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1. EXECUTIVE SUMMARY 

This document presents the results of running the sterilization model developed 
on the Sterlim project.  This models transfer of material between Mars and its 
Moons, and investigates how the hyper velocity collision with the moon, and the 
radiation environment on the moon, sterilize any life transferred. 
 
The work has been performed in two phases, the first looking at the average rate 
of transfer, and the second extending this to cover discrete transfer originating 
from Martian craters modelled to the isochrones curves. 
 
Key to the results is how much life can material ejected from Mars contain in the 
first place; taking Earth analogue such as the Atacama Desert, loading of life still 
varies by 5 orders of magnitude.  This is greatest uncertainty in the process. 
 
The original phase looking at average rates of transfer showed over a 10 million 
year period, that the typical transfer of mass, makes it marginal that a sample 
taken on a sample return mission has probability below 10-6 of containing life from 
Mars. 
 
The Hypervelocity collision with the moon only gives minor sterilization; or more 
accurately has great variation.  Specifically the leading edge of any impactor 
undergoes a large rise in temperature and pressure, likely to give sterilization.  
However the internals and back of the impactor experience far less heating ï and 
it is here that life can be transferred. 
 
The radiation environment on the moon can always kill life, but it takes time, the 
time being dependent on depth material is buried at. This gives times scales that 
range from a century on the surface, to 100,000 years at depth. 
 
The second phase looking at discrete ejections, demonstrated that the important 
transfer of mass comes from the largest craters.  These happen at low probability, 
but with higher than the 10-6 planetary protection requirement.  For Phobos in 
particular this means that unless large craters can be shown to be in the distant 
past (at probabilities over 99.9999%), that Phobos cannot be said to be free from 
Martain life.  For Deimos if the Mars ejecta contains low levels of life, the chance 
of life on Deimos can be lowered to below 10-6. 
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A typical mass ejection from Mars is caused by an impact from the asteroid belt, 
this means the impact with Mars is over 6km/s.  This in turn means that the ejecta 
have a range of velocities that drop off exponentially with some over the escape 
velocity.  The range in velocities mean that Martian mass ejecta will cover most of 
the sky, and have a high probability of impacting Phobos and Deimos. 
 
What is key with the most mass coming from the larger Martian craters, is the age 
of the crater.  For material to remain viable on the surface of the moon, it must 
have been transferred within a few time constants for the radiation environment to 
sterilize.  Hence it is key the age of the crater on Mars, is this within the few 
radiation time constants?  Where a Martian crater can be aged to have happened 
in the distant past, then any mass transferred will be sterilized.  However if a 
Martian crater cannot be said to have been in the distance past to a very high 
degree of probability, then the slim possibility that it may have been in the recent 
past is what will lead to the moon being above the planetary protection threshold 
for the possibility to detect life of 1 part in 106. 
 
With the current age limits on recent large craters (such as Zunil and Mojave, etc) 
there is a probability above 1 part in 106 that the craters were created recently.  
Any one of these craters in the recent past would transfer enough life to the 
Moons, that it is almost certain that a sample return mission would return with 
Martian life.  However if the large craters can be aged to be greater than a 
minimal age, consistent with the radiation time constant on the moon ï then the 
moon would be below the level of life needed for planetary protection. 
 
Much of the science of the transfer of life between Mars and its moons has 
uncertainties, not least of which are: 

¶ How much life the martian ejected material has before ejection. 

¶ The size distribution of the ejected material, with contradictory evidence that 
it is both fragmented to small scale, and that there is a not insignificant rate 
of spallation. 

¶ The precise time of the ejection from the largest Martian craters, whilst 
Martian geological times, and crater evolution, give timescales of millions of 
years ï but only a few craters can be more accurately placed in time.  This 
is critical when the timescale for sterilization on the moon is far shorter than 
the million years. 

¶ Accurate models of radiation sterilization, in particular tests have greater 
variation than can be easily understood.  Some results such as the D Rad 
tests are unclear.  
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2. INTRODUCTION  

2.1. SCOPE AND PURPOSE 

Produce a synthesis of the tests and modelling, and the material transfer analysis from Mars to 
Phobos (and Deimos). 

Using these results, evaluate with sterilisation statistical models the probability that an 
unsterilized Martian material naturally transferred to Phobos is accessible to a Phobos sample 
return mission. 

Results shall also be extrapolated to a possible Deimos sample return mission. 

This work has been performed under ESA Contract number: 4000112742/14/NL/HB. 
 
Under a CCN the work has been extended to include the effect of discrete ejections from Mars 
driven by the isochrones crater rate. 

2.2. APPLICABLE DOCUMENTS 

 
Acronym Reference Issue Title 

AD1 ESA-SRE-F-ESTEC-
SOW-2015-00 

1 Sterilisation limits for sample return planetary 
protection measures ï Statement of Work 

AD2 NNX10AU88G  Material Transfer from the Surface of Mars to 
Phobos and Deimos, Final Report: 

AD5 Planetary and Space 
Science 87(2013)115ï
129 

 Mars impact ejecta in the regolith of Phobos:Bulk 
concentration and distribution. 

AD3 SterLim-Ph2-TAS-TN19 3 Description of the sterilisation statistical model 

AD4 SterLim-Ph1- 
TAS-TN-08 

2r2 Statistical Analysis 
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2.3. REFERENCE DOCUMENTS 

Acronym Reference Issue Title 

RD1 TN2.1  Identification of Representative Biological Models 
and Characterisation Approach of Sample 
Preparation and Conditioning for Tests 

RD2 TN18  Hypervelocity Impact Modelling 

RD3 TN15 1 Test report on the irradiation inactivation tests 
results 

RD4 TN16 0.C Radiation Simulation Analysis Results 

RD5 Science  07 Nov 2003: 
Vol. 302, Issue 5647, 
pp. 1018-1021 

 Mars-Like Soils in the Atacama Desert, Chile, and 
the Dry Limit of Microbial Life 

RD6 Meteoritics & Planetary 
Science 1ï18 (2016) 

 Martian cratering 11. Utilizing decameter scale 
crater populations to study Martian 
history 

RD7  Icarus 176 (2005) 351ï
381 

 The rayed crater Zunil and interpretations of small 
impact craters on Mars 

RD8   ñGlobal Surface Modification Of Asteroid 4 Vesta 
Following The Rheasilvia Impactò Timothy J 
Bowling, PhD Thesis, Purdue University 

RD9 Icarus 207 (2010) 744ï
757 

 Dynamical erosion of the asteroid belt and 
implications for large impacts in the inner Solar 
System 

RD10 Icarus 208 (2010) 621ï
635 

 Do young martian ray craters have ages 
consistent with the crater count system? 

 

2.4. DEFINITIONS AND ACRONYMS 

ACDP Advisory Committee on Dangerous Pathogens 

Cfu Colony forming unit 

ESA European Space Agency 

GCR galactic cosmic radiation 

LET Linear Energy Transfer 

SEP Solar Energetic Particle 

SoW Statement of Work 
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3. SENSITIVITY ANALYSIS ɀ PARAMETERS THAT ARE VARIED 

3.1. INTRODUCTION 

The development of the model used to produce the results in this documenting is described in 
[AD3].  During development there were some parameters of the model, where only ranges 
could be set ï there was no preferred value identified.  For these parameters the suggested 
approach was to perform a sensitivity analysis, e.g. in this document it is considered the effect 
that varying these parameters has on the result. 

Now varying of parameters, needs to be done with care.  In particular each parameter affects a 
particular area (e.g. the ejection cone angle on Mars, affects the available angular momentum 
of the transfer to the Martian Moon ï and so affects the arrival on the Martian Moon).  Hence 
rather than probing all parameters in all distributions, instead the parameters are only varied 
where they will have most effect.  This enables probing how sensitive the model is to the 
parameter and its allowed value. 

This section documents which parameters can be varied ï and the range chosen for those 
parameters. 

3.2. BIOLOGICAL MODEL 

This sensitivity area is mandated by the SoW.  It is unknown what form martian life is present in, 
if at all.  Therefore in this study the five terrestrial organisms have been used as biological 
models for martian life [RD1]. 

¶ Deinococcus radiodurans ï Radiation resistant bacterium 

¶ Clostridium difficile ï Capnophilic spore forming bacteria. Whilst identified in Phase 1 of 
this project, in Phase 2 in was not possible to test with this organism due to its 
classification as an ACDP level 2 organism.  Hence this is not studied here. 

¶ Bacillus atrophaeus ï Endospore forming bacterium 

¶ Brevundimonas diminuta ï Simple organism 

¶ MS2 coliphage ï small resistant bacteriophage 

As the characterisation, both for radiation, flash heating, and hypervelocity impact has been 
performed for all four remaining organisms, these four organisms are taken through the full 
model. 

In addition a fifth organism is defined: 

¶ Super Bug ï the parameters of this organism are selected to be the hardiest of the other 
four organisms tested.  This corresponds to: 
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o Beta, the cooling coefficient of D. radiodurans 

o The thermal sterilization parameters (k0 and b) of B. atrophaeus 

o The radiation resistance parameter (lambda) of MS2 

3.3. MARS EJECTION CONE ANGLE 

Ejections from Mars are expected to be the result of a collision with Mars.  This is expected to 
produce an ejection cone, however the angle of the cone is not actually known.  Hence the 
values used are: 

¶ 1: fixed cone angle - 30  ̄

¶ 2: fixed cone angle - 45  ̄

¶ 3: fixed cone angle - 60  ̄

¶ 4: Cone centred on 45  ̄with a normal distribution in angle with standard deviation of 15  ̄

¶ 5: Cone centred on 60  ̄with a normal distribution in angle with standard deviation of 15  ̄
 
The angle of the ejection cone is important as it affects the angular momentum the ejector has 
about Mars.  This in turn has an effect on the first hyper velocity collision with Phobos (Deimos).  
Hence this first collision, will have a sensitivity analysis of the ejection cone angle. 

3.4. MARS EJECTION MASS DISTRIBUTION 

The mass of ejectors from Mars is poorly known, whilst it is expected to be a steeply falling 
distribution, with most particles towards the smallest size, what this smallest size will be is 
unclear.  Here the values used are: 

¶ 1e-6 kg 

¶ 1e-5 kg 

¶ 1e-4 kg 

¶ 1e-3 kg 
 
This ejector mass, will be the mass of the first collision with a Martian Moon.  So where the 
sterilization is dependent on this mass ï this needs to be modelled.  Hence the first collision 
with the moon will be analysed for sensitivity. 

3.5. MARTIAN MOON EJECTION MASS DISTRIBUTION 

As with the Mars ejection, the size of objects ejected as a result of hyper velocity impacts with 
the moons in not clear.  This only affects: 

¶ Change that material is ejected from the Martian system when in the cloud 

¶ Depth at which the material is deposited in subsequent collisions with the moon 
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With this knowledge two extremes for the mass distribution are taken: 

¶ M=0; corresponding to the material fragmenting to very small objects.  This will mean that 
the material will be ejected from the Mars system in the cloud, and lost. 

¶ M=%age change of ejection times the impactor mass.  This corresponds to the ejected 
%age being ejected as a single object.  This will lead to the object eventually setting on 
the moon, and deposited at greatest depth where radiation will be minimized. 

3.6. DEPTH DEPOSITED 

The most likely resting place of the impactor material after a collision is on the surface of the 
moon.  This depends on the assumption that the mechanical properties of the regolith on the 
moon, are such that the surface will bounce back, after the impact ï returning the impact 
material to the surface. 

Hence as there is no certainty in the properties of the moon regolith, the depth of deposition will 
be varied.  Now the depth the impactor reaches before the bounce back, is a few times the 
impactor radii.  Hence the depth deposited is varied between: 

¶ 0 impactor radii, the material is on the surface 

¶ 1 

¶ 2 

¶ 3 

3.7. LOADING OF LIFE ON THE MARS EJECTA 

The ejecta from Mars have the potential to carry life.  The level of life that they carry is important 
for Req-10: 

 

Sterilization is defined by life, life is characterised as unsterilized if it can be grown under 
suitable conditions into a colony. E.g. the count of colony forming units, or cfu is critical in 
defining sterilization. 

This then gives the dependence, on what the loading of life is possible for Mars Ejecta.  Req-10 
though is not defined in terms of life on mars, but on the concept of an unsterilized particle.  
Particles however cannot be grown into cfu, and so a method is needed to characterise the cfu 
that Mars ejecta can contain.  There is no rigorous method. 

Here we look at terrestrial analogues, the landscapes on Earth considered as analogues are the 
arid areas, two in particular are used: 

¶ The Atacama desert in Chile 

Req-10 : The probability that a single unsterilized particle from Mars ² 10 nm in diameter is in 

a sample returned from Phobos shall be ¢ 1x10-6. 
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¶ The Antarctic McMurdo dry valleys 

Of these the Atacama desert is the best studied, and most often used.  The level of life 
measured in the Atacama desert is quite variable, e.g consider [RD5], shown in Figure 3-1. 

 

Figure 3-1. An extract from Fig.2 of [RD5], showing the life loading rate at various sites in the 
Atacama desert.  The filled triangles are where no life was observed, and so an upper limit 
on life has been set. 

At various sites life can be seen to vary between 1e2 cfu/g to 1e7 cfu/g, where the lower 
measurements come from the area close to Yungay. 

In the case of Yungay, many of the measurements did not detect any life, and are shown as 
filled in triangles.  In these cases an upper limit on life has been set at 1e2 cfu/g. 

However even in the case of Yungay, the measurements are not consistent. E.g. an area close 
by has measured life at the level of 1e4 cfu/g. 

In this study, we should cover a likely range of life.  Taking the example from the Atacama 
suggests using the range: 

¶ Low: 1e2 cfu/g = 1e5 cfu/kg for samples with no measured life 

¶ Medium: 1e4 cfu/g = 1e7 cfu/kg for samples with measured life, but at the lower range of 
measurements 

¶ High: 1e7 cfu/g = 1e10 cfu/kg for samples with the highest counts in the Atacama 

Clearly though this is driven by the sensitivity with which life is detected in the regolith, with 
more precise measurements it is consistent with possible levels of loading well below 1e2 cfu/g. 
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Finally should be mentioned that two other areas are considered as possible arid zones as 
analogues for Martian regolith: 

¶ María Elena South in the Atacama, possibly even drier than Yungay 

¶ Antarctic McMurdo dry valleys, exceptionally dry and cold 

These have not been considered here. 

4. ASSUMPTIONS 

4.1. GARDENING (DUE TO METEOR IMPACT) 

The regolith on the Martian moons is slowly turned over due to continual impact of meteors.  
Over long time periods this produces extensive mixing, and this process is known as 
ñGardeningò.  In Phase 1 of this project [AD4], analysis of the literature concerning gardening, 
suggested that on the Earthôs moon , over a 10MY time period, that a turnover of one or more 
times happens down to a depth of ~2cm at 50% confidence (and ~1cm at 99% confidence).  
Turnover on Martian moons is expected to be lower, as the solar system impactor flux is 50% 
lower at Mars than Earth. 

Hence in the analysis performed here gardening is ignored.  Once material has settled on a 
moon, its position is assumed to not change over the 10MY period. 

4.2. AVERAGE ORBIT PROPAGATION 

Of the mass ejections from Mars, the vast majority do not impact Martian moons.  This means a 
general simulation of mass ejections would be very inefficient in placing material on the moon.  
Now efficiency of coding is key to accurate estimates in the Monte Carlo. 

Considering a mass ejection from Mars, integrating the mass ejection over all possible points on 

Mars, and over all possible rotational angles, and the resulting ejections will uniformly cross 4p 
steradians of space.  The area of a moon can be calculated in steradians, and that the ejection 
solid angle is uniform, means that the probability of impact with the moon can be calculated 
exactly.  This probability is then taken to be probability for all possible points of ejection, and 
rotational angles.  On average, this gives exactly the transferred mass required, and scales 
between Phobos and Deimos (which have differing angular sizes, and distances).  The 
assumption of uniformity is not held on a case by case basis (e.g. ejection from Mars equator is 
more likely to impact a moon, than for ejection from a Martian pole), just on average ï but the 
huge efficiency it brings to the Monte Carlo makes its use justified.  It means that all ejections 
can be assumed to hit the moon, with just the overall probability scaled, but scaled so the 
correct answer is achieved. 
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Note that Melosh [AD1] uses a different assumption to increase the probability of impact, the 
size of the moon is scaled to a larger value, which scales the probability of impact.  This does 
not exactly flatten the probabilities distribution (e.g. most ejections still miss the moon, which for 
a Monte Carlo decreases the efficiency), however better estimates the geographical distribution 
of ejecta which impact with a moon.  This difference has produced no observable difference 
between this work and that of Melosh. 

Under the discrete ejections this approach is varied somewhat, the phasing of the moons 
position with respect to the point of ejection on Mars is still taken as uniform; however the effect 
of the ejection curtain is calculated analytically ï and this is used to give a quick analytical 
solution to how much mass is transferred from each ejection.  The uniform distribution of 
ejections on Mars is justified from the crater distribution. 

4.3. BIOLOGICAL MODEL ASSUMPTIONS 

Four biological models have been used to be representative of Martian life: 

¶ D. radiodurans 

¶ B. atrophaeus 

¶ B. diminuta 

¶ MS2 

These organisms were selected in Phase 1 of the study, as the most suitable models of: 

¶ Radiation resistant organism 

¶ Bacterial spores 

¶ A simple organism 

¶ Small resistant virus 

This gives reasonable coverage of microbiological organisms that are resilient to hostile 
environments, they are Earth based organisms ï and have evolved to survive in Earthôs 
environment. 

Now Martian organisms will have evolved to survive in a Martian environment ï the question is 
does this give potential for greater resilience than the Earth models.  Specifically this work has 
looked at two types of sterilization: 

¶ Heat sterilization (typically through the hyper velocity collision) 

¶ Radiation resistance 

Now with respect to each of these: 
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¶ The thermal environment during hyper velocity collision raises the temperature 
significantly above ambient.  This will be equally true for a Martian environment as for an 
Earth environment.  Hence it is not unreasonable to expect Martian organisms to behave 
similar to the terrestrial models. 

¶ The radiation environment on Mars is dependent on the magnetic field of Mars.  This was 
lost about four billion years ago, and similarly any significant Martian atmosphere was 
lost.  Hence any Martian organism that has remained viable over that 10MY period, will 
have evolved mechanisms for surviving the radiation environment.  This potentially gives 
greater resilience over terrestrial models. 

Now with regards to the radiation tolerance, by selecting D. radiodurans the study has used the 
organism known to show increased resistance to radiation in a terrestrial environment, the 
radiation resistance of which is well beyond needed to survive Earthôs radiation.  Hence the 
study has maximized the resistance of the chosen organism. 

However well justified, this still leaves the question of the suitability of terrestrial model 
organisms as representative of potential Martian organisms. 

The Test Results of the radiation testing also show greater variably than is expected.  The D 
Rad result in particular differs markedly from previous studies of the organism. 

4.4. HYPER VELOCITY ASSUMPTIONS 

Testing during Phase 2 was necessarily limited: 

¶ Impactor was a 2mm cylinder, and did not vary during testing 

¶ The organism was always mounted in the same place, in a hole in the back 

Hence the hyper velocity is very dependent on the quality of the HV model. 

Specifically the modelling identified that once a sufficient velocity is reached, the impactor 
fragments to close to the grain size.  This means that evolution of the hyper velocity collision 
becomes quite chaotic, which gives great variation in the temperature. 

This brings in the first assumption, that sterilization is caused primarily via thermal heating in the 
collision. 

Now the modelling of the sterilization seen in testing primarily uses the thermal sterilization 
model built up.  Hence only one parameter (per organism) is fitted to the hyper velocity 
sterilization model ï the rate of cooling of the organism.  Hence the ability of the fit of the single 
parameter, over a range of velocities gives limited ability to fit the data. 

This means the hyper velocity tests and sterilization modelling mainly becomes a validation of a 
sterilization model developed independent of the testing. 
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This validation gives confidence in the modelling, and hence gives confidence that the 
modelling when applied to Phobos/Deimos will give a good description. 

4.5. CLOUD ASSUMPTIONS 

Material that enters the cloud takes some time before it re-impacts a Martian moon. [AD2] gives 
this as months, years or centuries; it is clearly a far shorter period than the time on the moon (up 
to 10MY).  Hence most material spends far longer on the Martian moon, than in the cloud. 

So the model assumes that there is no sterilisation of material whilst it is in the cloud. 

Where the time constant for sterilization becomes comparable to the maximal period in the 
cloud (centuries) then the cloud has the ability affect the result.  This though will only be a 
second order effect, as most Martian material on the moons is expect to be transferred via direct 
transfer ï and not spend any time in the cloud. 

4.6. RADIATION ASSUMPTIONS 

The radiation environment on the moons is assumed to be an infinite flat plane.  Near the 
surface, it is expected that surface features (craters etc) will affect the radiation environment. 

4.7. ISOTROPIC DISTRIBUTIONS 

In building the Monte Carlo simulation, an important step in simplifying the calculation is 
isotropic distributions where this does not significantly affect the result: 

¶ Isotropic distribution of impact events on Mars 

¶ Isotropic probability for Mars ejectors to impact Phobos/Deimos dependent on orientation 

¶ Isotropic distribution of impactors on the surface of Phobos/Deimos. 

These assumptions are expected to have minimal effect on the results ï and were used as they 
mean that the modelling was implemented in an efficient manner. 

4.8. STERILISATION MODEL ASSUMPTION 

For both the hyper velocity sterilisation model, and the radiation sterilisation model, when fitting 
the models to the sterilisation measurements, the measurements have no determination of 
error.  Hence error can only be calculated in the fit of the model to the data.  As error is a fitted 
parameter, there is no measure of goodness of fit of the model.  This means there is an 
underlying assumption, that the model is correct, e.g. its form is not tested. 

Now the model does receive some validation through examination of the fitted error, does it look 
consistent with the measurements (e.g. does it correlate to the spread in inactivation 
measurements). 
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4.9. VELOCITY OF IMPACT ON MARS 

The isochrone distribution gives the size of craters on Mars, this is mainly driven by the size of 
the impactor.  However the velocity of the impactor is also important, this has a minor effect on 
the size of crater produced, and a more marked effect on the mass of material ejected.  Hence 
for a more complete description of the mass ejection needs both the crater size, and the 
impactor velocity. 

Crater sizes are taken from the isochrones graph. 

For the velocity of impact, the impactors are taken to arise predominantly from the asteroid belt.  
This is taken from Minton and Malhotra [RD9]. 

4.10. TIME OF EJECTION FROM MARS 

The isochrones distribution gives the typical time period for craters of a certain size, observation 
of craters gives information on their age: 

¶ Young craters have rays, where the material ejected leaves a mark on the surface of 
Mars 

¶ As craters age, material slowly accumulates in the base of the crater, this means over 
time craters become less deep 

This gives basic information on the time of ejection, but typically not on the scale of sterilization 
by radiation on the moon. 

This means in in modelling only the average rate of emissions can be used, and the estimated 
variation this causes. 

5. FOLLOWING LIFE, FOLLOWING IMPACT MATERIAL, TRANSFER FROM 
MARS TO THE MOON 

5.1. INTRODUCTION 

Phobos and Deimos are not expected to have any indigenous life.  Hence any life that is 
present on Phobos and Deimos must have come from elsewhere.  Considered here is the 
possibility for transfer of life from Mars to Phobos and Deimos. 
 
Now Phobos and Deimos are airless, and that means all free water has sublimed ï and so there 
is no free water.  All known forms of life need free water to grow and multiply.  Hence any 
Martian life transferred to Phobos and Deimos, must be desiccated when on the moon.  This 
means that the organism is not growing (however it can still be viable if in a spore or dormant 
form).  Because the organism cannot grow on Phobos, and there is no water in which it can be 
transported, it stays where it lies.  The only process which can move the life is gardening, due to 
meteoroid impact on the surface, and during the 10MYear period considered under this study, 
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the Phase 1 of this project identified that gardening will only give minor turnover of material 
[AD4]. 
 
Hence life ends up where the transfer from Mars deposited it.  This means that transferred life 
follows the material on which it is transported.  So by following the material transferred, one 
learns about the resting place of any life transferred. 
 
Now if a Mars ejection has a possibility of impact with Phobos/Deimos, just minor differences in 
phasing will distribute material over half the surface area of the moon.  Because of this, material 
is distributed over a wide area.  Now if the material is re-ejected, it travels to the far side of the 
moon ï again distributed over half the hemisphere.  So after two collisions, material will cover 
the moon.  The crux is the route to two collisions.  In particular if the first collision dominates, 
what does this imply for distributed material, this is the question studied in this section. 

5.2. PHOBOS 

Considering first an ejection cone angle of 45 ,̄ and collision with Phobos. 
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Figure 5-1. Normalised distribution for cosine of angle from facing Mars, most mass hits the 
face of Phobos towards Mars (cos=1), some material hits Mars on the way back on an 
elliptical orbit.  There is no material that arrives from the direct anti mars direction, as 
possible material here has velocity over the escape velocity so does not return.  
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Figure 5-2. The normalised distribution for the cosine of the angle with respect to the 
direction of motion of the moon.  As the moon moves at 2km/s most material hits the front 
face (cos=-1), with small amounts of material hitting the rear face.  
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Figure 5-3. At 90 degrees to Phobos motion, no impacts directly from either side.  With 
moons orbital velocity, this always gives velocity in this direction, so limiting the  
distribution.  

These graphs show that the dynamic that dominates is the orbital velocity of Phobos.  This 
means that the impact is preferably on the front face of Phobos.  This limits the angular range of 
approach is limited in some cases.  Now as each velocity vector will distribute material on half 
the area of Phobos, the range of the velocity vector mean much of the area of Phobos is 
covered.  This justifies the approach of taking a uniform distribution of material deposited on 
Phobos. 
 
There is a small area of exception, this is best seen by looking at the angle of approach around 

the orthogonal direction (so Mars is at theta=0, and Phobos travels in the theta=p/2 direction). 
This is shown in Figure 5-4.  This will give a small area towards the tail of Phobos, where little 
material is deposited on the first collision. 
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Figure 5-4. The normalised mass distribution for the angle about the orthogonal, for th e 
velocity of first impact.  Mar s is in the theta=0 direction, Phobos velocity in the p/2 direction.  
This almost gives a full 180  ̄where there is no material transferred.  When mapped onto the 
Phobos surface this will give a small ar ea in the tail of Phobos (against its velocity) where 
little material is deposited.  The effect of the ejection cone angle (on Mars) is shown, as the 
cone gets wider more angular momentum is transferred, and this widens the area accessed.  

5.3. DEIMOS 

Taking these concepts to Deimos, the significant question is does there remain a small area 
where material is not deposited on the first transfer from Mars. 

This is shown in the single graph considering the angle about the orthogonal direction to 

Deimos direction, with just a single ejection cone of 45 .̄  The area of primary impacts is more 
restricted than for Phobos (presumably as most material can only hit Deimos on way out, and 
little on the return).  Hence Deimos will have a larger area that does not have primary impacts. 
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Figure 5-5. As for Figure 5-4, but plotted for Deimos and only for a 45degree ejection cone.  
The angular range is more restricted (most material hits Deimos on the way out, with little 
on the way back).  This means Deimos will have a larger area where there are no direct 
impacts for material from Mars.  

6. MASS TRANSFERRED ɀ AND POTENTIAL LIFE CONTAINED 

6.1. INTRODUCTION 

The mass transferred has been normalised to Melosh [AD1] as detailed in [AD5].  As Melosh 
measured mass just up to ejection velocity of 5.5km/s; whilst the model used here generates all 
ejection velocities ï this means we predict greater mass transfer.  Meloshôs value was for an 

ejection cone angle of 45 ,̄ here is tested the sensitivity to the ejection angle. 

Finally the maximal loading of life in a sample is needed, this is taken as proportional to mass 
transferred [AD4](hence following mass in the Monte Carlo, follows life), the three values from 
the sensitivity analysis are considered: 

¶ Low: 1e5 cfu/kg 
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¶ Medium: 1e7 cfu/kg 

¶ High: 1e10 cfu/kg 

6.2. PHOBOS 

The level of life potentially transferred to Phobos is shown in Table 6-1. 

Ejection 
Cone 

Total Mass Transferred in 
10MY 

Potential Life Transferred Life per area on 
Phobos (average) 

30  ̄ 1.64e6 ° 4e2 kg Low 1.64e11 cfu 1.06e2 cfu/m2 

Medium 1.64e13 cfu 1.06e5 cfu/m2 

High 1.64e16 cfu 1.06e7 cfu/m2 

45  ̄ 1.63e6 ° 5e2 kg Low 1.63e11 cfu 1.05e2 cfu/m2 

Medium 1.63e13 cfu 1.05e5 cfu/m2 

High 1.63e16 cfu 1.05e7 cfu/m2 

60  ̄ 1.61e6 ° 5e2 kg Low 1.61e11 cfu 1.03e2 cfu/m2 

Medium 1.61e13 cfu 1.03e5 cfu/m2 

High 1.61e16 cfu 1.03e7 cfu/m2 

Table 6-1. Mass and life transferred f or various ejection cone angles, and for various cfu 
loading rates for Mars Ejecta  
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The total mass transferred is higher than Melosh reported, as commented above this is due to 
this simulation covering mars ejection velocities over 5.5km/s.  The graphs of the mass 
distribution with ejection velocity agree well. 

The total mass transferred to Phobos isnôt very sensitive to the ejection cone angle.  The initial 
life transferred, with a maximal loading level of life on the transfer, is at a high level ï however 
this is before any sterilization is considered. 

The variation in life transferred to Phobos on loading of life on the Mars Ejecta is shown in 
Figure 6-1. 

 

Figure 6-1. How life transferred to Phobos depends on life loaded on the Mars Ejecta  
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Figure 6-2. The mass distribution against velocity for Mars Ejecta, and Phobos Impactor , for 
impact with Phobos and a 30  ̄ejection cone  
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Figure 6-3. The mass distribution against velocity for Mars Ejecta, and Phobos Impactor, for 
impact with Phobos and a 45  ̄ejection cone  

 



 

REFERENCE: 
 
DATE: 

SterLim-Ph2-TAS-TN21 
 
06/09/18 

ISSUE:   2.2 Page:  30/118 

 

 

THALES ALENIA SPACE OPEN 

 
 

 â 2018, Thales Alenia Space Template:  83230326-DOC-TAS-EN/003 

 

Figure 6-4. The mass distribution against velocity for Mars Ejecta, and Phobos Impactor, for 
impact with Phobos and a 60  ̄ejection cone  

Looking at the mass distributions against velocity, the Mars ejection velocity has minor 
dependence on the ejection cone, primarily the ejection cone angle affects the amount of 
angular momentum that ejector has ï which has a minor effect on the orbital dynamics. 
 
This differing angular momentum has a more marked effect on the impact velocity on Phobos, 
whilst wider cones generally increase the impact velocity, more important is that the distribution 
widens ï and in particular goes to lower velocity.  These lower velocities have the potential for 
less sterilization. 

6.3. DEIMOS 

For Deimos, the mass normalisation is still based on the Phobos value.  However as Deimos is 
higher, it takes a larger velocity to reach, which decreases the mass transferred. 

Ejection 
Cone 

Total Mass Transferred in 
10MY 

Potential Life 
Transferred 

Life per area on Deimos 
(average) 

30  ̄ 4.61e4 ° 10 kg Low 4.61e9 cfu 9.31 cfu/m2 

Medium 4.61e11 cfu 9.31e2 cfu/m2 

High 4.61e14 cfu 9.31e5 cfu/m2 

45  ̄ 4.61e4 ° 9 kg Low 4.61e9 cfu 9.31 cfu/m2 

Medium 4.61e11 cfu 9.31e2 cfu/m2 

High 4.61e14 cfu 9.31e5 cfu/m2 

60  ̄ 4.62e4 ° 9 kg Low 4.62e9 cfu 9.33 cfu/m2 

Medium 4.62e11 cfu 9.33e2 cfu/m2 

High 4.62e14 cfu 9.33e5 cfu/m2 

Table 6-2. Mass and life transferred for various ejection cone angles. 

The decreased mass means less life is transferred to Deimos, even with the maximal loading of 
life. 

The dependence of life transferred to Deimos on the life loading rate on the Mars Ejecta is 
shown in Figure 6-5. 
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Figure 6-5. The dependence of life on Deimos on the loading of life on the Mars Ejecta.  
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Figure 6-6. The mass distribution against velocity for Mars Ejecta, and Deimos Impactor, for 
impact with Deimos and a 30  ̄ejection cone.  
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Figure 6-7. The mass distribution against velocity for Mars Ejecta, and Deimos Impactor, for 
impact with Deimos and a 45  ̄ejection cone.  
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Figure 6-8. The mass distribution against velocity for Mars Ejecta, and Deimos Impactor, for 
impact with Deimos and a 60  ̄ejection cone.  

The minimum Mars ejection velocity to reach Deimos is increased, due to the larger orbit for 
Deimos.  The impact velocity on Deimos if anything is decreased relative to Phobos, orbital 
speeds at Deimos altitudes are reduced, and this gives rise to slower impacts. 

7. THE FIRST HYPERVELOCITY COLLISION WITH THE MOON 

7.1. INTRODUCTION 

The impact of the Mars ejector on Phobos/Deimos has multiple effects that affect life: 

¶ The energy of impact gives rise to flash heating, which inactivates any organism.  The 
level of organism inactivation, or sterilization, is a key process by which life is sterilized ï 
and so a key result of the project. 
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¶ Ejection probability; material can be either deposited, or ejected, as a result of the 
impact.  This affects the history of the material, does it get transferred to a cloud about 
Mars, and subsequent collision with Phobos/Deimos. 

¶ If deposited on the moon, what depth is the material deposited at.  Whilst this does not 
immediately sterilize material, it affects the long term radiation environment ï which is the 
secondary sterilizing effect considered in the next section. 

¶ If ejected, what is the velocity and mass of the ejected material.  The velocity affects 
subsequent impacts with the moon, and so future sterilization.  The mass, affects both 
subsequent impacts, and also if the material is small enough it is ejected from Mars orbit 
due to perturbations. 

7.2. PHOBOS 

7.2.1. Introduction  

This section considers the mass that impacts Phobos, of that how much settles in the first 
impact, and of that how much of that mass is unsterilized. 

The sterilization depends on the organism, and so all are tried in turn. 

For these numbers one cone mode has been chosen, and this is documented. 

7.2.2. Sterilis ation  

Organism Mass 
deposited 
in first 
impact (kg) 

Unsterilized 
mass in first 
impact (kg) 

Potential Life Transferred  Life per area on 
Phobos 
(average) 

B. atrophaeus 1.33e6 
+/- 
3.71e2 

2.83e5 
+/- 
2.24e2 

Low 2.83e10 cfu 1.83e1 cfu/m2 

Medium 2.83e12 cfu 1.83e3 cfu/m2 

High 2.83e15 cfu 1.83e6 cfu/m2 

B. diminuta 1.33e6 
+/- 
3.71e2 

2.87e5 
+/- 
2.32e2 

Low 2.87e10 cfu 1.85e1 cfu/m2 

Medium 2.87e12 cfu 1.85e3 cfu/m2 

High 2.87e15 cfu 1.85e6 cfu/m2 

D. radiodurans 1.33e6 
+/- 

3.50e5 
+/- 

Low 3.50e10 cfu 2.26e1 cfu/m2 

Medium 3.50e12 cfu 2.26e3 cfu/m2 
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3.71e2 2.53e2 High 3.50e15 cfu 2.26e6 cfu/m2 

MS2 coliphage 1.33e6 
+/- 
3.71e2 

2.85e5 
+/- 
2.27e2 

Low 2.85e10 cfu 1.84e1 cfu/m2 

Medium 2.85e12 cfu 1.84e3 cfu/m2 

High 2.85e15 cfu 1.84e6 cfu/m2 

Super Bug 1.33e6 
+/- 
3.71e2 

4.06e5 
+/- 
2.66e2 

Low 4.06e10 cfu 2.62e1 cfu/m2 

Medium 4.06e12 cfu 2.62e3 cfu/m2 

High 4.06e15 cfu 2.62e6 cfu/m2 

Table 7-1. Sterilisation caused by Hyper Velocity Impact , for three levels of life loading on 
the Mars Ejecta 

The above table was calculated for a Cone Angle of 45 .̄  This corresponds to 1.63e6 kg that 
impacts Phobos, of this 1.33e6 kg settles on first impact.  The surface area of Phobos is taken 
as 1548.3km2. 

The sterilization achieved is less than 1 order of magnitude for all organisms considered.  This 
has been traced back to the chaotic nature of the impact, where some areas are significantly 
heated ï but a significant fraction has almost no heating.  It is the mass that has no heating that 
transfers life ï and clearly in this first collision much potential life is deposited on Phobos. 

The dependence on the life loading rate on the Mars Ejecta is shown in Figure 7-1. 
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Figure 7-1. The dependence of the density of life on Phobos, on the loading of life on the Mars 
Ejecta. 

7.2.3. Mass Deposited/Ejected  

Cone Angle Mass Deposited on first 
collision (kg) 

Mass Ejected on First 
Collision (kg) 

%age ejected 

30  ̄ 1.34e6+/-3.38e2 2.98e5+/-1.70e2 22% 

45  ̄ 1.33e6+/-3.74e2 2.96e5+/-1.67e2 22% 

60  ̄ 1.32e6+/-3.82e2 2.93e5+/-1.79e2 22% 

Table 7-2. Dependence of mass deposited on the Mars ejection cone angle  

The previous section showed that that most mass is deposited on the first collision.  How this 
depends on the cone angle is shown above.  Clearly there is almost no dependence.  This is 
not a surprise, the probability of ejection depends only on the impact angle, and the impact 
angle is down to the phasing of the Mars ejector, to Phobos phase ï as such it is almost totally 
dependent on the shape of Phobos. 
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The 22% that is ejected, does this end on Phobos?  This can only affect the life transferred to 
Phobos by ~22%, and so is not a major effect.  Hence it can be seen that the dominant process 
is where mass is deposited on the Moon in the first collision. 

7.2.4. Deposited Depth  

The depth the deposited material is left at, depends critically on the properties of the Phobos 
regolith.  With the most likely scenario, where the regolith bounces back to its original shape 
after the impact, almost all the impact material will be left on the surface. 

Hence the primary question is if the regolith does not have the ñbounceò effect.  Then the depth 
of the deposited material is dependent on the size of the impactor.  This in turn depends on the 
size of Mars ejecta, which is also poorly constrained.  Typically the possible depth deposited is 
a multiple of the impactor radii. 

So considering the minimum mass of Mars ejecta of 1g, a fairly large value.  The depth 
deposited set to 1 radii.  The resulting depth distribution is shown in Figure 7-2 for the total 
mass transferred to Phobos. 

 

Figure 7-2. The depth distribution when impactors are deposited at 1radii.  
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What is clear, is that where depth deposited is dependent on the impactor size, the steeply 
falling mass distribution of Mars ejecta gives a steeply falling depth distribution ï with most 
material deposited at the surface of Phobos.  For a 1g lower mass of ejecta, the mass 
distribution of impactors is shown in Figure 7-3. 

 

Figure 7-3. The mass distribution of the mars ejecta, where the minimum mass is 1g.  

Where the steeply falling distribution means by far most mass is at the lower boundary. 
 
Hence where the depth deposited depends on impactor radii, impactor radii depends on Mars 
ejecta mass, and the ejecta mass is poorly known other than it is a steeply falling distribution.  
So this would imply the depth that material is deposited is similarly poorly known. 
 
Hence two elements point that material will be deposited on the surface of Phobos: 

¶ The regolith is expected to bounce back after the compression of the collision, and return 
impactor material to the surface [RD2] 

¶ The steeply falling mass distribution for Mars ejecta, means the impactors have very little 
potential for excavating into the surface of Phobos. [AD2] 

So material will be very close to the surface. 
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7.2.5. Ejected Velocity and Mass 

The ejected material has velocity distribution shown in Figure 7-4 this is to be compared to 

Figure 6-3 the impact velocity on Phobos when a 45  ̄ejection cone is used. 

 

Figure 7-4. Velocity distribution, of the material ejected before and after first collision with 
Phobos in the Phobos frame . 

The velocity is decreased during the impact, and the distribution has been smoothed.  However 
the decrease in velocity is minor.  This will mean that many of these ejecta will escape from the 
Mars orbit. 
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Figure 7-5. Comparison of the mass of material ejected (from the first P hobos collision) 
against the mass  

Shown in Figure 7-5 is the mass distribution of ejected material, and also the same material 
when it impacted Phobos.  This is plotted for the assumption that the ejected material stays as a 
single object, and is not fragmented.  Clearly the mass of the object is decreased (as some 
material is typically deposited) however the decrease is minimal.  Note that the impact mass is 
steeply falling distribution ï as this is the expected distribution from Mars ejecta. 
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7.3. DEIMOS 

7.3.1. Sterilization  

Organism Mass 
deposited 
in first 
impact 
(kg) 

Unsterilized 
mass in first 
impact (kg) 

Potential Life Transferred Life per area 
on Deimos 
(average) 

Bacillus 
atrophaeus 

3.78e4 
+/- 
9.39 

1.12e4 
+/- 
8.77 

Low 1.12e9 cfu 2.26 cfu/m2 

Medium 1.12e11 cfu 2.26e2 cfu/m2 

High 1.12e14 cfu 2.26e5 cfu/m2 

Brevundimonas 
diminuta 

3.78e4 
+/- 
9.39 

1.14e4 
+/- 
8.88 

Low 1.14e9 cfu 2.30 cfu/m2 

Medium 1.14e11 cfu 2.30e2 cfu/m2 

High 1.14e14 cfu 2.30e5 cfu/m2 

Deinococcus 
radiodurans 

3.78e4 
+/- 
9.39 

1.26e4 
+/- 
9.04 

Low 1.26e9 cfu 2.54 cfu/m2 

Medium 1.26e11 cfu 2.54e2 cfu/m2 

High 1.26e14 cfu 2.54e5 cfu/m2 

MS2 coliphage 3.78e4 
+/- 
9.39 

1.13e4 
+/- 
8.81 

Low 1.13e9 cfu 2.28 cfu/m2 

Medium 1.13e11 cfu 2.28e2 cfu/m2 

High 1.13e14 cfu 2.28e5 cfu/m2 

Super Bug 3.78e4 
+/- 
9.39 

1.35e4 
+/- 
9.05 

Low 1.35e9 cfu 2.73 cfu/m2 

Medium 1.35e11 cfu 2.73e2 cfu/m2 

High 1.35e14 cfu 2.73e5 cfu/m2 

Table 7-3. Sterilisation caused by Hyper Velocity Impact , with three levels of life loading on 
the Mars Ejecta 

The above table was calculated for a Cone Angle of 45 .̄  This corresponds to 4.61e4 kg that 
impacts Deimos, of this 3.78e4 kg settles on first impact.  The area of Deimos is taken as 
495.1548km2. 
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The sterilization achieved is less than 1 order of magnitude for all organisms considered.  This 
has been traced back to the chaotic nature of the impact, where some areas are significantly 
heated ï but a significant fraction has almost no heating.  It is the mass that has no heating that 
transfers life ï and clearly in this first collision much potential life is deposited on Deimos. 

The dependence on the life loading rate on the Mars Ejecta is shown in Figure 7-6. 

 

Figure 7-6. The dependence of the density of life on Deimos as a function of the life loading 
rate on the Mars Ejecta, after the first hypervelocity collision with Deimos.  

7.3.2. Mass Deposited/Ejected  

From the 45  ̄ case above, approximately 18% of the impact material is ejected.  As with the 
Phobos case this is expected to be fairly insensitive to other parameters. 

8. EJECTION AND LIFE IN THE CLOUD 

8.1. INTRODUCTION 

Ejected material can have several fates: 

¶ If ejected at above the Mars escape velocity, the material is lost 
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¶ If the material is slow enough, it will collide with Mars, and is lost. 

¶ If mass is below a certain cut off, orbital perturbations will drive the material from the 
Martian system, before collision with the moon is likely 

¶ Other material will remain in orbit about Mars, crossing the moon orbit, until it eventually 
collides with the moon. 

[AD3] and [AD4] identified that the period of time that material spends in the cloud, is far less 
than the 10MY period considered.  Hence it has been assumed that material in the cloud is not 
sterilized.  Also this was not an area of study of the project [AD1].  However note this is 
questioned in §11.3.3. 

8.2. PHOBOS 

8.2.1. Where does material in the cloud go?  

So tracing where the mass that enters the cloud ends up: 

Total Mass Enters the cloud 2.96e5 kg 

Ejected from the cloud due to small size 0 kg 

Ejected from cloud as over Mars escape 
velocity 

2.06e5 kg 

Ejected from cloud as hits Mars 4.66e4 kg 

Eventually settles on the moon 4.33e4 kg 

Table 8-1. Where material in the cloud ends up.  

For the simulation here, the material ejected in the hyper velocity collision with the moon, is 
assumed to leave in one lumped object.  This means that the material decreases in size only 
slowly, and so does not get down to the size where orbital perturbations eject the material.  
Clearly if the material is fragmented to very small size in collision with the moon, then 
significantly more material will be ejected. 

Significant material ejected has escape velocity from Mars.  This correlates well will the amount 
of material ejected from Mars with speed over the escape velocity.  In the hyper velocity 
modelling of ejection of material, and the ejected material is correlated with the impact direction.  
However in the simulation this direction is randomized.  Whilst this at first order has no effect (as 
escape velocity does not depend on direction) there is a minor effect, in how the orbital velocity 
of Phobos enters.  In particular with a random ejection angle, and some material will be 
reflected back in the direction from which it comes.  Such material will get a velocity boost of in 
the range of 4km/s which is sufficient to eject the material.  Hence there is some uncertainty that 
quite so much material is ejected from Mars orbit. 
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Of the remaining material, about 50% is deposited on Mars, and 50% deposited on the moon.  
Specifically as the original Mars ejecta, has orbit the crosses the moon; the original orbit 
crosses both the moon and Mars.  Now the perturbation of the orbit in the collision with the 
moon, has the potential to change the orbit such that Mars is missed, but if Mars can be hit, this 
will happen before a second collision with moon.   Hence it is not surprising that material is split 
between the moon and Mars. 

Hence this iterates that it is the primary collision between the ejecta and the moon that is the 
most important for transfer of material to the moon. 

8.2.2. Velocity of final collision  

When material is ejected in a hyper velocity collision, there is not much heat, and so not much 
sterilization.  Some velocity though is lost, so how does the final velocity of collision compare to 
the first.  If significantly reduced there is the possibility of material arriving on the moon with 
reduced sterilization.  The velocity distribution is shown in Figure 8-1. 

 

Figure 8-1. Velocity distribution of material that transfers direct from Mars, against material 
that spends sometime in the cloud.  
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There are some clear differences between velocity distribution for Martian material that is 
transferred directly to the moon, vs material that spends sometime in the cloud: 

¶ Ejecta from Mars have a significant tail at high velocity.  All this material passes Phobos 
at least once, and so has the possibility to impact the moon. 

¶ Material in the cloud must have velocity below the escape velocity for Mars ï this has two 
effects: 

o The distribution just above 5km/s has a strong cut off, above this velocity all 
material leaves the cloud 

o The shape of the distribution is softened at higher velocities, at velocities below 
5km/s the stability of material in the cloud depends on angle between the velocity 
vector of Phobos, and that of material in the cloud. 

¶ Material which is ejected during a hyper velocity impact with Phobos, has its velocity 
decreased, by a variable amount.  This: 

o Smooths the distribution 
o Produces impacts with speeds well below 1km/s 

Many of these will tend to decrease the sterilization, so the effect needs to be studied 

8.2.3. Sterilis ation  

Comparing the mass transferred and unsterilized mass transferred, for material which is 
transferred direct from Mars, and that which goes via the cloud, give: 

 Total Mass 
Transferred 

Unsterilized Mass 
Transferred 

Percentage 
unsterilized to total 

Direct from Mars 1.33e6 kg 4.06e5 kg 31% 

Via the cloud 4.33e4 kg 3.11e4 kg 72% 

Table 8-2. How sterilisation differs between the primary impact, and secondary impacts 
from the cloud.  

So it can be seen, that indeed ï material which travels via the cloud, as its speed is decreased 
in each collision with Phobos, but it only has significant heating in the final collision, does have 
far less sterilization.  This is where sterilization is considered against the Super Bug which has 
least sterilization. 

This means that although 3% of material travels via the cloud, that it gives rise to 7% of the 
unsterilized material. 
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8.3. DEIMOS 

8.3.1. Where does material in the cloud go?  

Total Mass Enters the cloud 8.38e3 kg 

Ejected from the cloud due to small size 0 kg 

Ejected from cloud as over Mars escape 
velocity 

6.96e3 kg 

Ejected from cloud as hits Mars 3.94e2 kg 

Eventually settles on the moon 1.03e3 kg 

Table 8-3. Where material from the Deimos cloud ends up.  

For material transferred from Mars, which impacts Deimos, and is then ejected ï the story is 
similar to Phobos. 

With the Mars Ejecta parameters chosen, all objects are over the size limit where they will be 
ejected from the cloud due to orbital perturbations.  As with Phobos, this depends critically on 
the distribution of sizes of ejecta (both from Mars, and from HV collisions on Deimos), and this is 
not an area well understood. 

As the minimum Mars Ejecta velocity to reach Deimos is increased relative to Phobos, and the 
velocity where material is on an escape velocity from Mars is the same, a greater percentage of 
Deimos ejecta leave with velocity over the Martian escape velocity.  Hence a greater fraction of 
material is lost from the Martian system, and does not enter the cloud. 

With Deimos higher orbit than Phobos, a corresponding smaller proportion of Deimos ejecta 
collide with Mars. 
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8.3.2. Velocity of final collision  

 

Figure 8-2. Velocity of collision with Deimos.  Both for material transferred direct from Mars, 
and for material which goes via the cloud.  

The velocities of collision with Deimos are lowered relative to Phobos, and this is for both 
primary impacts from Mars ejecta, and secondary impacts via the cloud around Mars.  That the 
Mars escape velocity is lower at a Deimos orbit (compared to Phobos) means that the upper cut 
off on cloud speeds is lowered to just over 3km/s.  The lower impacts speeds from the cloud are 
similar between Deimos and Phobos. 
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8.3.3. Sterilization  

 Total Mass 
Transferred 

Unsterilized Mass 
Transferred 

Percentage of 
unsterilized to total 

Direct from Mars 3.78e4 kg 1.35e4 kg 36% 

Via the cloud 1.03e3 kg 9.23e2 kg 90% 

Table 8-4. How sterilisation differs between the primary impact, and secondary impacts 
from the cloud. 

The sterilization archived for the Super Bug is shown above.  With the reduced speeds relative 
to Phobos, a greater percentage of life survives.  6% of unsterilized material is transferred via 
the cloud. 

9. SETTLING ON THE MOON 

9.1. INTRODUCTION 

The Mars ejecta material that is of interest of this study is that which will eventually settle on a 
Martian moon.  For most this will be due to a direct transfer from Mars, some though will have 
travelled via cloud of material orbiting Mars. 

When material settles on a Martian Moon, the one parameter that affects sterilization, is the 
depth at which the material is deposited.  The depth dictates the exposure to radiation, which is 
the last area of this study which focuses on sterilization (e.g. the study assumes that exposure 
to the dry vacuum on the Martian moons causes no sterilization in itself). 

Hence this section focuses on the depth of deposition of all material transferred from Mars. 

As noted before in §7.2.4, the depth of deposition under the primary assumption of the hyper 
velocity collision [RD2], is that the properties of the moon regolith are that all impact material will 
end up on the surface of the moon.  However if the properties differ from the expected, it is 
possible that material will be deposited at a few times the impactor radii. 

Now as radiation decreases with depth, a conservative approach is to look at material deposited 
at depth ï and so this is where this section focuses.  It should be noted though that this is not 
expected to be the real case, but is the conservative case.  As ña fewò is not defined, this 
section will plot depth at one radii of the impactor. 

Thus as in §7.2.4, turn attention to the impactor size.  In the simulation this is modelled through 
the impactor mass, converted into a size via the modelled density (2000kg/m3 used).  The mass 
of the Martian Ejectors, as discussed in §7.2.4, is known to be steeply falling ï hence is not well 
modelled; most ejecta being close to the lower cut off for the ejecta mass.  This lower cut off is a 
hard cut off in the modelling, in the real case on Mars, other processes will influence the 
minimal size: 
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¶ The smaller the size, the greater the drag in the thin Martian atmosphere.  Eventually this 
drag will be sufficient such that particles do not make it out of the atmosphere.  This has 
not been modelled. 

¶ The physical process producing the Mars Ejecta (primarily hypervelocity collisions with 
Mars) will give some spectrum to the size, in particular the grain size of the Martian rock 
is a natural size to which rock will fragment, and fragmentation to smaller sizes with take 
significant additional force.  This also has not been modelled. 

Hence the model used here is driven by that minimal cut off, so as a conservative value is 
looked at, this has been set to the maximal value of cut off, which corresponds to 1g.  
Converting this to a size gives 5mm. 

9.2. PHOBOS 

 

Figure 9-1. Depth Distribution for all material transferred from Mars to Phobos when it is 
buried at 1 radii  
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The Depth distribution is shown in Figure 9-1.  A sharp peek can be seen at ~5mm, which 
corresponds to the minimum size, given by the lower mass cut off.  The material from the cloud 
can get below this cut off, as on each impact with Phobos material is lost. 

The large tail at greater depths is caused by larger impactors, this is driven by the power law on 
the mass distribution from Mars, taken from [AD2].   

Compare this to the rate of Phobos gardening (turnover of Phobos regolith due to all impacts) ï 
in 10MY this will turn over the regolith to ~1cm [AD4].  Hence it can be seen that the peak of the 
distribution is similar depth of gardening.  So as expected in [AD4] the primary cause of the 
depth that material is deposited at, is due to the hyper velocity collision. 

9.3. DEIMOS 

 

Figure 9-2. Depth Distribution for all material transferred from Mars to Deimos when it is 
buried at 1 radii  

The depth distribution of impactors on Deimos is shown in Figure 9-2.  The features are the 
same as for the Phobos case. 
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10. RADIATION ON THE MARTIAN MOON 

10.1. INTRODUCTION 

After material settles on a moon, it is exposed to the radiation environment.  This happens for 
an extended period, until the present day.  Now as the study looks at a period of 10MY, this has 
been used give the total mass transferred, which is how life is traced.  Now the time in that 
10MY when the material is ejected from Mars is unknown, hence is assumed to be uniform ï 
e.g. material is ejected from Mars at an approximate constant rate. 

So what is key, is the radiation environment as a function of depth, and how organisms survive 
in this environment.  This was studied in [RD3] & [RD4], in the next section (§10.2) is presented 
results from these documents. 

Finally this is folded with the mass transferred, to get an estimate of life at depth on Phobos and 
Deimos. 

10.2. RADIATION ENVIRONMENT 

[RD4] modelled the radiation environment on Phobos and Deimos.  This was independent of 
location on the moon, and independent of which moon.  The results are shown below in Figure 
10-1. 
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Figure 10-1. Radiation environment on Phobos (and Deimos) as a function of depth. Taken 
from §5.6.5 of [AD3] . Plotted is Dose (Gy/y) against Depth (m).  

Now this radiation environment can be folded with the radiation needed to sterilize organisms: 
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To give the time period needed to sterilize an organism by 1/e as a function of depth and 
organism, this is shown in Figure 10-2, where the sterilization model has been taken from 
[RD3]. 
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Figure 10-2. The time taken to decrease an organisms population by 1/e as a function of 
depth.  

What can be seen is that between 1cm and 1m (where GCR dominates), the time to sterilize 1/e 
organisms is approximately constant, and varies between 1000 years (for B.diminuta) an 100kY 
(for D.Radiodurans and MS2). 

10.3. LIFE ON THE SURFACE 

10.3.1. Introduction  

The hypervelocity modelling suggest with the expected properties of the moon regolith, that 
after a hyper velocity collision, the regolith will bounce back, leaving the impactor on the surface 
[RD2]. 

This section looks at this scenario ï when material is left on the surface of the moon, what does 
the future bring, and what is the fate of the material. 
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As can be seen from Figure 10-2, this is where the radiation environment is most extreme, with 
a one log (base e) reduction between 1 and 100 years (dependent on organism), so it is 
expected that sterilisation will be rapid. 

10.3.2. Phobos 

The table below shows the total life left unsterilized. 

Organism Total 
Mass 

Unsterilized 
mass 

Cfu Cfu/m2 

B. atrophaeus 1.37e6 

° 
3.78e2kg 

4.11e-1 

° 
3.11e-4kg 

Low 4.11e4 cfu 2.65e-5 cfu/m2 

Medium 4.11e6 cfu 2.65e-3 cfu/m2 

High 4.11e9 cfu 2.65 cfu/m2 

B. diminuta 1.37e6 

° 
3.78e2kg 

5.47e-2 

° 
4.21e-5kg 

Low 5.47e3 cfu 0.353e-5 cfu/m2 

Medium 5.47e5 cfu 0.353e-3 cfu/m2 

High 5.47e8 cfu 0.353 cfu/m2 

D. radiodurans 1.37e6 

° 
3.78e2kg 

1.77 

° 
1.23e-3kg 

Low 1.77e5 cfu 11.4e-5 cfu/m2 

Medium 1.77e7 cfu 11.4e-3 cfu/m2 

High 1.77e10 cfu 11.4 cfu/m2 

MS2 coliphage 1.37e6 

° 
3.78e2kg 

2.35 

° 
1.78e-3kg 

Low 2.35e5 cfu 15.2e-5 cfu/m2 

Medium 2.35e7 cfu 15.2e-3 cfu/m2 

High 2.35e10 cfu 15.2 cfu/m2 

Super Bug 1.37e6 

° 
3.78e2kg 

3.29 

° 
2.08e-3kg 

Low 3.29e5 cfu 21.2e-5 cfu/m2 

Medium 3.29e7 cfu 21.2e-3 cfu/m2 

High 3.29e10 cfu 21.2 cfu/m2 

Table 10-1. Sterilisation caused by both hyper velocity collision and exposure to 
radiation, for three level of life loading on the Mars Ejecta 

Clearly the amount of life that settles on the moon is very dependent on the loading rate of life 
on the Mars Ejecta.  With the high loading rate of 1e10 cfu/kg life as high as 21.2 cfu/m2, a 
PhSR mission would need to sample an area smaller than 0.04mm2 for the probability of life to 
be below 1e-6, with the Super Bug, with a limit of 0.07mm2 for MS2 being not far behind. 
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On the other hand, the least resilient organism, B.diminuta would only allow an area of 2.8mm2 
to get the 10-6 probability ï which although conceivable, would still be a challenge. 

Looking at the available surface area that can be probed, and keep the probability of life below 
1e-6 is shown in Table 10-2. 

Organism Cfu Cfu/m2 Square mm for a 
1e-6 probability 

B. atrophaeus Low 4.11e4 cfu 2.65E-05 3.77E+04 

Medium 4.11e6 cfu 2.65E-03 3.77E+02 

High 4.11e9 cfu 2.65 3.77E-01 

B. diminuta Low 5.47e3 cfu 3.53E-06 2.83E+05 

Medium 5.47e5 cfu 3.53E-04 2.83E+03 

High 5.47e8 cfu 0.353 2.83E+00 

D. radiodurans Low 1.77e5 cfu 1.14E-04 8.77E+03 

Medium 1.77e7 cfu 1.14E-02 8.77E+01 

High 1.77e10 cfu 11.4 8.77E-02 

MS2 coliphage Low 2.35e5 cfu 1.52E-04 6.58E+03 

Medium 2.35e7 cfu 1.52E-02 6.58E+01 

High 2.35e10 cfu 15.2 6.58E-02 

Super Bug Low 3.29e5 cfu 2.12E-04 4.72E+03 

Medium 3.29e7 cfu 2.12E-02 4.72E+01 

High 3.29e10 cfu 21.2 4.72E-02 

Table 10-2. The number of mm2 of surface area that can be sampled, for the various 
organisms, and various loading rate of life on Mars Ejecta  



 

REFERENCE: 
 
DATE: 

SterLim-Ph2-TAS-TN21 
 
06/09/18 

ISSUE:   2.2 Page:  57/118 

 

 

THALES ALENIA SPACE OPEN 

 
 

 â 2018, Thales Alenia Space Template:  83230326-DOC-TAS-EN/003 

 

Considering the Super Bug, and we can see the dependence on the loading rate. With a low 

loading rate, a sample 6.8³6.8 cm2 and the probability will be below 1e-6 as required by Req-

10.  On the other hand, the high loading rate and a 0.2³0.2mm2 sample is allowed.  The low 
loading rate would allow a mission to be viable and meet Req-10, whilst the high loading rate 
would not.  This story is consistent across all organisms. 
 
Finally considering the dependence on the life loading rate on the Mars Ejecta, this is shown in 
Figure 10-3. 

 

Figure 10-3. The dependence of the density of life on Phobos as a function of the life loading 
rate of the Mars Ejecta , after exposure to the radiation.  

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.E-8 1.E-7

L
ife

 p
e

r 
su

fa
ce

 a
re

a
 o

f 
P

h
o

b
o

s 
(c

fu
/m

2
)

 

Life Loading on Mars Ejecta (cfu/kg) 

-1

-4

-7

-10

-13



 

REFERENCE: 
 
DATE: 

SterLim-Ph2-TAS-TN21 
 
06/09/18 

ISSUE:   2.2 Page:  58/118 

 

 

THALES ALENIA SPACE OPEN 

 
 

 â 2018, Thales Alenia Space Template:  83230326-DOC-TAS-EN/003 

 

10.3.3. Age of organisms 

 

Figure 10-4. Time period that material spends on the surface of Phobos before being 
sterilised.  For B.diminuta  almost all unsterilized material arrives in the past 10 years.  For 
the Super Bug (and similarly for MS2, and D.radiodurans ) 90% of material arrived in the last 
100-200 years.  This is shown of a Life Loading rate on the Mars Ejecta of 1e10 cfu/kg.  

The time that the material arrives has a direct effect on how sterilised the material is, the longer 
spent on the surface the greater exposure to the radiation ï and this rapidly sterilises the 
material.  Hence even for the most resistant organisms, only a small amount of viable material 
arrives after 200 years in the past, almost nothing arrives prior to 1000 years. 
 
This is a critical result ï although this study looks at the last 10Myears, for material deposited on 
the surface only the last 1000 years at most is relevant. 
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10.3.4. Deimos 

Organism Total 
Masskg 

Unsterilized 
masskg 

Cfu Cfu/m2 

B. atrophaeus 3.88e+4 

° 
9.71 

1.60e-2 

° 
1.21e-5 

Low 1.60e3 cfu 0.323e-5 cfu/m2 

Medium 1.60e5 cfu 0.323e-3 cfu/m2 

High 1.60e8 cfu 0.323 cfu/m2 

B. diminuta 3.88e+4 

° 
9.71 

2.13e-3 

° 
1.60e-6 

Low 2.13e2 cfu 0.0430e-5 cfu/m2 

Medium 2.13e4 cfu 0.0430e-3 cfu/m2 

High 2.13e7 cfu 0.0430 cfu/m2 

D. radiodurans 3.88e+4 

° 
9.71 

6.32e-2 

° 
4.37e-5 

Low 6.32e3 cfu 1.28e-5 cfu/m2 

Medium 6.32e5 cfu 1.28e-3 cfu/m2 

High 6.32e8 cfu 1.28 cfu/m2 

MS2 coliphage 3.88e+4 

° 
9.71 

9.14e-2 

° 
6.89e-5 

Low 9.14e3 cfu 1.85e-5 cfu/m2 

Medium 9.14e5 cfu 1.85e-3 cfu/m2 

High 9.14e8 cfu 1.85 cfu/m2 

Super Bug 3.88e+4 

° 
9.71 

1.09e-1 

° 
7.07e-5 

Low 1.09e4 cfu 2.20e-5 cfu/m2 

Medium 1.09e6 cfu 2.20e-3 cfu/m2 

High 1.09e9 cfu 2.20 cfu/m2 

Table 10-3. Sterilisation caused by both hyper velocity collision and exposure to 
radiation, shown for three levels of life loading on the Mars Ejecta 

As before, converting the cfu per m2 to the maximal area that can be sampled consistent with 
the 1e-6 probability required by Req-10.  This is shown in Table 10-4. 

Organism Cfu Cfu/m2 Square mm for a 1e-6 
probability 

B. atrophaeus Low 1.60e3 cfu 3.23E-06 3.10E+05 
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Medium 1.60e5 cfu 3.23E-04 3.10E+03 

High 1.60e8 cfu 0.323 3.10E+00 

B. diminuta Low 2.13e2 cfu 4.30E-07 2.33E+06 

Medium 2.13e4 cfu 4.30E-05 2.33E+04 

High 2.13e7 cfu 0.043 2.33E+01 

D. radiodurans Low 6.32e3 cfu 1.28E-05 7.81E+04 

Medium 6.32e5 cfu 1.28E-03 7.81E+02 

High 6.32e8 cfu 1.28 7.81E-01 

MS2 coliphage Low 9.14e3 cfu 1.85E-05 5.41E+04 

Medium 9.14e5 cfu 1.85E-03 5.41E+02 

High 9.14e8 cfu 1.85 5.41E-01 

Super Bug Low 1.09e4 cfu 2.20E-05 4.55E+04 

Medium 1.09e6 cfu 2.20E-03 4.55E+02 

High 1.09e9 cfu 2.2 4.55E-01 

Table 10-4. The square mm of Deimos surface that can be collected consistent with Req -10. 

The story is similar to Phobos, in that meeting Req-10 is dependent on the loading of life on the 
Mars Ejecta, with low loading of 1e5 cfu/kg large samples can be taken, with a high loading rate 
of 1e10 cfu/kg and for many organisms that area is under one mm2. 
 
The dependence on the life loading rate of the Mars Ejecta is shown in Figure 10-5. 
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Figure 10-5. The density of life on Deimos as a function of the life loading rate of the Mars 
Ejecta. 

10.4. GOING UNDERGROUND 

10.4.1. Introduction  

The hypervelocity modelling [RD2] expects that during the post impact phase, that the impactor 
will rebound to the surface.  However this depends critically on the moon regolith properties, 
with subtle changes it is possible the impact will dig a crater, then over time the collapse of the 
walls will bury material deposited at the base. 

Where this happens, the critical process is how deep a crater does the impactor create, before 
there is any bounce back?  This is poorly understood [RD2], however estimated in [RD2] to be 
ñseveral projectile radiiò. 

This section looks at this possibility, the deeper material is deposited the greater the shielding 
from the radiation environment by the regolith, does this mean more life? 
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Now the size of the impactor, is primarily driven by the size of the Mars ejecta ï and this is one 
of the least well constrained parameters.  As the Mars ejecta is the result of a hyper velocity 
collision on Mars, the general properties of Hyper Velocity Collision apply.  In particular as the 
material will need to be ejected by almost 4km/s to reach Phobos, the impact will necessarily be 
at very high velocity and energy density.  Hence during impact, the expectation has to be that 
the Martian regolith is predominantly fragmented to the grain size of the material.  This gives the 
origin of the steeply falling m-2 law, which also follows the properties of the ejecta fan [AD2].  As 
a result most material is at the lower cut off, a parameter which is also unknown. 

So to give a conservative estimate in this section, we simultaneously consider maximum radii 
(which for this model means depositing at 4 impactor radii), and with the highest cut off mass for 
the ejector (1e-3 kg). 

10.4.2. Phobos 

10.4.2.1. MASS DISTRIBUTION 

 

Figure 10-6. The depth distribution of all mass transferred.  
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Shown in Figure 10-6 is the depth distribution for all mass transferred.  The minimal mass of 1g 
gives rise to the peak at 3cm, so with this mode of the simulation the sharp cut off in impactor 
mass, gives a sharp cut off in the depth distribution.  In practice this will be rounded off by 
physics beyond this study (e.g. the actual minimum impactor size, and a more realistic depth of 
deposition), however it shows that the depth of deposition can exceed the 1cm threshold 
identified in Figure 10-2 where galactic cosmic radiation takes over ï this gives an approximate 
constant radiation environment down to 1m.  Now the depth of deposition is a strongly falling 
distribution (which follows from the strong power law on impactor sizes).  This gives rise to a 3 
order drop off in rate by 25cm depth, hence little if any material will be deposited below the 1m 
depth where GCR drops off, this is shown in Figure 10-7 where the distribution has fallen off by 
105 at 1m depth which suggests that in 10MY only 1kg of martian material will be deposited at 
over 1m depth across the whole of Phobos. 
 
Hence the importance of the GCR can be seen, even if the material is deposited above 4 times 
the impactor radii, this typically will not change the importance of GCR ï e.g. with a 1 radii 
deposition depth the 3cm peak depth will move down to 7.5mm which is close to where GCR 
starts to dominate. 

 

Figure 10-7. The depth distribution of all mass transferred to Phobos in 10MY, with the 
depth extended to 2.5m.  



 

REFERENCE: 
 
DATE: 

SterLim-Ph2-TAS-TN21 
 
06/09/18 

ISSUE:   2.2 Page:  64/118 

 

 

THALES ALENIA SPACE OPEN 

 
 

 â 2018, Thales Alenia Space Template:  83230326-DOC-TAS-EN/003 

 

10.4.2.2. AND TOTAL LIFE 

Organism Total Mass Unsterilized 
mass 

Cfu Cfu/m2 

B. atrophaeus 1.37e6 

° 
3.78e2kg 

297 

° 
0.226 kg 

Low 2.97E+7 cfu 1.92E-2 cfu/m2 

Medium 2.97E+9 cfu 1.92 cfu/m2 

High 2.97E+12 cfu 1.92E+3 cfu/m2 

B. diminuta 1.37e6 

° 
3.78e2kg 

39.0 

° 
1.18 kg 

Low 3.90E+6 cfu 2.52E-3 cfu/m2 

Medium 3.90E+8 cfu 2.52E-1 cfu/m2 

High 3.90E+11 cfu 2.52E+02 cfu/m2 

D. radiodurans 1.37e6 

° 
3.78e2kg 

1281.4 

° 
0.893 kg 

Low 1.28E+8 cfu 8.28E-2 cfu/m2 

Medium 1.28E+10 cfu 8.28 cfu/m2 

High 1.28E+13 cfu 8.28E3 cfu/m2 

MS2 coliphage 1.37e6 

° 
3.78e2kg 

1700 

° 
1.30 kg 

Low 1.70E+8 cfu 1.10E-1 cfu/m2 

Medium 1.70E+10 cfu 1.10E1 cfu/m2 

High 1.70E+13 cfu 1.10E+04 cfu/m2 

Super Bug 1.37e6 

° 
3.78e2kg 

2384 

° 
1.51 kg 

Low 2.38E+8 cfu 1.54E-1 cfu/m2 

Medium 2.38E+10 cfu 1.54E+1 cfu/m2 

High 2.38E+13 cfu 1.54E+04 cfu/m2 

Table 10-5. Sterilisation caused by both hyper velocity collision and exposure to 
radiation, when the material is buried during impact, for three level of load loading on the 
Mars Ejecta 

Converting to the maximal area of Phobos that can be sampled, this is shown in Table 10-6. 
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Organism Cfu Cfu/m2 
Square mm for a 
1e-6 probability 

B. atrophaeus 

Low 2.97E+7 cfu 1.92E-02 52.0833 

Medium 2.97E+9 cfu 1.92 0.52083 

High 2.97E+12 cfu 1.92E+03 0.00052 

B. diminuta 

Low 3.90E+6 cfu 2.52E-03 396.825 

Medium 3.90E+8 cfu 2.52E-01 3.96825 

High 3.90E+11 cfu 2.52E+02 0.00397 

D. radiodurans 

Low 1.28E+8 cfu 8.28E-02 12.077 

Medium 1.28 cfu 8.28 0.121 

High 1.28E+13 cfu 8.28E+03 1.21e-04 

MS2 coliphage 

Low 1.70E+8 cfu 1.10E-01 9.09091 

Medium 1.70E+10 cfu 1.10E+01 0.09091 

High 1.70E+13 cfu 1.10E+04 9.1E-05 

Super Bug 

Low 2.38E+8 cfu 1.54E-01 6.49351 

Medium 2.38E+10 cfu 1.54E+01 0.06494 

High 2.38E+13 cfu 1.54E+04 6.5E-05 

Table 10-6. The maximal surface area that can be sampled and be consistent with Req -10. 

When material is buried, the lower radiation does means that more of the organism survives.  
This makes it more questionable if Req-10 can be met, for the Super Bug, even with a low 
loading of life on the Mars Ejecta, and still only 6mm2 can be sampled.  It should be membered 
that the expectation is for material to be left on the surface. 
 
The dependence on the life loading rate of the Mars Ejecta is shown in Figure 10-8.  Note this is 
still shown per unit surface area of the moon, this is justified as most deposited material is close 
to the surface. 
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Figure 10-8. The density of Life on Phobos as a function of the loading of life on the Mars 
Ejecta. 

10.4.2.3. AND DEPTH DISTRIBUTION 

Now the total life is distributed over some depth, so does sampling over a limited depth reduce 
the life collected? 
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Figure 10-9. The depth distribution of unsterilized material, it follows the mass distribution.  

Unsterilized material depth distribution is shown in Figure 10-9, as expected it follows the mass 
distribution, except for very close to the surface where the Solar Energetic Particles increase 
the sterilization. 
 
What the graph illustrates, is that if the peak distribution of the transferred Martian material is 
drilled through, material then going deeper reduces the life.  This is shown in Figure 10-10. 
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Figure 10-10. The amount of life per square meter of Phobos, as a function of depth.   This is 
shown for a loading rate of 1e10 cfu/kg on the Mars Ejecta.  

This shows that with a high life loading even at 25cm depth there is still enough life, that a 

1mm³1mm³1cm(depth) sample would be close to requirement 10 limits.  However care would 
be needed not to collect any material from where most Martian material is deposited.  As the 
area where Martian material is deposited cannot be said with certainty (it depends on many 
variables, but will be close to the surface), the only viable conclusion is if material collected at 
depth, collects almost no material from the other areas passed through.  This clearly is not 
viable. 
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10.4.2.4. TIME DURATION 

 

Figure 10-11. When buried there is less radiation, with GCR radiation dominating.  This 
means that the time constant is longer, and this is reflected by the period that material stays 
unsterilized on Phobos.  Plot  for the Super Bug.  

The time distribution is shown in Figure 10-11.  As less radiation is received when at depth, the 
time constant increases, and this increases the time that material is unsterilized for. 

10.4.3. Deimos 

The calculation for Deimos follows the same direction as the Phobos calculation: 
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Organism Total 
Mass 

Unsterilized 
mass 

Cfu Cfu/m2 

B. atrophaeus 3.88e4 

° 
9.71 kg 

11.6 

° 
0.009 kg 

Low 1.16e6 cfu 2.34e-3 cfu/m2 

Medium 1.16e8 cfu 2.34e-1 cfu/m2 

High 1.16e11 cfu 2.34e2 cfu/m2 

B. diminuta 3.88e4 

° 
9.71 kg 

1.55 

° 
0.0012 kg 

Low 1.55e5 cfu 3.13e-4 cfu/m2 

Medium 1.55e7 cfu 3.13e-2 cfu/m2 

High 1.55e10 cfu 3.13e1 cfu/m2 

D. radiodurans 3.88e4 

° 
9.71 kg 

45.8 

° 
0.0316 kg 

Low 4.58e6 cfu 9.25e-3 cfu/m2 

Medium 4.58e8 cfu 9.25e-1 cfu/m2 

High 4.58e11 cfu 9.25e2 cfu/m2 

MS2 coliphage 3.88e4 

° 
9.71 kg 

66.2 

° 
0.0499 kg 

Low 6.62e6 cfu 1.34e-2 cfu/m2 

Medium 6.62e8 cfu 1.34 cfu/m2 

High 6.62e11 cfu 1.34e3 cfu/m2 

Super Bug 3.88e4 

° 
9.71 kg 

78.8 

° 
0.0512 kg 

Low 7.88e6 cfu 1.59e-2 cfu/m2 

Medium 7.88e8 cfu 1.59 cfu/m2 

High 7.88e11 cfu 1.59e3 cfu/m2 

Table 10-7. Sterilisation caused by both hyper velocity collision and exposure to 
radiation, when the material is buried during impact, and for three levels of load loading 
on the Mars Ejecta. 

Turning to the area that can be sampled and be compatible with Req-10, 

Organism Cfu Cfu/m2 
Square mm for a 
1e-6 probability 

B. atrophaeus 

Low 1.16e6 cfu 2.34E-03 427.35 

Medium 1.16e8 cfu 2.34E-01 4.2735 

High 1.16e11 cfu 2.34E+02 0.00427 

B. diminuta Low 1.55e5 cfu 3.13E-04 3194.89 
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Medium 1.55e7 cfu 3.13E-02 31.9489 

High 1.55e10 cfu 3.13E+01 0.03195 

D. radiodurans 

Low 4.58e6 cfu 9.25E-03 108.108 

Medium 4.58e8 cfu 9.25E-01 1.08108 

High 4.58e11 cfu 9.25E+02 0.00108 

MS2 coliphage 

Low 6.62e6 cfu 1.34E-02 74.6269 

Medium 6.62e8 cfu 1.34 0.74627 

High 6.62e11 cfu 1.34E+03 0.00075 

Super Bug 

Low 7.88e6 cfu 1.59E-02 62.8931 

Medium 7.88e8 cfu 1.59 0.62893 

High 7.88e11 cfu 1.59E+03 0.00063 

Table 10-8. The surface area of Deimos that can be sampled without breaking Req -10. 

On Deimos it can be seen that a sizeable sample can only be taken with a low loading of life on 
the Mars Ejecta, if Req-10 needs to be met. 
 
The dependence on the life loading rate on the Mars Ejecta is shown in Figure 10-12. 
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Figure 10-12. The density of life on Deimos as a function of the life loading rate on the Mars 
Ejecta, when the impact is buried.  

11. SYNTHESIS 

11.1. INTRODUCTION 

This section pulls together the results of all the other sections.  In following life through its 
journey between Mars and Phobos different elements have varying effect.  This section pulls 
out the key areas, simplifying where necessary. 

This enables the key assumptions to be questioned, where it can be seen what the drivers are ï 
this identifies the areas to focus on. 

Early on in the study, various assumptions were made, some with knowledge, and some 
unconsciously.  With the understanding of the full process that the simulation brings, these 
areas can be questioned.  Here is presented the areas where further developments could be 
made. 
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11.2. THE IMPORTANT BITS 

11.2.1. Phobos 

The most important bits can be encapsulated in a simple equation: 

,ÉÆÅЎὓ
ÃÆÕ ÐÅÒ ÍÁÓÓ

3ÕÒÆÁÃÅ !ÒÅÁ
ὛὌὠ

ρ

4ÏÔÁÌ 4ÉÍÅ
Ὕὅ2ÁÄÉÁÔÉÏÎ 

Going through each of these terms: 

¶ Ўὓ is the total material transferred from Mars to a moon, the more material passed, the 
greater the chance life is passed.  Melosh [AD1] had 1.12e6kg transferred to Phobos; 
this work based on Melosh methods, find slightly higher transfer of 1.63e6kg. 

¶ ÃÆÕ ÐÅÒ ÍÁÓÓ is how much life the transferred mass can contain.  The best information we 
have on Earth are very dry deserts, for example the Atacama Desert finds biological 
loading rates of 1e5-1e10 cfu/kg.  It should be commented that lower counts in the 
Atacama deserts come from the dries areas, e.g. Yungay has counts 2e5-5e6 cfu/kg. 

¶ The surface area of Phobos is hopefully uncontroversial, here we use 1548.3km2.  Using 
these first three terms we can establish that in 10MY that ~1e2-1e7 cfu/m2 life forms 
could be transferred to Phobos 

¶ ὛὌὠ All material that impacts Phobos goes through at least one Hyper Velocity 
Collision.  This collision is a chaotic process, and although parts get very hot, there is a 
small amount ~10% that has no heating at all.  So this limits the sterilisation that the HV 
impact gives to about 0.1 sterilization at most. 

¶ 4ÏÔÁÌ 4ÉÍÅ again is uncontroversial, it is the time period over which material is considered 
transferred from mars.  This means that average rates of transfer can be established.  So 
in the above example this equals 10MY, which says that 100g/y is transferred on 
average from Mars to Phobos.  In terms of life 1e-5-1cfu/m2/year. 

¶ Ὕὅ2ÁÄÉÁÔÉÏÎ is the time constant given by the radiation and the organism, it is the 1/e 
period, and this period will contain 63% of all the viable life transferred.  This constant 
was plotted in Figure 10-2, which for the most resilient organisms at the surface gives a 
value of about 100 years. 

Putting all these factors together, to the nearest order of magnitude gives: 

,ÉÆÅρὩφ ËÇ
ρÅυρÅρπ ÃÆÕȾËÇ

ρÅω ά
πȢρ

ρ

ρπ-9
ρππὣ ρπ ρπ ÃÆÕȾÍ  

Which gives a surprisingly accurate (e.g. correct order of magnitude) estimate of how much 
viable life is on the surface of Phobos. 



 

REFERENCE: 
 
DATE: 

SterLim-Ph2-TAS-TN21 
 
06/09/18 

ISSUE:   2.2 Page:  74/118 

 

 

THALES ALENIA SPACE OPEN 

 
 

 â 2018, Thales Alenia Space Template:  83230326-DOC-TAS-EN/003 

 

The beauty of this simplification, is identification of the areas that can be questioned. E.g. is the 
1e10 cfu/kg a reasonable estimate for the loading of Martian life on Martian rocks. 

The radiation curve identifies the surface as the most hostile place as the surface of Mars, the 
deeper the material is buried the longer the time scale over which life can survive. 

11.2.2. Deimos 

For Deimos the same approach applies, two numbers change: 

¶ Mass transferred is reduced: 4.61e4 kg 

¶ The surface area of Deimos: 495.1548 km2 

This changes the equation to: 

,ÉÆÅτȢφρÅτ  ËÇ
ρÅυρÅρπ ÃÆÕȾËÇ

τωυȢρυτψÅφ ά
πȢρ

ρ

ρπ-9
ρππὣ ͯ ρπ ρ ÃÆÕȾÍ  

So less life than transferred to Phobos, but still at a level that will breach Req-10. 

11.3. ASSUMPTION REVIEW 

11.3.1. Introduction  

Of the assumptions presented in section 4, most have been accurate.  However ths simulation 
raises questions against some.  These are presented here, as areas that need future study. 

11.3.2. Uniform distributions  

Phase 1 identified that the first collision with Phobos, after ejection from Mars, distributes 
material across significantly more than 50% of the surface.  Any material ejected to the cloud 
predominantly hits the opposite side of the planet.  So very rapidly material is distributed evenly 
across the surface of Mars. 

This study has confirmed this, with one provision, on arrival at Phobos the material 
predominantly hits the front face of Phobos, due to the moons orbital velocity (2km/s).  This 
sweaps much of the material onto the front face of Phobos. 

Now the range of ejection velocities means there is some variation in the arrival angle on 
Phobos, so very fast ejectors predominantly hit the side of Phobos facing Mars.  Considering all 
ejection parameters most of the moon is covered. 

However there is a slim possibility of a small area close to the tail of Phobos, where it is very 
unlikely to have an impact of material transferred direct from Mars. 

If this is the case, material can only reach this area when going via the cloud, which leads to the 
second point. 
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So this suggests a useful addition to the simulation would be to add the area of Phobos where 
material is deposited. 

11.3.3. Life and death in the cloud  

Initial in Phase 1 [AD5] identifies that material may orbit in the cloud for ñmonths, years or 
centuries before re-impacting onto Phobosò in Phase 1 this was seen as far shorter than the 
10MY under consideration.  This justified not considering sterilisation in the cloud, and it was 
not included in the original SoW [AD1]. 

However this report concludes that due to the time constant for decay in viable life due to 
radiation, that a period of 100 years kills significant amounts of life; by 1000 years most material 
is sterilised.  This shortens the critical period to close to the estimated period in the cloud. 

Material in the cloud will be of small size, and so exposed to the full radiation environment.  So 
the rate of depth should be comparable or larger than at the surface of Phobos. 

Hence there is a distinct possibility that material in the cloud will be sterilised.  This then back up 
point 1, if there is an area of Phobos which does not receive primary impact direct from Mars. 

11.3.4. Radiation out in the wild  

In the radiation analysis the radiation from SEP increased toward the surface of the Martian 
Moon.  Eventually this levelled of due to the energy of radiation considered, which was set at 
5MeV/nuc. 

Now as energy per nucleon decreases, the radiation gets less sterilising, however there is also 
far more of it.  Considering the gamma ray spectrum, as frequency decreases this turns to x-
rays, and onto UV light. 

Now most of this radiation is very limited in the depth to which it penetrates, however life if 
exposed will be partially sterilised. 

Conversely, the most likely resting place for Martian material is exactly at the surface, for two 
reasons: 

¶ Phobos Regolith rebound 

¶ Most transferred material is of the smallest size. 

This raises the question of the sterilising effect of softer radiation than considered in this project. 

11.3.5. Life on the rebound  

And critical to the radiation environment, is how close to the surface that material is deposited 
after the hyper velocity collision.  Even just minor burial, significantly decreases the radiation. 

This study has primarily studied the hyper velocity impact process, it has not extended into 
detail into the longer process where material rebounds after impact. 
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As this rebound is critical for placing material on the surface, where it sees the highest radiation 
level, does it need more study? 

12. DISCRETE MARS EJECTION 

12.1. INTRODUCTION 

This section considers the extension to the work to consider how the rate of ejection from Mars 
affects the discrete nature of transfer.  In the original Monte Carlo, not only was the transfer of 
mass from Mars to the Moons considered to be uniform in time, it was also assumed that 
masses were ejected independent of each other.  These assumptions brought great efficiency 
to the code, but here is questioned how important is the independence of masses ejected from 
Mars? 

Specifically material is ejected from Mars due to hypervelocity collisions, these collisions as well 
as ejecting material, also make craters.  Craters vary in size, and in particular some craters are 
quite large.  For example Mojave crater is 58km in size, and the crater is young (possibly as 
young as 1 MYear), now a crater of this size will have ejected significant material, and so 
potentially transferred much material to the moons in a single ejection.  That material can be 
transferred in discrete amounts gives a certain amount of variability in transfer.  This is the 
primary question in this section, what variability is generated in the transfer of life to the moons 
due to the discrete nature of ejections from Mars. 

To establish the rate of mass ejections from Mars, the craters they produce is taken as a 
marker.  The rate of cratering on Mars has long been studied by Bill Hartman, here is used his 
latest set of Mars Isochron [RD6] ï this Iscochron has been updated to include the HiRISE 
observations of recent cratering rates and is shown below in Figure 12-1. 
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Figure 12-1. Figure 2 from [RD6].  

Now important in the updated isochron is the turnover of the graph becoming apparent about 
4m.  This has the potential to limit the material ejected from Mars. 
 
This enters into a secondary consequence of this work, by modelling the Mass Ejections from 
Mars, to access the discrete nature, will also give the mass transfer.  Hence this work updates 
the rate of transfer of Martian material to the moon, this gives a consistency check with [AD2]; in 
particular how this work differs from [AD2] will be assessed. 








































































