/27161/perseverances-first-2-regolith-samples/
https://marsed.asu.edu/mep/atmosphere
https://iss.jaxa.jp/iss/contribution/issjpdoc3_2_e.html
https://www1.grc.nasa.gov/space/pesto/space-vehicle-technologies-current/high-operating-temperature-technology-hottech/
file:///C:/Users/rober/Documents/booklets/autorecovered/Mars%20Fact%20Sheet
http://www-mars.lmd.jussieu.fr/mars/time/solar_longitude.html
https://mars.nasa.gov/resources/26218/perseverance-sample-tube-266/
https://mars.nasa.gov/mars2020/mission/status/404/searching-for-frost-at-jezero-crater/
https://sacd.larc.nasa.gov/smab/havoc/
https://sacd.larc.nasa.gov/smab/havoc/
https://mars.nasa.gov/msl/mission/where-is-the-rover/
https://hundreddayinitiative.files.wordpress.com/2021/05/craap-guide.pdf
https://pubchem.ncbi.nlm.nih.gov/compound/L-Glucose
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8363598/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8363598/
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2010JE003599
https://lodgbot.com/wp-content/uploads/2020/05/13May20-The-Plant-Journal-Algae-photosynthesis-improvement.pdf


216 of 231 
216 

substantially enhances photosynthetic efficiency and biomass yield in green algae. The Plant 

Journal. 

 

Neveu, M., Anbar, A.D., Davila, A.F., Glavin, D.P., MacKenzie, S.M., Phillips-Lander, C.M., 

Sherwood, B., Takano, Y., Williams, P. and Yano, H., 2020. Returning samples from Enceladus 

for life detection. Frontiers in Astronomy and Space Sciences, 7, p.26. 

 
NOAA, n.d.  Can we clean up, stop, or end harmful algal blooms?  

 

Noell, A.C., Fisher, A.M., Takano, N., Fors-Francis, K., Sherrit, S. and Grunthaner, F., 2016, 

October. Astrobionibbler: In Situ Microfluidic Subcritical Water Extraction of Amino Acids. In 3rd 

International Workshop on Instrumentation for Planetary Mission (Vol. 1980). 

anets, 106(E10), pp.23317-23326. 

 

Nott, J., 2009. Titan: a distant but enticing destination for human visitors. Aviation, space, and 

environmental medicine, 80(10), pp.900-901. 

 
Ort, D.R., Merchant, S.S., Alric, J., Barkan, A., Blankenship, R.E., Bock, R., Croce, R., Hanson, 

M.R., Hibberd, J.M., Long, S.P. and Moore, T.A., 2015. Redesigning photosynthesis to 

sustainably meet global food and bioenergy demand. Proceedings of the national academy of 

sciences, 112(28), pp.8529-8536. 

page 8530: A principal limitation of efficient photosynthesis is that organisms absorb 

more light in full sunlight than they can use productively. The reason seems clear: high 

absorptivity provides effective capture at low light intensities, such as at dawn and dusk 

and on cloudy days, and it obviates competition from other phototrophs by absorbing the 

light before they do. 

 

Osman, S., Peeters, Z., La Duc, M.T., Mancinelli, R., Ehrenfreund, P. and Venkateswaran, K., 

2008. Effect of shadowing on survival of bacteria under conditions simulating the Martian 

atmosphere and UV radiation. Applied and Environmental Microbiology, 74(4), pp.959-970. 

 

Pacelli, C., Selbmann, L., Zucconi, L., De Vera, J.P., Rabbow, E., Horneck, G., de la Torre, R. 

and Onofri, S., 2017. BIOMEX experiment: ultrastructural alterations, molecular damage and 

survival of the fungus Cryomyces antarcticus after the experiment verification tests. Origins of 

Life and Evolution of Biospheres, 47(2), pp.187-202. 

 

Paige, D.A., 2000, July. Mars exploration strategies: Forget about sample return. In Concepts 

and Approaches for Mars Exploration (p. 243) 

 

Parro, V., de Diego-Castilla, G., Moreno-Paz, M., Blanco, Y., Cruz-Gil, P., Rodríguez-Manfredi, 

J.A., Fernández-Remolar, D., Gómez, F., Gómez, M.J., Rivas, L.A. and Demergasso, C., 2011. 

A microbial oasis in the hypersaline Atacama subsurface discovered by a life detector chip: 

implications for the search for life on Mars. Astrobiology, 11(10), pp.969-996. 

https://lodgbot.com/wp-content/uploads/2020/05/13May20-The-Plant-Journal-Algae-photosynthesis-improvement.pdf
https://www.frontiersin.org/articles/10.3389/fspas.2020.00026/full
https://www.frontiersin.org/articles/10.3389/fspas.2020.00026/full
https://oceanservice.noaa.gov/facts/hab-solutions.html
https://oceanservice.noaa.gov/facts/hab-solutions.html
https://www.hou.usra.edu/meetings/ipm2016/pdf/4059.pdf
https://www.researchgate.net/publication/26883114_Titan_A_Distant_But_Enticing_Destination_for_Human_Visitors
https://www.pnas.org/content/pnas/112/28/8529.full.pdf
https://www.pnas.org/content/pnas/112/28/8529.full.pdf
http://aem.asm.org/content/74/4/959.full
http://aem.asm.org/content/74/4/959.full
https://www.researchgate.net/publication/299542317_BIOMEX_Experiment_Ultrastructural_Alterations_Molecular_Damage_and_Survival_of_the_Fungus_Cryomyces_antarcticus_after_the_Experiment_Verification_Tests
https://www.researchgate.net/publication/299542317_BIOMEX_Experiment_Ultrastructural_Alterations_Molecular_Damage_and_Survival_of_the_Fungus_Cryomyces_antarcticus_after_the_Experiment_Verification_Tests
http://www.lpi.usra.edu/meetings/robomars/pdf/6199.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3242637/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3242637/


217 of 231 
217 

Paulussen, C., Hallsworth, J.E., Álvarez‐Pérez, S., Nierman, W.C., Hamill, P.G., Blain, D., 

Rediers, H. and Lievens, B., 2017. Ecology of aspergillosis: insights into the pathogenic 

potency of Aspergillus fumigatus and some other Aspergillus species. Microbial 

biotechnology, 10(2), pp.296-322. 

Peschel, A. and Sahl, H.G., 2006. The co-evolution of host cationic antimicrobial peptides 

and microbial resistance. Nature Reviews Microbiology, 4(7), pp.529-536. 

Several bacterial pathogens can resist certain CAMPs to some extent by, for 

example, proteolytic cleavage, CAMP-specific binding or extrusion mechanisms, 

or by modifications to the bacterial surface that reduce the affinity for CAMPs. 

Pla-García, J., Rafkin, S.C.R., Martinez, G.M., Vicente-Retortillo, Á., Newman, C.E., Savijärvi, 

H., de la Torre, M., Rodriguez-Manfredi, J.A., Gómez, F., Molina, A. and Viúdez-Moreiras, D., 

2020. Meteorological predictions for Mars 2020 Perseverance rover landing site at Jezero 

crater. Space science reviews, 216(8), pp.1-21.. 

 

Planetary Society, n.d., Mars calendar 

 

Pikuta, E.V., Menes, R.J., Bruce, A.M., Lyu, Z., Patel, N.B., Liu, Y., Hoover, R.B., Busse, H.J., 

Lawson, P.A. and Whitman, W.B., 2016. Raineyella antarctica gen. nov., sp. nov., a 

psychrotolerant, d-amino-acid-utilizing anaerobe isolated from two geographic locations of the 

Southern Hemisphere. International journal of systematic and evolutionary microbiology, 66(12), 

pp.5529-5536. 

 

Pires, F. 2015, “Mars liquid water: Curiosity confirms favorable conditions”, Michigan news.  

"Life as we know it needs liquid water to survive. While the new study interprets Curiosity's 

results to show that microorganisms from Earth would not be able to survive and replicate in the 

subsurface of Mars, Rennó sees the findings as inconclusive. He points to biofilms—colonies of 

tiny organisms that can make their own microenvironment. 

Preston, L., Grady, M. and Barber, S., 2013. CAFE-Concepts for Activities in the Field for 

Exploration– TN2: The Catalogue of Planetary Analogues. 

  

Priya, M., Haridas, A. and Manilal, V.B., 2008. Anaerobic protozoa and their growth in 

biomethanation systems. Biodegradation, 19(2), pp.179-185. 

 

Puente-Sánchez, F., Arce-Rodríguez, A., Oggerin, M., García-Villadangos, M., Moreno-Paz, M., 

Blanco, Y., Rodríguez, N., Bird, L., Lincoln, S.A., Tornos, F. and Prieto-Ballesteros, O., 2018. 

Viable cyanobacteria in the deep continental subsurface. Proceedings of the National Academy 

of Sciences, 115(42), pp.10702-10707. 

 
Pusey, C., 2012, DNA groove animation based on PDB 1DNH 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5328810/table/mbt212367-tbl-0002/
https://www.nature.com/articles/nrmicro1441
https://www.nature.com/articles/nrmicro1441
https://link.springer.com/article/10.1007/s11214-020-00763-x
https://link.springer.com/article/10.1007/s11214-020-00763-x
https://www.planetary.org/articles/mars-calendar
http://riquim.fq.edu.uy/archive/files/6dc14dcd6641d2e6d706d6f3e5923446.pdf
http://riquim.fq.edu.uy/archive/files/6dc14dcd6641d2e6d706d6f3e5923446.pdf
http://riquim.fq.edu.uy/archive/files/6dc14dcd6641d2e6d706d6f3e5923446.pdf
http://ns.umich.edu/new/releases/22815-mars-liquid-water-curiosity-confirms-favorable-conditions
https://esamultimedia.esa.int/docs/gsp/The_Catalogue_of_Planetary_Analogues.pdf
https://esamultimedia.esa.int/docs/gsp/The_Catalogue_of_Planetary_Analogues.pdf
https://www.researchgate.net/profile/Manilal-Vattackatt/publication/6340284_Anaerobic_protozoa_and_their_growth_in_biomethanation_systems/links/5434d7e30cf2dc341daf542d/Anaerobic-protozoa-and-their-growth-in-biomethanation-systems.pdf
https://www.researchgate.net/profile/Manilal-Vattackatt/publication/6340284_Anaerobic_protozoa_and_their_growth_in_biomethanation_systems/links/5434d7e30cf2dc341daf542d/Anaerobic-protozoa-and-their-growth-in-biomethanation-systems.pdf
https://www.pnas.org/doi/full/10.1073/pnas.1808176115
https://commons.wikimedia.org/wiki/File:1DNA.gif
http://www.rcsb.org/structure/1DNH


218 of 231 
218 

Quinn, R.C., Martucci, H.F., Miller, S.R., Bryson, C.E., Grunthaner, F.J. and Grunthaner, P.J., 

2013. Perchlorate radiolysis on Mars and the origin of Martian soil reactivity. Astrobiology, 13(6), 

pp.515-520 

Race, M. S., 1996, Planetary Protection, Legal Ambiguity, and the Decision Making Process for 

Mars Sample Return Adv. Space Res. vol 18 no 1/2 pp (1/2)345-(1/2)350. 

 

Ramachandran, A.V., Zorzano, M.P. and Martín-Torres, J., 2021. Experimental Investigation of 

the Atmosphere-Regolith Water Cycle on Present-Day Mars. Sensors, 21(21), p.7421. 

 

Randolph, R. 2009, Chapter 10, A Christian Perspective, in Bertka, C.M. ed., 2009. Exploring 

the Origin, Extent, and Future of Life: Philosophical, Ethical and Theological Perspectives (Vol. 

4),. Cambridge University Press.  

 

Renno, N., 2014, How liquid water forms on Mars, YouTube video, University of Michigan 

Engineering (transcript from 1:48 onwards) 

 

Richmond, J.Y. and McKinney, R.W., 2000. Primary containment for biohazards: selection, 

installation and use of biological safety cabinets. 

Rodriguez, J.A.P., Fairén, A.G., Tanaka, K.L., Zarroca, M., Linares, R., Platz, T., Komatsu, G., 

Miyamoto, H., Kargel, J.S., Yan, J. and Gulick, V., 2016. Tsunami waves extensively resurfaced 

the shorelines of an early Martian ocean. Scientific reports, 6(1), pp.1-8. 

 

Rodriguez-Manfredi, J.A., De la Torre Juárez, M., Alonso, A., Apéstigue, V., Arruego, I., 

Atienza, T., Banfield, D., Boland, J., Carrera, M.A., Castañer, L. and Ceballos, J., 2021. The 

Mars Environmental Dynamics Analyzer, MEDA. A suite of environmental sensors for the Mars 

2020 mission. Space science reviews, 217(3), pp.1-86.  

 

Rowland, M.L., 2010, Role-playing in the worlds of Stanley Q. Weinbaum's 1930s science 

fiction 

 

Rookmelder, 2007 Smoke detector.JPG – Wikimedia Commons 

 

Rucker, M., 2017. Dust storm impacts on human Mars mission equipment and operations.  

 

Rummel, J., Race, M., Nealson, K., 2000. "No Threat? No Way", The Planetary Report 

Nov/Dec. Contains: 

● A Case for Caution by John Rummel, NASA'S planetary protection officer at the time, 

and previously, NASA senior scientist for Astrobiology 

● Hazardous Until Proven Otherwise, by Margaret Race, a biologist working on 

planetary protection and Mars sample return for the SETI Institute and specialist in 

environment impact analysis 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3691774/
https://web.archive.org/web/20100619123320/http:/salegos-scar.montana.edu/docs/Planetary%20Protection/AdvSpaceResVol18(1-2).pdf
https://web.archive.org/web/20100619123320/http:/salegos-scar.montana.edu/docs/Planetary%20Protection/AdvSpaceResVol18(1-2).pdf
https://aura.abdn.ac.uk/bitstream/handle/2164/17597/Ramachandran_etal_MDPI_Experimental_Investigation_Of_VoR.pdf?sequence=1
https://aura.abdn.ac.uk/bitstream/handle/2164/17597/Ramachandran_etal_MDPI_Experimental_Investigation_Of_VoR.pdf?sequence=1
https://books.google.co.uk/books?id=TljowmgtdcYC&pg=PA292
https://www.youtube.com/watch?v=iLWv9UGwjdE
https://www.youtube.com/channel/UCSvOdBJgMnTYsK-cZIGZSYQ
https://www.youtube.com/channel/UCSvOdBJgMnTYsK-cZIGZSYQ
https://youtu.be/iLWv9UGwjdE?t=108
https://www.who.int/ihr/training/laboratory_quality/3_cd_rom_bsc_selection_use_cdc_manual.pdf
https://www.who.int/ihr/training/laboratory_quality/3_cd_rom_bsc_selection_use_cdc_manual.pdf
https://www.nature.com/articles/srep25106
https://www.nature.com/articles/srep25106
https://link.springer.com/article/10.1007/s11214-021-00816-9
https://link.springer.com/article/10.1007/s11214-021-00816-9
https://link.springer.com/article/10.1007/s11214-021-00816-9
https://www.forgottenfutures.com/game/ff11/html/ffxi.htm
https://www.forgottenfutures.com/game/ff11/html/ffxi.htm
https://commons.wikimedia.org/wiki/File:Smoke_detector.JPG
https://core.ac.uk/download/pdf/84914099.pdf
https://www.planetary.org/planetary-report/tpr-2000-6


219 of 231 
219 

Practical Safe Science by Kenneth Nealson, Director of the Center of Life Detection at NASA's 

JPL at the time. 

 

Rummel, J.D., Race, M.S., DeVinenzi, D.L., Schad, P.J., Stabekis, P.D., Viso, M. and Acevedo, 

S.E., 2002. A draft test protocol for detecting possible biohazards in Martian samples returned 

to Earth 

 

Rummel, J.D., Beaty, D.W., Jones, M.A., Bakermans, C., Barlow, N.G., Boston, P.J., Chevrier, 

V.F., Clark, B.C., de Vera, J.P.P., Gough, R.V. and Hallsworth, J.E., 2014. A new analysis of 

Mars “special regions”: findings of the second MEPAG Special Regions Science Analysis Group 

(SR-SAG2) 

 

Rosengren, A.J., Scheeres, D.J. and McMahon, J.W., 2013. Long-term dynamics and stability of 

GEO orbits: the primacy of the Laplace plane. In Proceedings of the AAS/AIAA Astrodynamics 

Specialist Conference, Hilton Head, South Carolina, Paper AAS (pp. 13-865). 

 

Also as Rosengren, A.J., Scheeres, D.J. and McMahon, J.W., 2014. The classical Laplace 

plane as a stable disposal orbit for geostationary satellites. Advances in Space Research, 53(8), 

pp.1219-1228. 

Sabater, S., Timoner, X., Borrego, C. and Acuña, V., 2016. Stream biofilm responses to flow 

intermittency: from cells to ecosystems. Frontiers in Environmental Science, 4, p.14. 

 

Sagan, C, 1961. Organic matter and the Moon., National Academy of Sciences. 

 

Page 23: It is remarkable that the depth at which surviving lunar organic matter is 

expected to be localized (section II) is just the depth at which temperatures appear to be 

optimum for familiar organisms (section IV). At such temperatures and depths, some 

moisture should be expected, arising from meteoritic and organic bound water. Watson, 

Murray and Brown (1961) have recently pointed out that ice could have been retained on 

permanently shaded areas of the Moon. These circumstances provide all the survival 

requirements of many terrestrial organisms - water and their metabolites, appropriate 

temperature, and negligible radiation. That autochthons evolving with the changing 

environment could also survive under these conditions is far from inconceivable. 

 

Sagan, C., Levinthal, E.C. and Lederberg, J., 1968. Contamination of Mars. Science, 159(3820), 

pp.1191-1196. 

 

"The prominent dust storms and high wind velocities previously referred to imply that 

aerial transport of contaminants will occur on Mars. While it is probably true that a single 

unshielded terrestrial microorganism on the Martian surface ... would rapidly be 

enervated and killed by the ultraviolet flux, ... The Martian surface material certainly 

contains a substantial fraction of ferric oxides, which are extremely strongly absorbing in 

https://explorers.larc.nasa.gov/HPMIDEX/pdf_files/07_MSRDraftTestProtocol.pdf
https://explorers.larc.nasa.gov/HPMIDEX/pdf_files/07_MSRDraftTestProtocol.pdf
https://www.researchgate.net/profile/David_Beaty/publication/268444482_A_new_analysis_of_Mars_Special_Regions_findings_of_the_second_MEPAG_Special_Regions_Science_Analysis_Group_SR-SAG2/links/547c9b0b0cf27ed9786229dd.pdf
https://mepag.jpl.nasa.gov/reports/Rummel_et_al_Astrobiology_14-SR-SAG2.pdf
https://mepag.jpl.nasa.gov/reports/Rummel_et_al_Astrobiology_14-SR-SAG2.pdf
https://mepag.jpl.nasa.gov/reports/Rummel_et_al_Astrobiology_14-SR-SAG2.pdf
https://www.researchgate.net/profile/Aaron_Rosengren/publication/287471546_Long-term_dynamics_and_stability_of_GEO_orbits_The_primacy_of_the_laplace_plane/links/56795cf308ae0d45249b34ab.pdf
https://www.researchgate.net/profile/Aaron_Rosengren/publication/287471546_Long-term_dynamics_and_stability_of_GEO_orbits_The_primacy_of_the_laplace_plane/links/56795cf308ae0d45249b34ab.pdf
http://commercialspace.pbworks.com/w/file/fetch/88916768/Rosengren,%20Scheeres%202014.pdf
http://commercialspace.pbworks.com/w/file/fetch/88916768/Rosengren,%20Scheeres%202014.pdf
http://commercialspace.pbworks.com/w/file/fetch/88916768/Rosengren,%20Scheeres%202014.pdf
http://commercialspace.pbworks.com/w/file/fetch/88916768/Rosengren,%20Scheeres%202014.pdf
https://www.frontiersin.org/articles/10.3389/fenvs.2016.00014/full
https://www.frontiersin.org/articles/10.3389/fenvs.2016.00014/full
https://www.nap.edu/download/18476
https://www.nap.edu/read/18476/chapter/5#23
https://profiles.nlm.nih.gov/ps/access/BBABJH.ocr


220 of 231 
220 

the near ultraviolet. ... A terrestrial microorganism imbedded in such a particle can be 

shielded from ultraviolet light and still be transported about the planet." 

… 

"A single terrestrial microorganism reproducing as slowly as once a month on Mars 

would, in the absence of other ecological limitations, result in less than a decade in a 

microbial population of the Martian soil comparable to that of the Earth's. This is an 

example of heuristic interest only, but it does indicate that the errors in problems of 

planetary contamination may be extremely serious." 

 

Sagan, C., 1973, The Cosmic Connection – an Extraterrestrial Perspective  

 
Sagan, C., 1997. Pale blue dot: A vision of the human future in space. Random House Digital, 

Inc.. 

 

Sahara Forest Project, 2020, Enabling restorative growth  

 
 

Sakon, J.J. and Burnap, R.L., 2005, March. A Further Analysis of Potential Photosynthetic Life 

on Mars. In 36th Annual Lunar and Planetary Science Conference (Vol. 36). 

 

Sakon, J.J. and Burnap, R.L., 2006. An analysis of potential photosynthetic life on Mars. 

International Journal of Astrobiology, 5(2), pp.171-180. 

Salisbury, F.B., Gitelson, J.I. and Lisovsky, G.M., 1997. Bios-3: Siberian experiments in 

bioregenerative life support. BioScience, 47(9), pp.575-585.  

 

Sanders, W.B. and Masumoto, H., 2021. Lichen algae: the photosynthetic partners in lichen 

symbioses. The Lichenologist, 53(5), pp.347-393. 

 

Sarmiento, F., Peralta, R. and Blamey, J.M., 2015. Cold and hot extremozymes: industrial 

relevance and current trends. Frontiers in bioengineering and biotechnology, 3, p.148. 

 

Sauder, J., Hilgemann, E., Johnson, M., Parness, A., Hall, J., Kawata, J. and Stack, K., 2017. 

Automation Rover for Extreme Environments. 

 

Scanlon, K.E., Head, J.W., Wilson, L. and Marchant, D.R., 2014. Volcano–ice interactions in the 

Arsia Mons tropical mountain glacier deposits. Icarus, 237, pp.315-339. Press release “A 

habitable environment on Martin volcano?” 

Scharf, C., 2016, How the Cold War Created Astrobiology, Life, death, and Sputnik, Nautilus 

Magazine. 

Schenk, P.M., Thomas-Hall, S.R., Stephens, E., Marx, U.C., Mussgnug, J.H., Posten, C., Kruse, 

O. and Hankamer, B., 2008. Second generation biofuels: high-efficiency microalgae for 

biodiesel production. Bioenergy research, 1(1), pp.20-43. 

https://www.e-reading.life/bookreader.php/148581/Sagan_-_The_Cosmic_Connection___An_Extraterrestrial_Perspective.pdf
https://www.e-reading.life/bookreader.php/148581/Sagan_-_The_Cosmic_Connection___An_Extraterrestrial_Perspective.pdf
http://www.planetary.org/explore/space-topics/earth/pale-blue-dot.html
https://www.saharaforestproject.com/wp-content/uploads/2019/12/Folder_liggende-A5_2019_v2_TE.pdf
https://www.lpi.usra.edu/meetings/lpsc2005/pdf/2120.pdf
https://www.lpi.usra.edu/meetings/lpsc2005/pdf/2120.pdf
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/an-analysis-of-potential-photosynthetic-life-on-mars/7E87D8A6D505F4055573F1FDA7F38F39
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/an-analysis-of-potential-photosynthetic-life-on-mars/7E87D8A6D505F4055573F1FDA7F38F39
https://www.cambridge.org/core/journals/international-journal-of-astrobiology/article/an-analysis-of-potential-photosynthetic-life-on-mars/7E87D8A6D505F4055573F1FDA7F38F39
https://academic.oup.com/bioscience/article/47/9/575/222647?login=false
https://academic.oup.com/bioscience/article/47/9/575/222647?login=false
https://www.cambridge.org/core/journals/lichenologist/article/lichen-algae-the-photosynthetic-partners-in-lichen-symbioses/A4808B98986967A742EF0DCFF187A937
https://www.cambridge.org/core/journals/lichenologist/article/lichen-algae-the-photosynthetic-partners-in-lichen-symbioses/A4808B98986967A742EF0DCFF187A937
https://www.frontiersin.org/articles/10.3389/fbioe.2015.00148/full
https://www.frontiersin.org/articles/10.3389/fbioe.2015.00148/full
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170002798.pdf
https://news.brown.edu/articles/2014/05/mars
https://news.brown.edu/articles/2014/05/mars
http://nautil.us/issue/32/space/how-the-cold-war-created-astrobiology-rp
http://nautil.us/issue/32/space/how-the-cold-war-created-astrobiology-rp
http://nautil.us/issue/32/space/how-the-cold-war-created-astrobiology-rp
https://www.researchgate.net/profile/Ben_Hankamer/publication/43498856_Second_Generation_Biofuels_High-Efficiency_Microalgae_for_Biodiesel_Production/links/0c96051cc124e949e7000000.pdf
https://www.researchgate.net/profile/Ben_Hankamer/publication/43498856_Second_Generation_Biofuels_High-Efficiency_Microalgae_for_Biodiesel_Production/links/0c96051cc124e949e7000000.pdf


221 of 231 
221 

 

Schlaepfer, M.A., Sax, D.F. and Olden, J.D., 2011. The potential conservation value of non‐

native species. Conservation Biology, 25(3), pp.428-437. 

Schirber, M, 2013 Searching for Organics in a Nibble of Soil NASA Astrobiology Magazine 

Schmidt, B.E., Blankenship, D.D., Patterson, G.W. and Schenk, P.M., 2011. Active 

formation of ‘chaos terrain’over shallow subsurface water on Europa. Nature, 479(7374), 

pp.502-505. 

Schmidt, M., 2010. Xenobiology: a new form of life as the ultimate biosafety tool. Bioessays, 

32(4), pp.322-331. 

 

Schmidt, M., n.d. Species Profile – Didymosphenia geminata , aquatic non indigenous species, 

Great Lakes Information system 

 

Schulze-Makuch, D. and Houtkooper, J.M., 2010a. A perchlorate strategy for extreme xerophilic 

life on Mars. EPSC Abstracts, 5, pp.EPSC2010-308.  

Schuyler, A., Warner, N.H., Derick, B., Rogers, A.D. and Golombek, M.P., 2020, March. Crater 

Morphometry on the Dark-Toned Mafic Floor Unit at Jezero Crater, Mars: Comparisons to a 

Known Basaltic Lava Plain at the InSight Landing Site. In Lunar and Planetary Science 

Conference (No. 2326, p. 1608). 

 

Sczepanski, J.T. and Joyce, G.F., 2014. A cross-chiral RNA polymerase ribozyme. Nature, 

515(7527), pp.440-442. 

 

Seckbach, J. and Rampelotto, P.H., 2015. Polyextremophiles. Microbial Evolution under 

Extreme Conditions; Bakermans, C., Ed.; De Gruyter Editorial: Berlin, Germany, pp.153-170. 

 

Selbmann, L., Zucconi, L., Isola, D. and Onofri, S., 2015. Rock black fungi: excellence in the 

extremes, from the Antarctic to space. Current Genetics, 61(3), pp.335-345. 

 

Sella, S.R., Vandenberghe, L.P. and Soccol, C.R., 2014. Life cycle and spore resistance of 

spore-forming Bacillus atrophaeus. Microbiological research, 169(12), pp.931-939. 

 

Serrano, P., Alawi, M., de Vera, J.P. and Wagner, D., 2019. Response of methanogenic 

archaea from Siberian permafrost and non-permafrost environments to simulated Mars-like 

desiccation and the presence of perchlorate. Astrobiology, 19(2), pp.197-208. 

 

Sharnoff, S, 1989, Pleopsidium chlorophanum 

 

Shekhtman, L., 2019, With Mars methane mystery unsolved, Curiosity serves scientists a new 

one: Oxygen  

 

http://depts.washington.edu/oldenlab/wordpress/wp-content/uploads/2013/03/ConservationBiology_2011b_replies.pdf
http://depts.washington.edu/oldenlab/wordpress/wp-content/uploads/2013/03/ConservationBiology_2011b_replies.pdf
https://web.archive.org/web/20130221043653/http:/www.astrobio.net/exclusive/5325/searching-for-organics-in-a-nibble-of-soil
http://lunar.earth.northwestern.edu/courses/450/europachaos.pdf
http://lunar.earth.northwestern.edu/courses/450/europachaos.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2909387/
https://nas.er.usgs.gov/queries/greatLakes/FactSheet.aspx?Species_ID=2856&Potential=N&Type=0&HUCNumber=DGreatLakes
https://meetingorganizer.copernicus.org/EPSC2010/EPSC2010-308.pdf
https://meetingorganizer.copernicus.org/EPSC2010/EPSC2010-308.pdf
https://www.hou.usra.edu/meetings/lpsc2020/pdf/1608.pd
https://www.hou.usra.edu/meetings/lpsc2020/pdf/1608.pd
https://www.hou.usra.edu/meetings/lpsc2020/pdf/1608.pd
https://www.nature.com/articles/nature13900
https://www.researchgate.net/publication/279948825_Polyextremophiles
https://www.researchgate.net/publication/279948825_Polyextremophiles
https://scholar.google.com/scholar?start=0&hl=en&as_sdt=0,5&cluster=13685363864875790259&authuser=1
https://scholar.google.com/scholar?start=0&hl=en&as_sdt=0,5&cluster=13685363864875790259&authuser=1
http://www.sciencedirect.com/science/article/pii/S0944501314000597
http://www.sciencedirect.com/science/article/pii/S0944501314000597
https://www.liebertpub.com/doi/full/10.1089/ast.2018.1877
https://www.liebertpub.com/doi/full/10.1089/ast.2018.1877
https://www.liebertpub.com/doi/full/10.1089/ast.2018.1877
https://lichenportal.org/cnalh/collections/individual/index.php?occid=4932677
https://www.nasa.gov/feature/goddard/2019/with-mars-methane-mystery-unsolved-curiosity-serves-scientists-a-new-one-oxygen/
https://www.nasa.gov/feature/goddard/2019/with-mars-methane-mystery-unsolved-curiosity-serves-scientists-a-new-one-oxygen/


222 of 231 
222 

Shirley, J.H., 2015. Solar System dynamics and global-scale dust storms on Mars. Icarus, 251, 

pp.128-144. 

 

Sielaff, C.A. and Smith, S.A., 2019. Habitability of Mars: How Welcoming Are the Surface and 

Subsurface to Life on the Red Planet?. Geosciences, 9(9), p.361.  

 

Singer, E., 2014, New Twist Found in the Story of Life’s Start, Quanta Magazine 

 

Singh, R., Bhadouria, R., Singh, P., Kumar, A., Pandey, S. and Singh, V.K., 2020. Nanofiltration 

technology for removal of pathogens present in drinking water. In Waterborne Pathogens (pp. 

463-489). Butterworth-Heinemann. 

Smith, M.D. and Guzewich, S.D., 2019. The Mars Global Dust Storm of 2018. 

 

Smith, D.H., Canup, R.M. and Christensen, P.R., 2022, May. Origins, Worlds, and Life: A 

Decadal Strategy for Planetary Science and Astrobiology. In 2022 Astrobiology Science 

Conference. AGU. 

Solden, L., Lloyd, K. and Wrighton, K., 2016. The bright side of microbial dark matter: 

lessons learned from the uncultivated majority. Current opinion in microbiology, 31, 

pp.217-226. 

Song, C., Weichbrodt, C., Salnikov, E.S., Dynowski, M., Forsberg, B.O., Bechinger, B., 

Steinem, C., De Groot, B.L., Zachariae, U. and Zeth, K., 2013. Crystal structure and 

functional mechanism of a human antimicrobial membrane channel. Proceedings of the 

National Academy of Sciences, 110(12), pp.4586-4591. 

Space Studies Board and National Research Council, 1999. Size limits of very small 

microorganisms: proceedings of a workshop. National Academies Press. 

Space Studies Board and National Research Council, 2002a. Safe on Mars: Precursor 

measurements necessary to support human operations on the Martian surface. National 

Academies Press. 

 

Space Studies Board and National Research Council, 2009. Assessment of planetary protection 

requirements for Mars sample return missions. National Academies Press 

 

Space Studies Board and National Research Council, 2012. Vision and voyages for planetary 

science in the decade 2013-2022. National Academies Press. 

 

Space Studies Board, European Space Sciences Committee and National Academies of 

Sciences, Engineering, and Medicine, 2015. Review of the MEPAG report on Mars special 

regions. National Academies Press. 

 

https://www.researchgate.net/publication/273398220_Solar_System_dynamics_and_global-scale_dust_storms_on_Mars
https://www.mdpi.com/2076-3263/9/9/361
https://www.mdpi.com/2076-3263/9/9/361
https://www.quantamagazine.org/chiral-key-found-to-origin-of-life-20141126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7173494/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7173494/
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20190027303.pdf
https://www.sciencedirect.com/science/article/pii/S1369527416300558#bib0345
https://www.sciencedirect.com/science/article/pii/S1369527416300558#bib0345
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3607029/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3607029/
https://nap.nationalacademies.org/read/9638/chapter/1
https://nap.nationalacademies.org/read/9638/chapter/1
https://books.google.co.uk/books?hl=en&lr=&id=OOs3oDSKj4oC
https://books.google.co.uk/books?hl=en&lr=&id=OOs3oDSKj4oC
https://nap.nationalacademies.org/read/12576/chapter/1
https://nap.nationalacademies.org/read/12576/chapter/1
https://solarsystem.nasa.gov/resources/598/vision-and-voyages-for-planetary-science-in-the-decade-2013-2022/
https://solarsystem.nasa.gov/resources/598/vision-and-voyages-for-planetary-science-in-the-decade-2013-2022/
https://www.nap.edu/catalog/21816/review-of-the-mepag-report-on-mars-special-regions
https://www.nap.edu/catalog/21816/review-of-the-mepag-report-on-mars-special-regions
https://www.nap.edu/catalog/21816/review-of-the-mepag-report-on-mars-special-regions


223 of 231 
223 

Space Studies Board, 2019. Planetary protection classification of sample return missions from 

the Martian moons,  

 

SpaceX, 2016, Interplanetary Transport System, Official SpaceX Photos, Flickr 

 

Spaulding, S.A., Kilroy, C.A.T.H.Y. and Edlund, M.B., 2010. Diatoms as non-native species. The 

diatoms: applications for the environmental and earth sciences, pp.560-569. 

 

Stacey, K.N., 2019. Interactions between Athabasca Valles Flood Lavas and the Medusae 

Fossae Formation (Mars): Implications for Lava Emplacement Mechanisms and the Triggering 

of Steam Explosions. The University of Texas at Dallas. 

Page 29: 

Volcanic rootless cones throughout southern Cerberus Palus and the Aeolis Trough 

indicate the presence of near surface volatiles at the time of lava emplacement, perhaps 

≤20 Ma. The form of these volatiles is unclear, with pore ice, bulk ice lenses, 

ephemerally stable liquid water, adsorbed water, and hydrous minerals all being possible 

to various degrees. Multiple mechanisms allowed for steam eruptions, resulting in 

landforms of varying scale and morphology: 

 

Stamatelatos, M., Dezfuli, H., Apostolakis, G., Everline, C., Guarro, S., Mathias, D., Mosleh, A., 

Paulos, T., Riha, D., Smith, C. and Vesely, W., 2011. Probabilistic risk assessment procedures 

guide for NASA managers and practitioners (No. HQ-STI-11-213). 

 

Stamenković, V., Ward, L. M., Mischna. M., Fischer. W. W.. "O2 solubility in Martian near-

surface environments and implications for aerobic life" — Nature, October 22, 2018 – see also 

"Origins of Life & Habitability – authors website with bibliography – and author shared link to the 

article", sharing is via Nature Sharedit — Habilabs 

 

Stern, S.A., 1999. The lunar atmosphere: History, status, current problems, and context. 

Reviews of Geophysics, 37(4), pp.453-491. 

 

Stewart, R.B., 2002. Environmental regulatory decision making under uncertainty. Research in 

Law and Economics, 20, pp.71-126. 

 

Stillman, E, 2018, Chapter 2 – Unraveling the Mysteries of Recurring Slope Lineae in Soare, 

R.J., Conway, S.J. and Clifford, S.M. eds., 2018. Dynamic Mars: Recent and Current 

Landscape Evolution of the Red Planet. Elsevier.  

Page 81: “No proposed RSL mechanism can adequately describe all the observations … 

We suggest RSLs that are scored excellent and very good and sites that do not 

typographically preclude aquifer fed springs are likely caused by a wet-dominated 

mechanism while numerous other sites are caused by dry granular flow” 

 

https://nap.nationalacademies.org/catalog/25357/planetary-protection-classification-of-sample-return-missions-from-the-martian-moons
https://nap.nationalacademies.org/catalog/25357/planetary-protection-classification-of-sample-return-missions-from-the-martian-moons
https://www.flickr.com/photos/spacex/29343905184/
https://www.researchgate.net/profile/Sarah_Spaulding/publication/232666319_Species_within_the_Genus_Encyonema_Kutzing_Including_Two_New_Species_Encyonema_reimeri_sp_nov_and_E_nicafei_sp_nov_and_E_stoermeri_nom_nov_stat_nov/links/02e7e51ddd414216aa000000/Species-within-the-Genus-Encyonema-Kuetzing-Including-Two-New-Species-Encyonema-reimeri-sp-nov-and-E-nicafei-sp-nov-and-E-stoermeri-nom-nov-stat-nov.pdf
https://utd-ir.tdl.org/bitstream/handle/10735.1/8687/ETD-5608-014T-261607.88.pdf?sequence=7&isAllowed=y
https://utd-ir.tdl.org/bitstream/handle/10735.1/8687/ETD-5608-014T-261607.88.pdf?sequence=7&isAllowed=y
https://utd-ir.tdl.org/bitstream/handle/10735.1/8687/ETD-5608-014T-261607.88.pdf?sequence=7&isAllowed=y
file:///C:/Users/rober/Documents/booklets/autorecovered/NASA’s%20draft%20EIS%20does%20NOT%20establish%20that%20life%20from%20Mars%20can%20get%20to%20Earth%20faster%20and%20better%20protected%20in%20a%20meteorite%20.docx
file:///C:/Users/rober/Documents/booklets/autorecovered/NASA’s%20draft%20EIS%20does%20NOT%20establish%20that%20life%20from%20Mars%20can%20get%20to%20Earth%20faster%20and%20better%20protected%20in%20a%20meteorite%20.docx
https://www.nature.com/articles/s41561-018-0243-0
https://www.nature.com/articles/s41561-018-0243-0
https://www.nature.com/articles/s41561-018-0243-0
https://www.nature.com/articles/s41561-018-0243-0
https://en.wikipedia.org/wiki/Nature
http://habilabs.com/life/
http://habilabs.com/life/
https://www.springernature.com/gp/researchers/sharedit
https://www.springernature.com/gp/researchers/sharedit
https://en.wikipedia.org/wiki/Habilabs
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/1999RG900005
http://www.cserge.ucl.ac.uk/Stewart.pdf
https://books.google.co.uk/books?id=2aRBDwAAQBAJ&pg=PA69&lpg=PA69&
https://books.google.co.uk/books?id=2aRBDwAAQBAJ&pg=PA81#v=onepage&q&f=false


224 of 231 
224 

Stillman, D.E., Michaels, T.I., Hoover, R.H., Barth, E.L., Primm, K.M., Egan, A.F. and Grimm, 

R.E., 2021. Evaluation of grainflow mechanisms for martian recurring slope lineae (RSL). 

Icarus, 369, p.114648. 

 

St. Leger, R.J., Screen, S.E. and Shams-Pirzadeh, B., 2000. Lack of host specialization in 

Aspergillus flavus. Applied and Environmental Microbiology, 66(1), pp.320-324. 

 

Stubbs, T.J., Vondrak, R.R. and Farrell, W.M., 2007. Impact of dust on lunar exploration 

 

Sun, H.J. and Friedmann, E.I., 1999. Growth on geological time scales in the Antarctic 

cryptoendolithic microbial community. Geomicrobiology Journal, 16(2), pp.193-202. 

 

Sun, S., Noorian, P. and McDougald, D., 2018. Dual role of mechanisms involved in resistance 

to predation by protozoa and virulence to humans. Frontiers in microbiology, 9, p.1017. 

 

Taylor, L., Schmitt, H., Carrier, W. and Nakagawa, M., 2005, January. Lunar dust problem: 

From liability to asset. In 1st space exploration conference: continuing the voyage of discovery 

(p. 2510). 

 

Tenaillon, O., Rodríguez-Verdugo, A., Gaut, R.L., McDonald, P., Bennett, A.F., Long, A.D. and 

Gaut, B.S., 2012. The molecular diversity of adaptive convergence. Science, 335(6067), 

pp.457-461. 

 

Tennyson, A., 2003. Ulysses.” 1842. The Early Poems of Alfred, Lord Tennyson, Project 

Gutenburg 

Thorney¿?, 2006, Didymo signage on Waiau river , Wikipedia  

Todea, A.M., Schmidt, F., Schuldt, T. and Asbach, C., 2020. Development of a method to 

determine the fractional deposition efficiency of full-scale HVAC and HEPA filter cassettes for 

nanoparticles≥ 3.5 nm. Atmosphere, 11(11), p.1191. 

Toll-Riera, M., Olombrada, M., Castro-Giner, F. and Wagner, A., 2022. A limit on the 

evolutionary rescue of an Antarctic bacterium from rising temperatures. Science Advances, 

8(28), p.eabk3511. 

 

Toner, J.D., Sletten, R.S., Liu, L., Catling, D.C., Ming, D.W., Mushkin, A. and Lin, P.C., 2022. 

Wet streaks in the McMurdo Dry Valleys, Antarctica: Implications for Recurring Slope Lineae on 

Mars. Earth and Planetary Science Letters, 589, p.117582. 

 

To determine if RSL are consistent with brine flows, we investigated Mars analog wet 

streaks in Wright Valley Antarctica using new chemical analyses of soils and waters, 

time-lapse photography, and satellite images.  

… 

https://www.sciencedirect.com/science/article/abs/pii/S0019103521003080
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC91824/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC91824/
https://www.nasa.gov/centers/johnson/pdf/486014main_StubbsImpactOnExploration.4075.pdf
https://www.tandfonline.com/doi/abs/10.1080/014904599270686
https://www.tandfonline.com/doi/abs/10.1080/014904599270686
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01017/full
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01017/full
https://www.nasa.gov/centers/johnson/pdf/486017main_Taylor.pdf
https://www.nasa.gov/centers/johnson/pdf/486017main_Taylor.pdf
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=1dd954a6d6cfc4620f0b17df9054340ed56ab5d6
https://www.gutenberg.org/files/8601/8601-h/8601-h.htm#chap62
https://en.wikipedia.org/wiki/File:Didymo_signage_on_Waiau_river.jpg
https://www.mdpi.com/2073-4433/11/11/1191
https://www.mdpi.com/2073-4433/11/11/1191
https://www.mdpi.com/2073-4433/11/11/1191
https://www.science.org/doi/full/10.1126/sciadv.abk3511?utm_campaign=Daily%20Briefing&utm_content=20220821&utm_medium=email&utm_source=Revue%20newsletter
https://www.science.org/doi/full/10.1126/sciadv.abk3511?utm_campaign=Daily%20Briefing&utm_content=20220821&utm_medium=email&utm_source=Revue%20newsletter
https://www.sciencedirect.com/science/article/abs/pii/S0012821X22002187
https://www.sciencedirect.com/science/article/abs/pii/S0012821X22002187


225 of 231 
225 

Applied to Mars, wet streaks are inconsistent with the surface expression and dynamics 

of RSL. Wet streaks propagate and fade over multiple years, drain onto low angled 

slopes, and have a characteristic pattern of dark downhill and lateral edges. In contrast, 

RSL are seasonal features, terminate on angle-of-repose slopes, and typically appear 

monochromatic. These inconsistencies provide evidence against brine flow hypotheses 

of RSL formation. 

 

Topputo, F. and Belbruno, E., 2015. Earth–Mars transfers with ballistic capture. Celestial 

Mechanics and Dynamical Astronomy, 121(4), pp.329-346 

Tornabene, L.L., Moersch, J.E., McSween Jr, H.Y., McEwen, A.S., Piatek, J.L., Milam, K.A. and 

Christensen, P.R., 2006. Identification of large (2–10 km) rayed craters on Mars in THEMIS 

thermal infrared images: Implications for possible Martian meteorite source regions. Journal of 

Geophysical Research: Planets, 111(E10) 

Trainer, M.G., Wong, M.H., Mcconnochie, T.H., Franz, H.B., Atreya, S.K., Conrad, P.G., 

Lefèvre, F., Mahaffy, P.R., Malespin, C.A., Manning, H.L. and Martín‐Torres, J., 2019. Seasonal 

variations in atmospheric composition as measured in Gale Crater, Mars. Journal of 

Geophysical Research: Planets, 124(11), pp.3000-3024. See also Supporting information 

 

Tripp, H.C., n.d.,CRAA(M)P Test , Biology – Research basics, University of Texas Libraries  

 

Turbet, M. and Forget, F., 2019. The paradoxes of the Late Hesperian Mars ocean. Scientific 

reports, 9(1), pp.1-5. 

 

UNHabitat, 2022 UN-Habitat and partners unveil OCEANIX Busan, the world’s first prototype 

floating city 

 
University of Arizona, n.d., Under the Glass Systems 

 

Udry, A., Howarth, G.H., Herd, C.D.K., Day, J.M., Lapen, T.J. and Filiberto, J., 2020. What 

martian meteorites reveal about the interior and surface of Mars. 

 

Uhran, B., Conley, C. and Spry, J.A., 2019. Updating Planetary Protection Considerations and 

Policies for Mars Sample Return. Space Policy, 49, p.101322. 

 

UNECE, n.d. Espoo Convention 

 

Urbaniak, C., Massa, G., Hummerick, M., Khodadad, C., Schuerger, A. and Venkateswaran, K., 

2018. Draft genome sequences of two Fusarium oxysporum isolates cultured from infected 

Zinnia hybrida plants grown on the international space station. Genome announcements, 6(20). 

. MSystems, 4(2). 

 

https://arxiv.org/pdf/1410.8856.pdf
https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1029/2005JE002600
https://agupubs.onlinelibrary.wiley.com/doi/pdfdirect/10.1029/2005JE002600
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019JE006175
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019JE006175
https://agupubs.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1029%2F2019JE006175&file=jgre21250-sup-0001-2019JE006175-SI.pdf
https://guides.lib.utexas.edu/c.php?g=961624&p=6944629
https://guides.lib.utexas.edu/biology_researchbasics
https://www.nature.com/articles/s41598-019-42030-2
https://unhabitat.org/news/27-apr-2022/un-habitat-and-partners-unveil-oceanix-busan-the-worlds-first-prototype-floating
https://unhabitat.org/news/27-apr-2022/un-habitat-and-partners-unveil-oceanix-busan-the-worlds-first-prototype-floating
https://biosphere2.org/research/under-glass-systems
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020JE006523
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020JE006523
https://www.sciencedirect.com/science/article/abs/pii/S0265964618300833
https://www.sciencedirect.com/science/article/abs/pii/S0265964618300833
https://unece.org/environment-policy/environmental-assessment
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5958250/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5958250/


226 of 231 
226 

Urbaniak, C., van Dam, P., Zaborin, A., Zaborina, O., Gilbert, J.A., Torok, T., Wang, C.C. and 

Venkateswaran, K., 2019. Genomic Characterization and Virulence Potential of Two Fusarium 

oxysporum Isolates Cultured from the International Space Station. MSystems, 4(2). 

 

Vago, J.L., Westall, F., Coates, A.J., Jaumann, R., Korablev, O., Ciarletti, V., Mitrofanov, I., 

Josset, J.L., De Sanctis, M.C., Bibring, J.P. and Rull, F., 2017. Habitability on early Mars and 

the search for biosignatures with the ExoMars Rover. Astrobiology, 17(6-7), pp.471-510. 

 

However, the likelihood of a cold surface scenario does not constitute a serious obstacle 

for the possible appearance of life, as extensive subglacial, submerged, and emerged 

volcanic/hydrothermal activity would have resulted in numerous liquid water-rich 

settings. The right mixture of ingredients, temperature and chemical gradients, organic 

molecule transport, concentration, and fixation processes could have been found just as 

well in a plethora of terrestrial submarine vents as in a multitude of vents under (maybe) 

top-frozen martian bodies of water. 

 

van Heereveld, L., Merrison, J., Nørnberg, P. and Finster, K., 2017. Assessment of the Forward 

Contamination Risk of Mars by Clean Room Isolates from Space-Craft Assembly Facilities 

through Aeolian Transport-a Model Study. Origins of Life and Evolution of Biospheres, 47(2), 

pp.203-21. 

 

Vasaveda, 2015, Gale Crater Observations of Relevance to Planetary Protection 

 

Ventero, M.P., Moreno-Perez, O., Molina-Pardines, C., Paytuví-Gallart, A., Boix, V., Escribano, 

I., Galan, I., González-delaAleja, P., López-Pérez, M., Sánchez-Martínez, R. and Merino, E., 

2022. Nasopharyngeal Microbiota as an early severity biomarker in COVID-19 hospitalised 

patients. Journal of Infection, 84(3), pp.329-336.  

 

Verne, J., 1897. A Journey to the Center of the Earth.  

 

Vesper, S.J., Wong, W., Kuo, C.M. and Pierson, D.L., 2008. Mold species in dust from the 

International Space Station identified and quantified by mold-specific quantitative PCR. 

Research in microbiology, 159(6), pp.432-435. 

 

Vincent, J.F. and Wegst, U.G., 2004. Design and mechanical properties of insect cuticle. 

Arthropod structure & development, 33(3), pp.187-199. 

 

Vítek, P., Edwards, H.G.M., Jehlička, J., Ascaso, C., De los Ríos, A., Valea, S., Jorge-Villar, 

S.E., Davila, A.F. and Wierzchos, J., 2010. Microbial colonization of halite from the hyper-arid 

Atacama Desert studied by Raman spectroscopy. Philosophical Transactions of the Royal 

Society of London A: Mathematical, Physical and Engineering Sciences, 368(1922), pp.3205-

3221. 

 

https://msystems.asm.org/content/msys/4/2/e00345-18.full.pdf
https://msystems.asm.org/content/msys/4/2/e00345-18.full.pdf
https://www.liebertpub.com/doi/full/10.1089/ast.2016.1533
https://www.liebertpub.com/doi/full/10.1089/ast.2016.1533
https://www.researchgate.net/publication/305656209_Assessment_of_the_Forward_Contamination_Risk_of_Mars_by_Clean_Room_Isolates_from_Space-Craft_Assembly_Facilities_through_Aeolian_Transport_-_a_Model_Study
https://www.researchgate.net/publication/305656209_Assessment_of_the_Forward_Contamination_Risk_of_Mars_by_Clean_Room_Isolates_from_Space-Craft_Assembly_Facilities_through_Aeolian_Transport_-_a_Model_Study
https://www.researchgate.net/publication/305656209_Assessment_of_the_Forward_Contamination_Risk_of_Mars_by_Clean_Room_Isolates_from_Space-Craft_Assembly_Facilities_through_Aeolian_Transport_-_a_Model_Study
https://science.nasa.gov/science-pink/s3fs-public/atoms/files/Vasavada_-_Mars_Science_Laboratory_Gale_Crater_observations.pdf
https://www.sciencedirect.com/science/article/pii/S0163445321006472
https://www.sciencedirect.com/science/article/pii/S0163445321006472
https://etc.usf.edu/lit2go/222/the-journey-to-the-center-of-the-earth/
https://ntrs.nasa.gov/api/citations/20080014829/downloads/20080014829.pdf
https://ntrs.nasa.gov/api/citations/20080014829/downloads/20080014829.pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1090.7026&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.1090.7026&rep=rep1&type=pdf
http://rsta.royalsocietypublishing.org/content/368/1922/3205#ref-36
http://rsta.royalsocietypublishing.org/content/368/1922/3205#ref-36


227 of 231 
227 

Viúdez‐Moreiras, D., Newman, C.E., Forget, F., Lemmon, M., Banfield, D., Spiga, A., Lepinette, 

A., Rodriguez‐Manfredi, J.A., Gómez‐Elvira, J., Pla‐García, J. and Muller, N., 2020. Effects of a 

large dust storm in the near‐surface atmosphere as measured by InSight in Elysium Planitia, 

Mars. Comparison with contemporaneous measurements by Mars Science Laboratory. Journal 

of Geophysical Research: Planets, 125(9), p.e2020JE006493. 

 

Volpe Chaves, C.E., do Valle Leone de Oliveira, S.M., Venturini, J., Grande, A.J., Sylvestre, 

T.F., Poncio Mendes, R. and Mello Miranda Paniago, A., 2020. Accuracy of serological tests for 

diagnosis of chronic pulmonary aspergillosis: A systematic review and meta-analysis. PloS one, 

15(3), p.e0222738. 

 

Wadsworth, J. and Cockell, C.S., 2017. Perchlorates on Mars enhance the bacteriocidal effects 

of UV light. Scientific reports, 7(1), pp.1-8. 

Waite, D.W., Vanwonterghem, I., Rinke, C., Parks, D.H., Zhang, Y., Takai, K., Sievert, S.M., 

Simon, J., Campbell, B.J., Hanson, T.E. and Woyke, T., 2017. Comparative genomic analysis of 

the class Epsilonproteobacteria and proposed reclassification to Epsilonbacteraeota (phyl. 

nov.). Frontiers in microbiology, 8, p.682. 

 

Walker, R., 2022a, Comment posted on May 15th by Robert Walker to NASA’s first request for 

comments on their plans. 

Later updated with: 

• Comment posted on November 28h by Robert Walker to NASA’s second request for 

comments on their draft EIS. 

• Comment posted December 5th  

• Comment posted December 13th 

• Comment posted December 20th 

Walker, R., 2022b, NASA and ESA are likely to be legally required to sterilize Mars samples to 

protect the environment until proven safe – technology doesn't yet exist to comply with ESF 

study's requirement to contain viable starved ultramicrobacteria that are proven to pass through 

0.1 micron nanopores – proposal to study samples remotely in a safe high orbit above GEO with 

miniature life detection instruments – and immediately return sterilized subsamples to Earth, 

(preprint, not peer reviewed) 

 

Walker, R., n.d., Are you an orang utan or a chimpanzee? Common misunderstandings when 

talking about doomsday fears with people who are autistic, Aspergers, or very empathic and 

imaginative 

 
Walker, R., n.d. Our pale blue dot-are there other homes for us in our galaxy? 
  

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JE006493
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JE006493
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020JE006493
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7287442/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7287442/
https://www.nature.com/articles/s41598-017-04910-3)
https://www.nature.com/articles/s41598-017-04910-3)
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00682/full
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00682/full
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00682/full
https://www.regulations.gov/comment/NASA-2022-0002-0170
https://www.regulations.gov/comment/NASA-2022-0002-0170
https://www.regulations.gov/comment/NASA-2022-0002-0195
https://www.regulations.gov/comment/NASA-2022-0002-0195
https://www.regulations.gov/comment/NASA-2022-0002-0228
https://www.regulations.gov/comment/NASA-2022-0002-0228
https://www.regulations.gov/comment/NASA-2022-0002-0238
https://www.regulations.gov/comment/NASA-2022-0002-0254
https://osf.io/rk2gd/
https://osf.io/rk2gd/
https://osf.io/rk2gd/
https://osf.io/rk2gd/
https://osf.io/rk2gd/
https://debunkingdoomsday.quora.com/Are-you-an-orang-utan-or-a-chimpanzee-Common-misunderstandings-when-talking-about-doomsday-fears-with-people-who-are-au
https://debunkingdoomsday.quora.com/Are-you-an-orang-utan-or-a-chimpanzee-Common-misunderstandings-when-talking-about-doomsday-fears-with-people-who-are-au
https://debunkingdoomsday.quora.com/Are-you-an-orang-utan-or-a-chimpanzee-Common-misunderstandings-when-talking-about-doomsday-fears-with-people-who-are-au
https://osf.io/634mw


228 of 231 
228 

Wall, M., 2018, "Salty Martian Water Could Have Enough Oxygen to Support Life"  

— Space.com, 

 

Wang, Y., Hammes, F., Boon, N. and Egli, T., 2007. Quantification of the filterability of 

freshwater bacteria through 0.45, 0.22, and 0.1 μm pore size filters and shape-dependent 

enrichment of filterable bacterial communities. Environmental science & technology, 41(20), 

pp.7080-7086. 

 

Warmflash, D., Larios-Sanz, M., Jones, J., Fox, G.E. and McKay, D.S., 2007. Assessing the 

Biohazard Potential of Putative Martian Organisms for Exploration Class Human Space 

Missions.  

Indeed, not even all infectious human pathogens—let alone non-infectious pathogens— 

on Earth require a multicellular, macroscopic host to evolve harmful capabilities.  

July, 1976, the month that VL1 [Viking Lander 1] landed on the Martian surface, was 

also the month of the outbreak of Legionnaires’ disease at the American Legion 

convention in Philadelphia. 

The cause, Legionella pneumophila, is a facultative, Gram-negative rod that is one of 

several human pathogens now known to be carried in the intracellular environments of 

protozoan hosts. L. pneumophila can also persist, even outside of any host, as part of 

biofilms. 

In essence, all that a potentially infectious human pathogen needs to emerge and persist 

is to grow and live naturally under conditions that are similar to those that it might later 

encounter in a human host. On Mars, these conditions might be met in a particular niche 

within the extracellular environment of a biofilm, or within the intracellular environment of 

another single-celled Martian organism. It is important to note the numerous biofilms 

observed aboard the Mir space station, which were found on surfaces and within water 

plumbing. These films were often multi-species and included bacteria, fungi, and 

protozoa. 

To be sure, the genetic similarity between humans and protozoa is much greater than 

could be expected between humans and the Martian host of a Martian microbe. 

However, the L. pneumophila example does bring into question the rationale of the need 

for host-pathogen coevolution. Even in the context of a planetary bio-sphere that is 

limited to single-celled life, and even where there is unlikely to have been a co-evolution 

between agent and host organism, the possibility of infectious agents, even an invasive 

type, cannot be ruled out. 

Welcome Foundation, n.d., Why is it so hard to develop new antibiotics? 

 

Weinbaum, S.G., 1945. A Martian Odyssey. Project Gutenberg e-book. 

 

https://www.space.com/42210-mars-brines-oxygen-support-life.html
https://www.space.com/42210-mars-brines-oxygen-support-life.html
https://www.space.com/42210-mars-brines-oxygen-support-life.html
https://en.wikipedia.org/wiki/Space.com
https://en.wikipedia.org/wiki/Space.com
https://en.wikipedia.org/wiki/Space.com
https://scholar.google.com/scholar?start=0&hl=en&as_sdt=0,5&cluster=4410388950891671370
https://scholar.google.com/scholar?start=0&hl=en&as_sdt=0,5&cluster=4410388950891671370
https://scholar.google.com/scholar?start=0&hl=en&as_sdt=0,5&cluster=4410388950891671370
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20070030011.pdf
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20070030011.pdf
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20070030011.pdf
https://wellcome.org/news/why-is-it-so-hard-develop-new-antibiotics
https://www.gutenberg.org/files/23731/23731-h/23731-h.htm


229 of 231 
229 

Weiss, I.M., Muth, C., Drumm, R. and Kirchner, H.O., 2018. Thermal decomposition of the 

amino acids glycine, cysteine, aspartic acid, asparagine, glutamic acid, glutamine, arginine and 

histidine. BMC biophysics, 11(1), p.2. For the decomposition temperatures see Table 1 

 

Wells, H.G., 1898. The war of the worlds. Project Gutenburg  

 

Westall, F., Foucher, F., Bost, N., Bertrand, M., Loizeau, D., Vago, J.L., Kminek, G., Gaboyer, 

F., Campbell, K.A., Bréhéret, J.G. and Gautret, P., 2015. Biosignatures on Mars: what, where, 

and how? Implications for the search for Martian life. Astrobiology, 15(11), pp.998-1029. 

 

Whitehouse, 1977, NSC-25: Scientific or Technological EXperiments with Possible Large-Scale 

Adverse Environmental Effects and Launch of Nuclear Systems into Space 

 

WHO, 2003, Laboratory Biosafety Manual Second Edition (Revised) 

 

WHO, 2019, Leprosy, Key facts, 

WHO, n.d., Tetanus 

 

Wierzchos, J., Cámara, B., de Los Rios, A., Davila, A.F., Sánchez Almazo, I.M., Artieda, O., Wierzchos, 

K., Gomez‐Silva, B., McKay, C. and Ascaso, C., 2011. Microbial colonization of Ca‐sulfate crusts in the 

hyperarid core of the Atacama Desert: implications for the search for life on Mars. Geobiology, 9(1), 

pp.44-60. 

Abstract: “Our data shows that the threshold for colonization is crossed within the dry 

core, with abundant colonization in gypsum crusts at one study site, while crusts at a 

drier site are virtually devoid of life. We show that the cumulative time in 1 year of 

relative humidity (RH) above 60% is the best parameter to explain the difference in 

colonization between both sites. 

Wierzchos, J., Davila, A.F., Sánchez-Almazo, I.M., Hajnos, M., Swieboda, R. and Ascaso, C., 2012. 

Novel water source for endolithic life in the hyperarid core of the Atacama Desert. Biogeosciences, 9(6), 

pp.2275-2286 

 

Witze, A., 2016. Mars contamination fear could divert Curiosity rover. Nature, 537(7619), 

pp.145-147. 

 

Woese, C.R., 2002. On the evolution of cells. Proceedings of the National Academy of 

Sciences, 99(13), pp.8742-8747. 

“Aboriginal cell designs are taken to be simple and loosely organized enough that all 

cellular componentry can be altered and/or displaced through HGT [Horizontal Gene 

Transfer], making HGT the principal driving force in early cellular evolution. Primitive 

cells did not carry a stable organismal genealogical trace. Primitive cellular evolution is 

basically communal. The high level of novelty required to evolve cell designs is a product 

of communal invention, of the universal HGT field, not intralineage variation. It is the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5807855/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5807855/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5807855/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5807855/table/Tab1/?report=objectonly
https://www.gutenberg.org/files/36/36-h/36-h.htm#chap17
https://www.liebertpub.com/doi/pdfplus/10.1089/ast.2015.1374
https://www.liebertpub.com/doi/pdfplus/10.1089/ast.2015.1374
https://irp.fas.org/offdocs/pd/pd25.pdf
https://irp.fas.org/offdocs/pd/pd25.pdf
https://www.who.int/csr/resources/publications/biosafety/Labbiosafety.pdf
https://www.who.int/news-room/fact-sheets/detail/leprosy
https://www.who.int/news-room/fact-sheets/detail/tetanus
https://scholar.google.com/scholar?cluster=7084099818676232737&hl=en&as_sdt=0,5&authuser=1
https://scholar.google.com/scholar?cluster=7084099818676232737&hl=en&as_sdt=0,5&authuser=1
https://bg.copernicus.org/articles/9/2275/2012/bg-9-2275-2012.pdf
https://www.nature.com/articles/537145a
http://www.pnas.org/content/99/13/8742


230 of 231 
230 

community as a whole, the ecosystem, which evolves. The individual cell designs that 

evolved in this way are nevertheless fundamentally distinct, because the initial 

conditions in each case are somewhat different. As a cell design becomes more 

complex and interconnected a critical point is reached where a more integrated cellular 

organization emerges, and vertically generated novelty can and does assume greater 

importance.” 

 

Wohlforth, C., Hendrix, A.R., 2016a, Let’s Colonize Titan, Scientific American 

 

Wohlforth, C., Hendrix, A.R., 2016b, Beyond Earth: Our Path to a New Home in the Planets, 

Knopf Doubleday Publishing Group 

 

Xu, Z., Chen, Y., Meng, X., Wang, F. and Zheng, Z., 2016. Phytoplankton community diversity is 

influenced by environmental factors in the coastal East China Sea. European Journal of 

Phycology, 51(1), pp.107-118. 

 

Abstract: Surface seawater was collected in four different seasons in the coastal East 

China Sea adjacent to the Yangtze River Estuary and phytoplankton community diversity 

was analysed using rbc L genetic markers.  

 

page 111: The cyanobacterium Chroococcidiopsis sp. was widely represented in the 

tree, accounting for 14%, 7%, 3% and 7% of total clones in spring, summer, autumn and 

winter, respectively 

 

Yocum, R.R., Rasmussen, J.R. and Strominger, J.L., 1980. The mechanism of action of 

penicillin. Penicillin acylates the active site of Bacillus stearothermophilus D-alanine 

carboxypeptidase. Journal of Biological Chemistry, 255(9), pp.3977-3986. 

 

Zakharova, K., Marzban, G., de Vera, J.P., Lorek, A. and Sterflinger, K., 2014. Protein 

patterns of black fungi under simulated Mars-like conditions. Scientific reports, 4, p.5114.  

Zeth, K., 2013. Dermcidin: what is its antibiotic potential?. Future Microbiology, 8(7), 

pp.817-819. 

Zhang, F., Lee, J., Liang, S. and Shum, C.K., 2015. Cyanobacteria blooms and non-alcoholic 

liver disease: evidence from a county level ecological study in the United States. Environmental 

Health, 14(1), pp.1-11. 

 

Zhang, N. and Cao, H., 2020. Enhancement of the antibacterial activity of natural rubber latex 

foam by blending It with chitin. Materials, 13(5), p.1039. 

 

Zhou, B. and Shen, J., 2007. Comparison Of HEPA/ULPA Filter Test Standards Between 

America And Europe. In Proceedings of Clima 

https://blogs.scientificamerican.com/guest-blog/lets-colonize-titan/
https://books.google.co.uk/books?id=WBycCwAAQBAJ&dq
https://www.tandfonline.com/doi/pdf/10.1080/09670262.2015.1107138
https://www.tandfonline.com/doi/pdf/10.1080/09670262.2015.1107138
https://www.ncbi.nlm.nih.gov/pubmed/7372662
https://www.ncbi.nlm.nih.gov/pubmed/7372662
https://www.ncbi.nlm.nih.gov/pubmed/7372662
https://www.nature.com/articles/srep05114
https://www.nature.com/articles/srep05114
https://www.researchgate.net/profile/Kornelius-Zeth/publication/248395579_Dermcidin_What_is_its_antibiotic_potential/links/0c9605228b3f40f7a7000000/Dermcidin-What-is-its-antibiotic-potential.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4428243/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4428243/
https://www.mdpi.com/1996-1944/13/5/1039/htm
https://www.mdpi.com/1996-1944/13/5/1039/htm


231 of 231 
231 

Zubrin, R.M., 1996. The significance of the Martian frontier. Strategies for Mars: A Guide to 

Human Exploration, 86, p.13.  

 

Zubrin, R. "Contamination From Mars: No Threat", The Planetary Report July/Aug. 2000, P.4–5 

 

https://space.nss.org/the-significance-of-the-martian-frontier-by-robert-zubrin/
http://www.freerepublic.com/focus/f-news/516795/posts

