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Abstract 

 

Phobos, the larger and closer of Mars’ two moons, is not considered a location where extant or 

extinct life may exist. However, its close proximity to Mars means it could be a repository for 

impact-ejected material that may contain evidence of ancient martian life.  

This thesis investigates the delivery of possible martian biosignatures to Phobos and their 

subsequent detection within the Phobos regolith. iSALE-2D hydrocode was used to investigate 

the conditions experienced by Mars-like projectiles impacting Phobos-like targets, that were then 

compared with a survival criteria of shock pressure and temperature for amino acids. The resultant 

amino acid survivability varied broadly. To validate the numerical simulations, hypervelocity 

impact experiments were conducted, whereby bespoke Mars-relevant basaltic projectiles doped 

with the potential organic biosignature glycine, were fired using the All-Axis Light Gas Gun 

(AALGG) into two Phobos regolith simulants at a range of velocities. The bespoke projectiles 

fragmented upon acceleration resulting in buckshot cluster impacts where the proportion of 

glycine that survived impacts at similar velocities varied broadly, regardless of Phobos simulant 

used. This presented a fundamentally different impact process than would be experienced on 

Phobos. Therefore, to validate the numerical simulations with an alternative approach, the impact 

experiment results were compared to numerical simulations on the spatial scale of the AALGG 

experiments, that focussed on cluster impacts. These simulations revealed that amino acid 

survival and detection could be significantly affected by how early within a cluster a projectile 

fragment impacts. Nevertheless, the small-scale numerical simulations aligned well with the 

impact experiments suggesting it is an adequate tool for estimating the temperatures and pressures 

in real impactors. Finally, comparing the results from the large-scale numerical simulations with 

the impact experiments it was revealed that the datasets could be fit by logistic function sigmoid 

curves with impact velocity. 

This study highlights the stochastic nature of impact delivery, considers how some aspects of 

cluster impacts of martian ejecta on Phobos may result in resolvable biosignature survival, and 

provides a baseline from which more complex molecular biosignature survival and modification 

could be investigated. It supports the potential presence of martian material, including 

biosignatures, within Phobos’ regolith, which is significant for interpreting data from samples 

returned from Phobos by JAXA’s Martian Moons eXploration mission.  
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Chapter 1      

Introduction 

1.1 Project motivation and aims 
Phobos, the larger and closer of Mars’ two moons, is not generally considered a location where 

extant or extinct life may exist. However, its close proximity to Mars means it could have received 

impact-ejected material from Mars throughout its history. If life developed on Mars during 

periods of hypothesized habitability during the Noachian (4.1-3.7 Ga) (Carr and Head 2010; 

Grotzinger et al. 2014; Cockell 2014; Rummel et al. 2014), building blocks or breakdown 

products of life could have been carried within ejecta from Mars to Phobos, making Phobos a 

possible repository for evidence of Mars’ geological and climatic history and any ancient martian 

life that may have developed.  

Unlike ‘Special Regions’ of interest for evidence for martian life on Mars, that come with 

planetary protection restrictions (Committee on Space Research; COSPAR, 2020), Phobos has 

been classified as ‘unrestricted Earth return’ (National Academies of Sciences Engineering and 

Medicine 2019) with less stringent planetary protection restrictions. Therefore, Phobos may be a 

more cost effective and practicable target in the search for martian biosignatures. 

Although other missions have studied Phobos (Section 1.2.5), Martian Moons eXploration 

(MMX) due to launch 2024, is the first sample-return mission to study Phobos (Usui et al. 2019; 

Grier et al. 2019). At the time of writing, the MMX mission is scheduled to launch in 2024 and 

return samples to Earth in 2029. The returned samples may offer additional scientific value from 

the mission aims in the form of material, possibly containing biosignatures, impact-ejected from 

Mars. The feasibility of martian biosignature survival during impact-driven transport to Phobos 

remains poorly understood but is critical for disentangling the data returned from this mission. 

This is the aim of this thesis. 

This investigation will use a combination of numerical modelling and laboratory impact 

experiments to simulate the impact of biosignature-carrying martian material, containing a 
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biosignature, into Phobos’ regolith. The laboratory impact experiments will use analogues and 

simulants to represent Mars and Phobos materials. Impact experiments will be followed by 

organic and geochemical analysis to determine the detectability of Mars-like material, including 

biosignatures, within Phobos-like material.  

The following sections outline current knowledge about Phobos, and theoretical background 

relating to impact processes and potential biosignatures from Mars. 

1.2 Phobos 
Phobos (Figure 1.1), was discovered by American astronomer Asaph Hall in 1877 (Duxbury et 

al. 2014).  

 

Figure 1.1 Phobos (taken by High-Resolution Stereo Camera onboard Mars Express). Craters labelled. From 

Basilevsky et al. (2014).  

Phobos is 13.03 × 11.40 × 9.14 km in size, 5742 ± 35 km3 in volume (Willner et al. 2014), and 

1.065 ± 0.015 × 1016 kg in mass (Pätzold et al. 2014b) and has been observed remotely by several 

missions (Figure 1.2). Past missions have provided insight into the physical and chemical 

characteristics of the satellite, which are used to underpin the assumptions for the modelling and 

experimentation presented in this thesis. 
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Figure 1.2 Timeline of successful missions to Phobos (study dates listed, not lifetime of the missions). 
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1.2.1 Orbital evolution 

Phobos has a near-circular orbit close to Mars’ equatorial plane and is in synchronous rotation 

with Mars, whereby it displays the same face to Mars throughout its orbit (Burns 1972; Pollack 

et al. 1972, 1973; Duxbury 1974). With a semi-major axis of 2.76 RM (RM = radius of Mars, 

3396 km), it was the first Solar System body discovered to have a sub-synchronous orbit. Its 

orbital period of only 7.66 hours, means it rises three times in the west per sol (martian day of 

24 hours, 39 minutes and 35 seconds) (Kuzmin et al. 2003). A consequence of this orbital 

variation occurs as tidal strain energy is dissipated within the martian interior as the rotational-

orbital system endeavours to synchronise. This is achieved through the extracting orbital energy 

from Phobos via a torque exerted from Mars' tidal bulge, in order to balance an increase in Mars' 

rotational energy (Burns 1992; Spohn et al. 1998). This torque is proportional to d-6 (d = distance 

between Mars and Phobos) (Veverka and Burns 1980; Dehant and Van Hoolst 2014). The 

reduction in orbital energy causes Phobos' orbital radius to reduce, meaning it spirals inwards, 

accelerating towards Mars in order to conserve angular momentum (Veverka and Burns 1980; 

Burns 1992). An estimate for Phobos’ secular acceleration is 1.27 × 10-3 deg yr-2 (Morley 1989; 

Lainey et al. 2007; Jacobson 2010) with orbital decay of 20 cm yr-1. It was previously suggested 

Phobos would collide with Mars in 50 Ma (Burns 1981), although it is more likely to disintegrate 

into a debris disk 20-40 Ma before that (Black and Mittal 2015).  

1.2.2 Origin mechanisms 

Phobos’ origin remains highly contested, with two prevailing theories: 1) asteroid capture or; or 

2) in situ aggregation.  

Phobos’ irregular shape (Figure 1.3) and very low albedo (Smith 1970) is similar to carbonaceous 

asteroids (Matson 1971; Veverka 1973) although there is limited similarity between Phobos’ 

surface spectra and meteorites (Section 1.2.5); this may be due to a lack of meteorites from Phobos 

in the terrestrial collection. Furthermore, captured asteroids would result in elliptical orbits in 

near-heliocentric planes, similar to their original orbit, rather than Phobos’ near-circular and near-

equatorial orbit tilted at ~25° (Rosenblatt 2011 and references therein).   

Alternatively, Phobos could represent a re-accretion product from a Mars-derived ejecta debris 

disk (Craddock 1994, 2011). Recent investigations have suggested a 570 km diameter (similar to 

Vesta) body impacting Mars could have provided sufficient material to create Phobos and Deimos 

(Canup and Salmon 2018) or they could have been created from ejecta from the Borealis basin 

giant impact crater on Mars (Hyodo et al. 2017a, 2017b). Hyodo et al. (2017a, 2017b) suggest for 

a Borealis-forming impactor 1000 km in diameter (~1/3 Mars’ radius) impacting at 6 km s-1, an 

ejecta debris disk containing both impactor and martian material accreted into Phobos and 

Deimos. Depending on the initial impact angle >35% of the ejecta debris disk would have been 
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martian in origin, 50% of which would have come from the martian mantle. If Mars represents an 

early differentiated planetary embryo that did not undergo global mixing (Dauphas and Pourmand 

2011), this makes Phobos an interesting target for study because it may contain a large proportion 

of readily accessible martian mantle more accessible than remaining within Mars.  

The most recent interpretation of Phobos’ regolith is that it resembles D-type asteroids, similar to 

the Tagish Lake meteorite (Section 1.2.5) (Fraeman et al. 2012; Hiroi et al. 2001; Cloutis et al. 

2011; Murchie et al. 2015; Giuranna et al. 2011; Rosenblatt 2011; Pajola et al. 2013). This is most 

consistent with a capture origin for Phobos. However, Phobos’ orbital properties are more 

consistent with the giant impact origin, which makes the observed resemblance of Phobos’ surface 

to D-type asteroids a mystery (Rosenblatt 2011 and references therein). Future in situ missions, 

e.g., MMX are required to shed light on this conundrum (Section 1.2.5 & Figure 1.2). 

1.2.3 Surface features and interior 

Phobos’ surface is heavily cratered, but dominated by the ~9 km Stickney crater spanning ~1/6th 

of Phobos’ circumference (Veverka et al. 1974) (Figure 1.3). The relative size of Stickney 

compared to Phobos itself suggests it formed after a catastrophic impact that, on other small 

bodies, would initiate complete destruction (Pollack et al. 1973). However, Phobos’ survival 

suggests it had significant macroporosity to diffuse impact energy (Andert et al. 2010), with bulk 

density estimates from Mars Express (MEx) and Viking missions of 1.862 ± 0.013 g m-3 (Willner 

et al. 2014; Pätzold et al. 2014a). This low density suggests that Phobos is a rubble-pile (Andert 

et al. 2010; Hurford et al. 2015) similar to Itokawa (Fujiwara et al. 2006), Bennu (DellaGiustina 

et al. 2019) and Ryugu (Grott et al. 2020), with boulder sizes of ~50 m in diameter.   

In addition to Stickney, other key surface features of Phobos include a network of grooves 

measuring 80-200 m wide, 10-20 m deep and up to 30 km in length (Thomas et al. 1979) (Figure 

1.3). Several formation mechanisms have been proposed including their formation from ejecta 

from Mars (Ramsley and Head 2013a), the rolling and bouncing of ejecta boulders from the 

Stickney event (Head and Cintala 1979; Wilson and Head, J. W. 2005; Wilson and Head 2015; 

Ramsley and Head 2018), or that they may have formed from tidal extension (Cheng et al. 2022). 

The age of Stickney crater has been defined as ~2.8-4.2 Ga using the Solar System impact flux, 

assuming craters inside and near Stickney were produced after the elevated impact flux from 

Stickney reaccreting ejecta (Schmedemann et al. 2014). Therefore, the grooves produced after 

this impact represent a complex, potentially rapid, global resurfacing event that may have major 

implications for the composition and vertical distribution of material on Phobos’ surface. 
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Figure 1.3 a) Orthoimage mosaic in Simple Cylindrical Projection of Phobos from MEx HRSC and Viking Orbiter s 

(Zubarev et al. 2012; Wählisch et al. 2014); b & c) Image PIA10368 combining blue-green, red and near-infrared 

channels from MRO’s HiRISE camera.  

1.2.4 Regolith 

Phobos’ surface roughness (Veverka 1971), UV reflectance spectra (Barth et al., 1972), 

polarisation (Noland et al. 1973; Veverka and Burns 1980) and IR radiometer measurements 

(Gatley et al. 1974) indicated Phobos’ surface resembled the Moon, dusty regions of Mars and 

dark rough laboratory powders, implying a surface covered by regolith. 

Hypervelocity impacts from solids (<µm to >km) can simultaneously create, redistribute, modify 

and destroy regolith (Housen et al. 1979; Liu et al. 2019; Costello et al. 2018; Nolan et al. 2001). 

Ejecta production generates particles through the brecciation and brittle fracture of bedrock and 

welded regolith rocks. It also enables previously created regolith to become mixed and 

redistributed in ejecta blankets. However, if impact energy is high enough, ejecta can accelerate 
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to beyond the escape velocity of the body resulting in regolith loss. Pre-existing regolith particles 

in this zone are also lost through vaporisation and sublimation, melting into impact melt sheets, 

and welding into regolith breccias (Housen et al. 1979; Housen and Holsapple 2011).  

Micrometeorite impacts produce a unique space weathering product, agglutinates (Figure 1.4). 

 

Figure 1.4 Secondary electron (SE) scanning electron microscope (SEM) images of typical lunar agglutinates from 

Apollo 11 soil 10084. Adapted from Fig. 2 Domingue et al. (2014), Sarah Noble (Goddard Space Flight Center). 

They form when micrometeorites impact regolith, which has already been implanted with solar 

wind ions and cause localised melting of the finest particles (Pieters et al. 2000; Taylor et al. 

2000). This melt quickly quenches into glass when exposed to the cold temperatures of space, 

welding un-melted particles together into an aggregate and releasing trapped gases to produce 

vesicles. The released hydrogen then reacts with fine FeO in the glass, reducing it to metallic iron 

in the form of nanophase iron droplets (npFe0), alongside water that escapes (Pieters and Noble 

2016; Domingue et al. 2014; McKay et al. 1991). The result is a small (<1 mm) dark irregularly 

shaped aggregate of fine regolith particles welded together in a dark highly vesicular glass matrix 

(Figure 1.4). Agglutinates constitute up to 50% of lunar soil fractions <0.5 mm (Heiken 1975; 

Hörz and Cintala 1997; McKay et al. 1991) and probably constitute a major proportion of other 

airless bodies (Grier and Rivkin 2019), although they have not been confirmed on Phobos.  

Further, airless bodies, e.g., asteroids and Phobos, have low regolith thermal conductivity, orbit 

and rotation, so their exposure to solar rays and hence their surface temperatures oscillate 

seasonally and diurnally. This causes cycles of expansion and contraction in surface rocks, which 

can cause fatigue crack propagation that leads to fracture and break-up of material (Pieters and 

Noble 2016). Recent studies have found this thermal cycling may be the source of regolith 

production on asteroids (Delbo et al. 2014; Molaro et al. 2015). Delbo et al. (2014) demonstrated 

thermal fragmentation strongly depends on temperature contrasts meaning at lower perihelion 

distances, where variations in temperature are higher, thermal fragmentation rate is increased. 

Moreover, they concluded that within the inner Solar System, thermal fragmentation is more than 

an order of magnitude higher than impact fragmentation, especially for larger rocks. Therefore, 

thermal fatigue has recently increased in importance for inner Solar System airless bodies. 
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It is hypothesised Phobos experiences reasonable thermal fatigue. On the Mars-facing 

hemisphere, this is exaggerated by a daily 54-minute solar eclipse at midday when near martian 

equinoxes. This induces an additional spatially isolated spike in tensile stress on top of normal 

diurnal variation, causing rapid thermal cycling. However, thermal cycling induced rock 

breakdown may be much less than on the Moon, because the Moon orbits closer to the Sun and 

has a shorter solar day. These factors combine to generate a greater range in tensile stress (Molaro 

et al. 2015).  

The upper regolith layer is hypothesized to be 1/12th to 1/6th the diameter of complex craters, 

yielding a thickness of 5 to 100 m (Figure 1.5). Furthermore, some craters exhibit concentric 

morphology, indicating their formation involved impact into a layered stratigraphy. However, this 

morphology is not spatially consistent suggesting regolith layering is likely to be discontinuous 

and lens-like (Basilevsky et al. 2014).  

Estimates for Phobos’ particle size distribution derive from surface thermal inertia measurements 

from Viking and Phobos-2 ranging from 20-70 J m-2 K-1 s-1/2 (Kührt et al. 1992; Lunine et al. 

1982). This suggests a grain size of <1 mm (Gundlach and Blum 2013) with an average of 

~300 µm (Basilevsky et al. 2014).  

 

Figure 1.5 Phobos map of craters (USGS - Gazetteer of Planetary Nomenclature). Black solid circles are where 

regolith thickness is estimated in metres. Adapted from Basilevsky et al. (2014). 

1.2.5 Surface composition 

Several missions have obtained reflectance spectra of Phobos (Figure 1.2), although results and 

compositional interpretations have been varied. 

Initially Phobos was considered spectrally homogeneous with a single featureless spectrum (Pang 

et al. 1978; Pollack et al. 1978) like other low albedo bodies, e.g., Ceres, potentially composed of 
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carbonaceous chondrite material (C-type) (Matson 1971; Veverka 1973). However, results from 

Phobos-2 combined with observations from Mars Pathfinder and the Hubble Space Telescope, 

excluded similarities to C-type asteroids owing to differences in spectral slope (Murchie et al. 

1999; Thomas et al. 1999). Phobos-2 instead revealed two different spectral units (referred to as 

“red” and “blue”) that corresponded with different analogue materials e.g., mature lunar mare soil 

and Pallas-type (P-type) and Themis-type (T-type) asteroids (Murchie and Erard 1996; Murchie 

et al. 1991). This suggested Phobos’ composition was mafic-rich with a high-degree of space 

weathering, or a mixture of mafic-poor and mafic-rich material (Murchie and Erard 1996). 

Thermal infrared observations performed by Mars Global Surveyor (MGS) also suggested Phobos 

was consistent with silicates, e.g., feldspars (Roush and Hogan 2000; Giuranna et al. 2011), and 

a fine particulate basalt (Glotch et al. 2018). Therefore, a mafic and silicate composition had been 

indicated by multiple mission datasets.  

However, mission datasets also indicated an alternative phyllosilicate composition resembling 

Tagish Lake, a suggested analogue for D-type asteroid analogue (Brown et al. 2000; Hiroi et al. 

2001; Zolensky et al. 2002). In addition to the silicates and mafic materials mentioned above, 

MGS data also indicated phyllosilicates with minor carbonate and other hydrated phases (Glotch 

et al. 2018). Ground-based observations suggested spectral slopes from the trailing hemisphere 

were close to D-type asteroids (Rivkin et al. 2002), supported by recent observations (Takir et al. 

2022) and data from MEx and Mars Reconnaissance Orbiter (MRO), which observed red slopes 

similar to Tagish Lake and a lack of mafic mineral absorptions (Fraeman et al. 2012). Hydrated 

minerals were hypothesised based on absorption bands at ~0.65 and ~2.8 µm within the “redder” 

unit and a shallower absorption also at ~2.8 µm within the “bluer” unit, attributed to 

phyllosilicates and M-OH hydroxyl compounds, respectively (Murchie et al. 2008; Fraeman et al. 

2014). Pajola et al., (2018) re-analysed MRO data and supported Tagish Lake as an appropriate 

analogue with modelling yielding a good spectral slope fit from a mixture of 82-88% Tagish Lake 

and 12-18% pyroxene glass. Finally, observations by the Rosetta mission further supported 

Tagish Lake as a material analogue for Phobos (Pajola et al. 2012, 2013).  

In summary, compositional interpretations are varied, especially with regards the presence or 

absence of a mafic component. Nevertheless, in lieu of a more constrained composition, the 

mission datasets indicate the most favoured analogue for Phobos is a D-type asteroid containing 

M-OH hydroxyl compounds and phyllosilicates. This presents a conundrum, because the orbital 

properties of Phobos suggest Phobos is unlikely to be a captured asteroid and is more likely to be 

a product of a giant impact (Section 1.2.2). Yet, it has a dark, asteroid-like appearance. Therefore, 

further in-depth exploration is required to fully understand the Mars-Phobos system. 

The upcoming MMX mission’s science goals are to: understand the origin mechanism for the 

martian moons; inform about planetary system formation and early mid-Solar System processes; 
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and observe physical processes occurring in the circum-martian environment, Mars atmosphere, 

Mars surface environment and the martian moon surface environment (Kuramoto et al. 2018b, 

2018a). MMX will observe Phobos and Deimos in more detail and provide more precise elemental 

compositional data using instruments, e.g., MEGANE (Figure 1.2) – a gamma-ray and neutron 

spectrometer. Furthermore, it plans to collect >10 g of regolith from Phobos: a loose sample 

acquired with a pneumatic hoover and a soil core from >2 cm beneath the surface (Usui et al. 

2019). The hoover sample could inform about regolith processes and evolution in the martian 

system, which could provide a reference to compare with the core sample to discern any changes 

between the surface and subsurface. The core may sample the subsurface bedrock, providing 

insight into the pristine composition of Phobos, and informing on its origin mechanism.  

1.3 Impacts 

1.3.1 Impact theory 

When an impactor, of any size, collides with another surface at extremely high velocity, impact 

crater landforms are created, which are generally a depression with a raised rim. The physics 

governing crater formation process is consistent for every impact, and the process can be simply 

summarised in three stages: 1) Contact and Compression, 2) Excavation, and 3) Modification 

(Melosh 1989) (Figure 1.6).  

 

Figure 1.6 Stages of simple and complex crater formation (French 1998). 
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The Contact and Compression stage (Figure 1.6a) describes the short period when the impactor 

first touches the target surface and begins to redistribute its kinetic energy according to 

conservation of momentum and energy. Upon contact, the impactor rapidly decelerates and 

simultaneously the target rapidly accelerates in the direction of impact (Melosh 1989). 

Hemispherical shock waves of compression initiating from the impact site propagate upward 

through the impactor and downward and outward through the target. In turn, material suddenly 

changes pressure, density, particle velocity and internal energy creating a discontinuity between 

unshocked and shocked material before and after the wave front (Davison 2010). For oblique 

impacts in comparison to vertical impacts, the transfer of energy into the target is less efficient 

resulting in smaller craters and lower shock pressures for a given projectile mass and velocity 

(Melosh 2013).  

When the upwardly penetrating shock wave reaches the free surface at the back of the impactor, 

after an order of 1 µs, the stress cannot be maintained and therefore the shock wave reflects as a 

rarefaction (release) wave traveling back downwards through the projectile, releasing pressure. 

Peak pressure appears and disappears almost instantaneously, reverting to ambient conditions 

within ~1 µs. The contact and compression stage ends when the rarefaction wave begins to enter 

the target (French 1998; Osinski et al. 2013).  

In the Excavation stage, material is ejected on ballistic trajectories from the bowl-shaped transient 

crater, via spallation (Melosh 1984) (Figure 1.6b). In this stage, the shock wave and rarefaction 

wave continue to propagate hemispherically. The rarefaction wave travels faster than the initial 

shock wave, so it overtakes the shock front causing a decreasing pressure gradient with increasing 

distance from the impact site. This, in turn, generates different shock effects based on the peak 

pressure and temperature the material experiences, e.g., melting, thermal decomposition, phase 

transitions, plastic deformation, cataclasis (Melosh 2013; Grieve 1987; Melosh and Ivanov 1999).  

Complex interactions between the rarefaction and initial shock waves, and the pressure gradient 

across the wave fronts, generate an outward excavation flow (French 1998; Melosh and Ivanov 

1999). Beneath the impact site the flow travels downwards and outwards, displacing material into 

the zone of parautochthonous rocks (mixture of native and non-native rocks) characterised by 

extensive fracturing and brecciation. At the target surface the excavation flow travels upwards 

and outwards, launching material into the air on ballistic trajectories to be deposited in an ejecta 

fallout blanket surrounding the crater.  

Near circular final craters are formed by impacts at almost all angles, with elliptical craters only 

developing at grazing impact angles <~10° (Melosh 2013). The impact angle instead has a greater 

effect on the distribution of ballistic ejecta, whereby a “butterfly” pattern develops with zones of 

avoidance forming uprange followed by downrange as the angle becomes increasing oblique 

(Gault & Wedekind 1978; Osinski et al., 2011).    
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The excavation flow reduces in energy further from the impact site. Eventually, energy becomes 

insufficient to fully eject material, so uplift occurs to produce the transient crater rim. There is an 

overturn of the local stratigraphy forming an isoclinal recumbent crater rim fold with a concentric 

hinge. 

When the excavation flow reaches beyond the point where it can no longer move material, the 

maximum extent of excavation has taken place and this stage ends, leaving a bowl-shaped 

transient crater with an uplifted rim with a depth a third of its diameter (Kring 2017; French 1998).  

It is widely accepted that all impact craters experience contact/compression and excavation stages 

of crater formation irrespective of the physical conditions in which they form. Up to this point the 

only variables that affect the transient crater morphology are impactor size, velocity and impact 

angle, because these control the shockwave energy and therefore the diameter of the transient 

crater. Different crater morphologies observed throughout the Solar System develop in the final 

stage of crater formation, modification (Figure 1.6c), controlled by variables specific to the impact 

event, e.g., gravity, impactor and target composition, porosity, strength. Generally, craters fall 

into two categories: simple and complex (Dence 1965; Melosh 1989). The transition between 

these is unique to each planetary body and varies inversely with gravity, although can also be 

controlled by the target rock type, meaning the exact transition conditions are hard to define.  

Simple craters (Figure 1.6d left), generally only a few kilometres in diameter, preserve most of 

the morphology of the transient crater, only experiencing minor collapse of steep upper crater 

walls and deposition of only vertical ejecta onto the crater floor. This debris combines to form 

allochthonous crater fill of breccia lenses and impact melts including shocked and unshocked 

material. The final crater retains the bowl-shape of the transient crater but is up to 20% larger in 

diameter and 50% shallower in depth (Melosh 1989; French 1998).    

Complex craters, typically tens of kilometres in diameter on airless bodies (Figure 1.6d right), are 

characterised by a central uplift and terraced crater walls. This morphology forms when shock 

waves of sufficient energy propagate into the target and rebound subsurface material into a central 

peak. Simultaneously, material at the rim that cannot be supported against gravity collapses 

inwards in concentric normal faults (ring grabens) to generate a terraced crater wall. This happens 

in minutes and increases the crater diameter by 1.5-2 times resulting in a smaller depth/diameter 

ratio than simple craters. Subsequently, ejecta and crater wall debris settle in the crater floor as 

allochthonous crater fill, creating a shallow flat crater floor surrounding the central peak (Grieve 

et al. 2014, 1981; French 1998).  
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1.3.2 Role of projectile and target  

1.3.2.1 Lithology 

During contact and compression, the shockwave front represents a discontinuity between 

unshocked and shocked material (Section 1.3.1). This change of state can be described by 

Rankine-Hugoniot equations based on Newtonian laws. 

An additional equation of state (EoS) is required to personalise the Rankine-Hugoniot equations 

to a specific material’s unique response to shock in terms of particle velocity up, shock wave 

velocity US, density ρ1 and shock pressure P.  

Shock experiments are conducted to gather US and up values for different materials to plot their 

distinctive linear relationship:  

𝑈𝑆 = 𝑐 + 𝑆𝑢𝑝  Equation 1.1 

The material constants, S (slope gradient) and c (slope intercept, which is also the bulk sound 

velocity), reflect the specific sample used in the shock experiments and can vary depending on 

material phase transitions. Equation 1.1 relates the pressure to the density and internal energy, 

accounting for the irreversible thermodynamic changes and compressibility effects experienced 

by the materials involved in impacts (Davison 2010). For each material, an EoS must be defined.  

A material’s response to shock, the combined Hugoniot equations, can be plotted in several ways 

including US-uP, uP-P and P-V, the latter being the best way to visualise the relationship between 

shock pressure and heating (Figure 1.7).  

 

Figure 1.7 Schematic Pressure-Volume diagram adapted from (Sharp and de Carli 2006; Davison 2010). The Hugoniot 

curve joins individual instances of pressure to volume. The Rayleigh line is a straight line between the unshocked 

material A to C. 
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The Hugoniot curve itself is not a continuous description of the material’s thermodynamic path, 

but is a curve drawn between individual shock events in that material. The initial unshocked state 

of the material falls on the x-axis (V0) and upon application of shock pressure the pressure-volume 

state jumps to a point on the curve (C) depending on the magnitude of the shock. This jump is 

represented by the Rayleigh line.  

Peak shock temperature is experienced for <1 µs during compression stage, but unlike pressure, 

does not revert to ambient conditions after the rarefaction wave has passed. Instead, shock 

compression is an irreversible process where plastic work is done to deform the material so, upon 

decompression, excess energy remains in the material as post-shock heat. This excess energy is 

estimated as the area between the Rayleigh line and the Hugoniot curve combined with the 

material’s heat capacity. These post-shock temperatures can linger for orders of magnitude longer 

than the peak-shock conditions. 

1.3.2.2 Porosity & Density 

The addition of porosity, and therefore change in density, within a material reduces shock velocity 

in the material; closure of pore spaces during impact consumes shockwave energy and leads to a 

faster attenuation of the shock wave. This has two important implications. Firstly, faster 

shockwave attenuation means a smaller volume of material experiences peak-shock pressures in 

porous materials than non-porous materials (Güldemeister et al. 2013). Secondly, more plastic 

work is done during compression of porous materials, resulting in higher post-shock temperatures 

after pressure release (Figure 1.8). 

 

Figure 1.8 Pressure-Volume diagram from Davison, (2010) for non-porous and porous material.  

For a porous material with the same mass, the original volume is higher at V00 so a different jump 

is taken to the shocked state, C. The amount of plastic work done during compaction is 

represented by the area of triangle ABC (non-porous) and A’BC (porous). This is irreversible so, 

upon release, the energy, represented by the area between the Rayleigh line and Hugoniot curve 
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(striped for non-porous and solid for porous), is converted to heat. Therefore, shock temperatures 

are higher in porous materials from the additional residual heat left from pore space compression, 

which is proportional to the work done to close the pores. 

Hence, porous materials require lower peak-shock pressures to induce melting than non-porous 

materials (Jutzi et al. 2008; Wünnemann et al. 2008; Güldemeister et al. 2013; Zel’dovich and 

Raizer 1967). This manifests as localised high-pressure phases occurring next to unshocked grains 

in impactites (Kieffer et al. 1976; Grieve et al. 1996) and “jetting” into pore spaces as observed 

in e.g., Meteor crater’s Coconino sandstone (Kieffer 1971). 

1.3.2.3 Strength 

Numerical modelling (Quintana et al. 2015; Kurosawa and Genda 2018; Halim et al. 2021) and 

hypervelocity friction experiments (Van Der Bogert et al. 2003) highlighted that at low impact 

velocities (<10 km s-1) shear heating, not shock heating, may be dominant in enhancing 

temperatures within materials during impact. Halim et al. (2021) showed this phenomenon 

extended to enhanced heating within both projectile and target material. They showed, with 

material strength was the controlling parameter in shear heating, whereby stronger materials 

exhibit enhanced heating in comparison to pressure. This follows the Mohr-Coulomb failure 

criterion (Heyman 1972) that expresses how a material’s shear strength, τ (critical for shear 

heating in the projectile), is systematically controlled by its cohesion, c:  

𝜏 = 𝑐 + 𝜎 𝑡𝑎𝑛 𝜑 Equation 1.2 

where φ is angle of internal friction, with coefficient of internal friction µ = tanφ, and σ is normal 

effective stress.  

Materials with strength resist compression and penetration by other materials upon collision, so 

when collisions take place work is done to move materials against one another and shear forces 

build up at intersections, manifesting as shear heating from viscous dissipation, in addition to the 

shock heating experienced.  

Shear friction experiments indicate localised friction-induced melting occurs along fracture 

zones, even in lower pressure environments (Van Der Bogert et al. 2003), suggesting in lower 

velocity impacts (≲10 km s-1) when shock pressures are low, enhanced temperatures can still 

occur. Therefore, to avoid underestimation of peak temperatures of materials during impacts low 

velocity simulations must take strength into account (Section 3.4.1.2).  

1.3.2.4 Structure 

The structure of the target, specifically layering in comparison to projectile diameter and 

differences in physical properties between layers, can have a significant effect on the cratering 

process. Numerical modelling has suggested significant variation in final crater morphology and 
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shock temperature depending on the inclusion of weaker layers within the target e.g., layered steel 

composites showed greater impact resistance against the projectile compared to monolithic steel 

(Senft and Stewart 2007, 2008). The inclusion of a weaker ice layer on the surface or buried within 

the target results in shockwave reflections at the layer boundaries, with thicker ice layers 

producing larger crater diameters (Harriss & Burchell 2017). Therefore, the addition/variation of 

layering will increase projectile temperatures, owing to more energy being reflected back into the 

projectile. However, further investigation is required to test this hypothesis and understand how 

target layering and structure can affect projectile conditions. 

1.3.2.5 Impact velocity 

During the impact process, kinetic energy, proportional to the square of impact velocity (K.E. = 

1/2 m v2), converts to compression internal energy and peak-shock heating. Therefore, the higher 

the impact velocity the greater the kinetic energy in the system, so the higher the peak shock 

temperatures within the projectile and the target.   

1.4 Impact-driven transport of material 

to Phobos 
As an airless body, Phobos is exposed to hypervelocity impacts from projectiles < µm to >km in 

size from comets, asteroids, and objects from outside the Solar System. The meteorite record and 

studies of impactor inclusions in meteorites and lunar samples, have shown projectiles can survive 

impact to be incorporated into the regolith (Joy et al. 2012; Korotev 1991). Estimates suggest the 

concentration of Solar System projectiles on Phobos could be 6 ± 3% (Ivanov 2001).  

However, material can also be transferred between planets and moons, evidenced by the mere 

existence of lunar and martian meteorites on Earth. Material can travel along unique routes 

controlled by the temporal and spatial alignment of orbits and large impact events. Models support 

Earth-to-Mars (Mileikowsky et al. 2000), Earth-to-Earth (Sleep and Zahnle 1998), Earth-to-Moon 

(Crawford et al. 2008; Halim et al. 2021), and even Earth-to-Europa or Earth-to-Titan (Gladman 

et al. 2006) material transfer. Therefore, material transfer around the Solar System is not limited 

to the one-way delivery from asteroids or comets, but extends to secondary impacts on other 

planetary bodies.  

Phobos’ proximity to, and rapid orbit about, Mars has exposed Phobos to receive impact-ejected 

material from Mars throughout its history. Numerical models (Chappaz et al. 2013; Ramsley and 

Head 2013b) have shown ejected material from a single impact event on Mars could be delivered 

to Phobos in several different scenarios and distributed across Phobos (Figure 1.9). 



C h a p t e r  1  I n t r o d u c t i o n  

 

29 | P a g e  

 

 

Figure 1.9 Illustrative diagram of a Solar System impactor ejecting material that can land on Phobos in several ways.  
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1.4.1 Ejection from Mars 

The initial impact into Mars by a Solar System projectile must be energetic enough to eject 

material at a high enough velocity to reach the orbital altitude of Phobos (Figure 1.9a). Estimates 

for the ejection velocity required to reach Phobos’ orbital altitude vary depending on ejection 

angle and numerical accuracy. Chappaz et al., (2013) and Patel et al., (2019a) constrained the 

required velocity using Mars crater size distribution isochrons (Ivanov and Hartmann 2007; 

Hartmann and Daubar 2017). For ejected angles of >45°, ejecta would have to be launched at 

>4.159 km s-1 (82.6% Mars escape velocity, VMe) to reach Phobos’ present altitude (~5980 km 

above Mars’ surface) (Shi et al. 2013; Bills et al. 2005; Jacobson 2010). Generally, Patel et al., 

(2019a) assumed an ejection velocity requirement of 4.01-4.31 km s-1. This range agrees with a 

minimum of 4.02 km s-1 from Ramsley and Head, (2013b), although Fujita et al., (2019), 

Kurosawa et al., (2019) and Hyodo et al., (2019) suggest 3.8 km s-1.  

Studies focussed on the ejection of martian material, with regards to supplying martian meteorites 

to Earth, have suggested cm- to m-sized ejecta particles are the most likely to be ejected from 

Mars by primary impactors up to 1 km in diameter (Head et al. 2002; Artemieva and Ivanov 

2004). Fragment sizes ranged from 3 cm to 2.4 m for a 1 km diameter impactor (Artemieva and 

Ivanov 2004), in comparison to just 1-26 cm for a 150 m impactor (Head et al. 2002). This aligns 

with observations at terrestrial impact structures, e.g., Ries, where crystalline fragments are <1 m 

in diameter after an impact from a 1.1-1.5 km impactor (Pohl et al. 1977).  

The compression and shockwaves that propagate through the projectile and target during the 

primary impact with Mars can generate significant shock heating (Section 1.3.1). iSALE shock 

physics simulations (Wünnemann et al. 2006) by Kurosawa and Genda, (2018) and Fujita et al., 

(2019), taking into account internal friction and plastic deformation, showed material ejected at 

>3.8 km s-1 was heated to >1000 K, contrary to the limited evidence of shock-heating in martian 

meteorites (Nyquist et al. 2001). Furthermore, three-dimensional smooth particle hydrodynamic 

simulations suggested lightly shocked (<5 GPa) ejecta could originate from the near-surface of 

Mars (Hyodo et al. 2019), because spallation allows high-velocity ejecta to experience low shock 

pressures (Artemieva and Ivanov 2004; Melosh 1984; Ahrens and O’Keefe 1978; Pierazzo and 

Melosh 2000), although the link between shock pressures and temperatures remains 

unconstrained.  

In summary, the ejection velocity required to reach Phobos is >~3.8 km s-1, and the shock 

temperatures could be >1000 K. However, some studies suggest high-velocity ejecta can 

experience minimal shock conditions. Furthermore, material fragments ejected from Mars’ 

surface are likely to be centimetre to metre-sized. 
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1.4.2 Ascension through the atmosphere 

Ejected material from Mars would generate an expanding ejecta cone towards the orbit of Phobos 

with material ascending through the martian atmosphere, where particles may undergo 

aerodynamic deceleration and heating (Figure 1.9b). Simulations suggest particles exiting Mars 

vertically (90°) undergo less aerodynamic heating and deceleration than particles ejected at lower 

angles (45°). Moreover, greater surface area/volume ratio increases the degree of aerodynamic 

heating and deceleration, so smaller particles (<0.1 m in diameter) decelerate and heat up more 

than larger particles, inhibiting atmospheric escape (Fujita et al. 2018). Reverse meteoroid entry 

calculations suggest projectiles must be >33 cm in diameter to successfully pass through an 

undisturbed atmosphere at greater than >VMe (Artemieva and Ivanov 2004). Considering ejecta 

does not need to reach VMe, ejecta fragments could be smaller than these models suggest, so the 

likely range of projectile sizes to impact Phobos is ~0.01-10 m (Fujita et al. 2018; Artemieva and 

Ivanov 2004). Considering aerodynamic deceleration, the ejection velocities required for ejecta 

particles in this diameter range to reach Phobos are >45 km s-1 down to ejection angles of 10° 

from horizontal, below which ejection velocities up to 15 km s-1 may be required and >>15 km 

s-1 for almost horizontal ejections (Artemieva and Ivanov 2004). 

1.4.3 Impact on Phobos 

Ejecta material can impact the sub-Mars hemisphere of Phobos as it ascends (Figure 1.9c), 

although this requires the impact to eject material towards Phobos’ orbital plane, and Phobos must 

be in the right point of its orbit to be overhead when material reaches its orbit. Owing to the high 

likelihood these conditions misalign, Phobos may only intersect ~7% of all outward plumes 

(Ramsley and Head 2013b). 

Ejecta launched at greater than VMe that does not intersect Phobos will be lost from the Mars 

system when it reaches the Hill radius. However, a significant proportion of the outward plume 

ejected within a ~0.9 km s-1 window is too slow to escape the Mars system but fast enough to 

reach Phobos’ orbital altitude so it falls back to Mars, crossing the orbital path of Phobos again 

(Figure 1.9d-f). Phobos may then sweep through the dissipating ejecta plume or ejecta may impact 

Phobos’ anti-Mars hemisphere on its return to Mars. Ramsley and Head (2013a) predicted a 

dissipating plume made of 10000 particles would occupy ~1/3 of Phobos’ orbit after ~100 minutes 

and ~1/2 after ~200 minutes. Therefore, even polar impacts that could not have supplied outward 

ejecta to Phobos would have dissipated such that Phobos would always intersect their inbound 

ejecta. It could take months for the inbound ejecta to re-accrete onto Mars, allowing Phobos to 

intersect inbound ejecta fragments during up to ~75% of its orbital periods (7.66 hours). However, 

the increasing dissipation with time rapidly decreases the particle density of the inward ejecta 

plume, meaning most of the intersections with Phobos’ orbit occur in the first 2-3 hours. 

Therefore, ejection velocity and primary impact location on Mars are significant controls on the 
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intersection of Phobos with outward or inbound Mars ejecta, so the process relies heavily upon 

the orbital alignment of Phobos with the location of impact on Mars. 

The impact velocity of swept up descending ejecta varies significantly, controlled by the velocity 

of the ejecta fragments relative to Phobos’ orbital velocity (2.143 km s-1), whereby in some 

instances their direction of travel are in the same direction so Phobos can sweep up material as 

slow as 580 m s-1 (Ramsley and Head 2013a). Therefore, considering launch velocity, launch 

angle, aerodynamic deceleration and vector impact velocities, for the most likely ejecta particle 

diameter range of 0.01-1.00 m (Artemieva and Ivanov 2004), impact velocities could range from 

580 m s-1 to >15 km s-1, but Chappaz et al., (2013) estimated the probability of intersection with 

Phobos dramatically declines after >4.1-4.4 km s-1.  

1.4.4 Redistribution following initial impact 

Phobos’s irregular topographic shape and low mass means it has a low escape velocity: 10.5-

15.5 m s-1 at the poles, 3.5-13 m s-1 at the sub-martian point, and this varies widely across the 

equator (Basilevsky et al. 2014). Therefore, between 78-99% of original martian ejecta impacting 

Phobos is re-ejected from Phobos at speeds exceeding the escape velocity (Kurosawa et al., 2019; 

Ramsley and Head, 2013c and references therein). This material then has a variety of possible 

fates: it can proceed into a solar orbit and get lost from the system; fall back to Mars; or can enter 

into a Mars orbit to be swept up by Phobos again. This latter process can repeat multiple times 

until the impact energy into Phobos is low enough that material can no longer escape Phobos. 

Material alternates between impacting the leading and trailing hemispheres (Sremčević et al. 

2003), so an impact on the leading edge may generate ejecta with sufficient velocity to travel 

ahead of Phobos, catch it up, and re-impact the trailing edge. Subsequently, the impact on the 

trailing edge could generate ejecta that lags behind Phobos to get swept up again by the leading 

edge. This re-accretion of material has been linked to the grooves present on the moon’s surface 

(Murray 2011; Ramsley and Head 2013a; Murray and Heggie 2014; Nayak and Asphaug 2016). 

Repeated re-impact and ejection of material across Phobos’ surface is enough to homogenise the 

spatial distribution of material ultimately deposited onto Phobos (Chappaz et al. 2013; Ramsley 

and Head 2013b). 

When Mars ejecta travels through near-Mars space it can be perturbed by forces like radiation 

pressure into different orbits depending on particle size. Smaller particles, specifically ≤300 µm, 

are perturbed more than larger particles, and become lost from the system or fall towards Mars. 

This results in a deficiency in finer grain sizes (≤300 µm) within Phobos’ regolith (Ramsley and 

Head 2013b) (Section 1.2.4).  

Considering Phobos is thought to have once orbited at a much higher altitude than it does 

presently (Burns 1972; Lambeck 1979; Bills et al. 2005), perhaps only being close to its current 
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altitude in the last 500 Myrs, it is likely the amount of material deposited onto Phobos from Mars 

has evolved over time. At higher altitudes, Phobos would be out of reach of ejecta that only just 

reaches the current altitude of Phobos, and it would have an orbital path that would pass through 

a less dense region of an ejecta plume. This might suggest, in general, the amount of Mars ejecta 

deposited onto Phobos would have been 1-2 orders of magnitude less in the past (Ramsley and 

Head 2013b).  

Taking into account as many factors as is feasible, Ramsley and Head (2013a) and Chappaz et 

al., (2013) predicted Phobos’ regolith holds 250 ppm of martian material on average across the 

surface, with a range of ~20-1250 ppm. Moreover, it is believed this would be thinly and globally 

distributed at depth without discernible ejecta blanket deposits. It is possible therefore, Phobos 

could be a repository for martian material excavated from any location on the martian surface 

throughout its history.    

1.5 Phobos as an astrobiological target  
Phobos is not considered to be habitable because of its extreme temperatures, harsh radiation and 

lack of liquid water. However, if life developed on Mars in areas potentially habitable during the 

Noachian period ~4 Ga ago (Carr and Head 2010; Grotzinger et al. 2014; Cockell 2014; Rummel 

et al. 2014), it is not unreasonable to consider biosignatures could have been incorporated into 

impact-ejected material delivered to Phobos in impact ejecta. Indeed it has been hypothesized that 

ejected martian material could constitute ~20-1250 ppm of Phobos’ regolith (Ramsley and Head 

2013b; Chappaz et al. 2013). Therefore, Phobos could be a concentrated repository for Mars’ 

organic history. This forms a specific example of the lithopanspermia hypothesis, whereby 

biological material is transported between one planetary body and another, within rocks, driven 

by impact events.  

1.5.1 Planetary Protection status of Phobos 

Planetary Protection (PP) policies are designed to protect all Solar System bodies from forward 

and backward contamination during scientific space investigation and are vital to preserve the 

natural state of known and un-known forms, precursors and remnants of life in our Solar System 

(Debus 2006; COSPAR 2020). Each space mission is individually categorised (I-V) according to 

the probability the target planetary body will provide clues regarding life or prebiotic chemical 

evolution, and the type of encounter the mission will have with the target (e.g., flyby, orbiter, 

lander, rover and sample return). The PP judgement for a specific mission is based upon 

experimental and/or theoretical findings reviewed by internal and external advisory groups 

(COSPAR 2020).   
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The potential habitability of Mars has resulted in it being classified with a restrictive planetary 

protection status (Rummel 1989; Rettberg et al., 2016). This requires missions to Mars to be 

carefully cleaned to mitigate forward contamination and any returned samples to be sterilised to 

mitigate backward contamination. Because martian material, possibly containing biological 

material, may have been delivered to Phobos throughout its history, this raises the question as to 

whether Phobos should be treated with the same planetary protection status as Mars (National 

Academies of Sciences Engineering and Medicine 2019).  

The composition of Phobos has been a strategic knowledge gap that requires addressing to inform 

as to the origin mechanism of Phobos (Wargo et al. 2013; Usui et al. 2019). Considering the 

increased support for MMX, (Section 1.2.5), COSPAR acknowledged Phobos needed a 

categorisation of either restricted or unrestricted Earth return. ESA defined the following 

hypothesis to be used in studies to investigate this further:  

The probability that a single unsterilized particle from Mars ≥10 nm in diameter is in a sample 

returned from Phobos shall be ≤1x10-6. 

Studies have investigated the potential survival or sterilisation of organisms and organic 

molecules at each step of the impact-driven transfer process; these studies are discussed below. 

1.5.1.1 Ejection of organisms or biosignatures from Mars 

iSALE shock physics simulations (Wünnemann et al. 2006) conducted by Kurosawa and Genda, 

(2018) and Fujita et al., (2019) took into account internal friction and plastic deformation, and 

found material ejected at >3.8 km s-1 from Mars was heated to >1000 K, which would be 

intolerable for organism survival. However, impact experiments (below) suggest organisms and 

organic biosignatures could survive through spallation, where the reflected shockwave directly 

translates into acceleration of surface target material (Melosh 1984). Fajardo-Cavazos et al., 

(2009) impacted B. subtilis spores within basalt and granite ejected at 2.9 km s-1 and observed 

little to no shock damage within post-shock grains collected (peak shock pressure of 57 GPa) and 

spore survival of ~10-5. Horneck et al., (2008) and Stöffler et al., (2007) observed 10-6 to 10-4 

survival of B. subtilis spores and X. elegans lichen when exposed to 40-50 GPa shock pressures, 

but the cyanobacterium Chroococcidiopsis could not survive above 10 GPa. Hence, in studies 

investigating the potential transfer of viable organisms from Mars to Phobos, Fujita et al., (2019) 

assumed only 10% of martian ejecta experiences conditions where organisms can survive, 

although this may be significantly greater for organic molecules. 

Bowden et al., (2009) impacted a pigment (β,β carotene), fatty acid (stearic acid) and a 

polyaromatic hydrocarbon (anthracene) within ice with stainless steel spheres 1-1.5 mm in 

diameter at up to 4.9 km s-1. They observed minimal survival of β,β carotene, in the ejecta and 

only at low ejection angles, whereas stearic acid and anthracene survived in greater quantities and 
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exhibited differing concentration gradients as a function of ejection angle, with the greatest 

concentrations of stearic acid being collected at lower ejection angles and anthracene being 

abundant over all ejection angles. These investigations indicate organisms and organic 

compounds can survive into the ejecta through spallation, although this differs considerably with 

species. However, the target composition and ejection velocity were not consistently within 

ranges for Mars ejecta reaching Phobos. Therefore, further investigation is required to 

demonstrate the survival of organisms or organic molecules in ejecta from solid targets within 

relevant the ejection velocity ranges to reach Phobos.  

1.5.1.2 Ascension through the atmosphere 

Slobodkin et al., (2015) conducted atmospheric entry experiments, whereby the spore-forming 

thermophilic anaerobic bacterium, Thermoanaerobacter siderophilus, was loaded into 24 wells 

within a 1.4 cm thick artificial basalt meteorite fixed to the exterior of the FOTON-M4 satellite. 

After 45 days of orbital flight the module came into land on Earth experiencing 24 minutes at 

7.6 km s-1 after which, viable cells were recovered from 4 of the wells, demonstrating organisms 

can survive transport through the atmosphere at hypervelocity speeds shielded within 1.4 cm of 

basalt. Mars’ atmosphere is significantly less dense and thinner than Earth’s, suggesting 

organisms might experience less severe conditions than observed in these experiments, although 

specific experiments would be required to refine this. 

1.5.1.3 Transport within the interplanetary medium 

Recent biological space exposure experiments have taken place on the EXPOSE facility of the 

International Space Station e.g., BIOlogy and Mars Experiment (BIOMEX), Lichens and Fungi 

Experiment (LIFE), and Biorisk experiment. BIOMEX exposed organisms to Mars-like 

atmospheric and radiation conditions and initial results saw survival, physiological activity and 

growth capacity detected in all organisms, although some vital functions did decrease (de Vera et 

al. 2019 and references therein). LIFE exposed several cryptoendolithic organisms within their 

host rocks for 1.5 years to the full space environment (vacuum from 10−7 to 10−4 Pa, fluctuations 

of temperatures between -21.5 °C and +59.6 °C, cosmic ionizing radiation up to 190 mGy, and 

solar extraterrestrial electromagnetic radiation up to 6.34 × 108 J m-2). Only some survived and, 

even if the cell membrane seemed to be intact, the cells had lost their ability to grow and divide 

(Onofri et al. 2012). Biorisk exposed 100-1000 µm thick dehydrated cell pellets of D. radiodurans 

and D. aerius to space for up to three years and observed significant DNA damage in samples 

<500 µm thick and minimal variation in thicker samples, suggesting a shielding effect occurred 

>500 µm (Kawaguchi et al. 2020). It was estimated organisms could survive within interplanetary 

space for 2-8 years, significantly less than the journey time between planets e.g., Mars and Earth 

(~107 years), but plenty of time for the journey to Phobos from Mars (Section 1.4.3).   
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An investigation into the survivability of biological material during passage between one 

planetary body and another was attempted by an experiment flown on the Phobos-Grunt mission. 

The mission was equipped with the Living Interplanetary Flight Experiment (LIFE) biomodule, 

in which four microbes were exposed to the extreme conditions of interplanetary space (Fraze et 

al. 2007; Warmflash et al. 2007). It was intended these microbes would be exposed to these 

conditions for the duration of the 34-month mission. However, following failure to complete Earth 

orbit escape manoeuvres, it re-entered Earth’s atmosphere uncontrollably. Considering precursors 

to life, amino acids were exposed to interplanetary space in the Japanese Tanpopo mission (Yano 

et al. 2014), where they significantly depleted after 1 year of exposure, but some remained 

(Kobayashi et al. 2021; Ott et al. 2020). Therefore, organic molecules e.g., amino acids could be 

more likely than viable organisms to survive interplanetary transport.   

In summary, the survivability and viability of exposed organisms and organics varies significantly 

but the journey from Mars to Phobos could be feasible for some organisms or 

precursors/breakdown products of life that may have existed on Mars.  

1.5.1.4 Impact on Phobos 

LGG experiments have been used to investigate the survival of organisms under different impact 

conditions. Bacterial spores can survive impact up to ~1.8 km s-1 (Patel et al. 2019; Barney et al. 

2016), fragments of diatom and silicoflagellate skeletons, and forams can survive impact up to 

6.12 km s-1 (Burchell et al. 2017a, 2014b), and yeast spores can survive impact up to 7.4 km s-1 

(Price et al. 2013). Even tardigrades have been shown to survive impacts up to 0.9 km s-1 (Traspas 

and Burchell 2021). However, seeds of tobacco, alfalfa and cress fragmented beyond capability 

of germination upon impact with water at velocities up to 3 km s-1 (Jerling et al. 2008). Therefore, 

some organisms could survive the impact velocities experienced by martian material impacting 

Phobos. 

In terms of organic molecules, hopanoids, polyaromatic hydrocarbons, steroids, and alkanes 

within siltstone have been shown to survive impact at 2-5 km s-1 into sand reaching 30 GPa shock 

pressure (Parnell et al. 2010).  

1.5.1.5 Survival on Phobos’ surface  

Patel et al., (2019) simulated the exposure of biological material to the interstellar medium on 

Phobos as an airless body. They subjected the four organisms to acute doses (0-50 kGy) of 

Gamma radiation under frozen (80 °C) conditions then stored them at room temperature for 30 

minutes, 7 days or 14 days before attempting to recover the organisms. All organisms showed a 

reduction in recoverable numbers over time, with reduction accelerating over time; Bacillus 

atrophaeus retained a constant reduction rate in recoverable numbers. The maximum cosmic 

radiation exposure would be experienced on the top surface of the regolith and reduces 



C h a p t e r  1  I n t r o d u c t i o n  

 

37 | P a g e  

 

exponentially with burial depth, becoming negligible between 3-6 m (Patel et al. 2019; Zhang et 

al. 2022). It is predicted organisms on the surface would be sterilised within a few hundred years 

and most organisms within 0.1 m of the surface within two million years (The National 

Academies of Sciences Engineering & Medicine, 2019). Organic molecules on the other hand 

may survive radiation exposure for longer (Kminek and Bada 2006).  

Gerakines et al., (2012) exposed amino acids, L-aspartic acid, L-glutamic acid, glycine, L-alanine 

and phenylalanine, to various radiation doses and observed a reduction in decomposition with 

molecular weight, with only 12% decomposition of the heaviest molecule glutamic acid with the 

equivalent of 3 billion years of exposure on the surface of Mars. Ertem et al., (2021, 2017) also 

observed minimal loss of purine and uracil when incorporated within martian analogues (calcite, 

anhydrite and kaolinite) and irradiated with a dose corresponding to ~500 000 years on the 

martian surface. Therefore, organic molecules may be more likely to survive radiation exposure 

on Mars and subsequent exposure on Phobos to be collected by future sample return missions to 

Phobos. 

1.5.1.6 Summary 

A broad range of factors could affect the feasibility of organisms or organic molecules surviving 

impact-driven transport from Mars to Phobos. Significant knowledge gaps in the survival of 

organisms or organic molecules remain and require further investigation to further constrain the 

feasibility of material transport within the Mars system. This thesis focuses on one of these gaps: 

the impact delivery of organic molecules within Mars-like ejecta. 

1.5.2 Biosignatures 

Whole viable organisms are unlikely to survive impact-driven transfer from Mars to Phobos and 

Phobos’ radiation environment, unless buried deeply, but biosignatures may be more likely 

prospects for surviving impact-driven transfer. Definitive biosignatures have not yet been 

observed on Mars but, searching for them is the aim of several current and future missions to 

Mars. This section compares different biosignatures and their relevance to Mars and their 

potential survivability following impact-driven transport. 

A biosignature can be an object, pattern and/or substance that has a specifically biological origin 

(Des Marais et al. 2008). 

Objects are physical features produced by life such as body fossils, biotextures and trace fossils 

(concretions, burrows or footprints). However, these can be easily destroyed when fragmented 

and lose their geological context. Therefore, these could not be confidently recognised within 

martian ejecta that might land on Phobos.  
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Patterns are spatial or temporal organisations of any substance or object that can be indicative of 

life. A significant example is homochirality. Owing to the tetrahedral shape of carbon compounds, 

their 3-D structures are different from their mirror images, so there can be left- and right-handed 

configurations called enantiomers. Most of life on Earth uses L-amino acids (left) and D-sugars 

(right), whereas amino acids in meteorites generally have racemic mixtures (no enantiomeric 

excesses (ee)). Therefore, observing an enantiomeric excess (ee), even one with the opposite hand 

to life on Earth, would be a strong indicator of extraterrestrial biology (Glavin et al. 2020). 

NASA’s Ladder of Life Detection criteria proposed detecting abundances of complex organics, 

as well as a large (>20%) L- or D-ee, would be sufficient to suggest biotic origin, provided 

instrument errors and artefacts, terrestrial contamination and exogenous origin had been ruled out 

(Hand et al. 2017; Neveu et al. 2018). However, ees up to 60% for L-aspartic acid and L-glutamic 

acid were reported in ungrouped C2 Tagish Lake meteorite (Glavin et al. 2012), and for 

L-isoleucine and D-alloisoleucine- in CR2 carbonaceous chondrites MET 00426 and QUE 99177 

(Pizzarello et al. 2012), which could be misinterpreted as biosignatures.  

Stable isotopes provide a method for identifying extraterrestrial ees (Engel and Macko 2001; 

Engel et al. 1990; Elsila et al. 2016; Glavin et al. 2020). Biological amino acids on Earth have a 

strong preference for lighter isotopes of C, N and H (Fogel and Cifuentes 1993; Styring et al. 

2010; Coplen et al. 2002), compared with meteoritic amino acids that tend to be enriched in heavy 

isotopes (Elsila et al. 2012; Chimiak et al. 2021; Engel et al. 1990). Therefore, extraterrestrial 

materials, like Tagish Lake, with amino acid ees will not be misinterpreted as being biotic in 

origin, because they are enriched in stable isotopes like 13C (Pizzarello et al. 2012). Glavin et al. 

(2020) considered that biology on Earth only uses ~20 amino acids in proteins with the same 

isomeric structure (α) and chirality (L), despite a broader diversity likely being available in pre-

biotic chemistry. Therefore, detection of amino acids dominant in isomeric structure will 

contribute as evidence to biotic origin. However, various studies have demonstrated racemisation 

can occur because of extreme shock conditions (Furukawa et al. 2018; Bertrand et al. 2009b; 

Peterson et al. 1997). Investigation into whether this would occur within the impact conditions 

for the martian system would be required to determine whether ee could be used as a biosignature 

in Phobos samples (Section 7.6.3).  

Finally, substances are biotic materials fixed by chemical and physical constraints. These include 

elemental abundances, organic molecules and minerals. An enrichment of bio-essential elements 

(P and S) was identified in martian meteorites (McSween Jr. 1994). Other hypothesised elements 

that could indicate the presence of life on Mars could include: redox couples for organism energy 

acquisition (Neveu et al. 2018; Cockell et al. 2016), trace elements like those identified in Mars 

analogue silica deposits (Gangidine et al. 2017), or trace element releases like those from basalt 
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leaching in the presence of organic acids (Liermann et al. 2007; Hausrath et al. 2009). Complex 

insoluble and soluble organic molecules are known to be ubiquitous in space. Within 

carbonaceous chondrites, organics have been detected e.g., nucleobases (Martins et al. 2008; 

Callahan et al. 2013), sugars (Furukawa et al. 2019), carboxylic acids (Cronin et al. 1993), fatty 

acids with carbon chains of up to 12 atoms (Lai et al. 2019), and amino acids (Burton et al. 2013; 

Glavin et al. 2020; Pizzarello et al. 2012; Kvenvolden et al. 1970, 1971). Amines and the amino 

acid glycine have also been detected in dust from 81P/Wild 2 (Brownlee et al. 2006; Sandford et 

al. 2006; Keller et al. 2006; Glavin et al. 2008). Of the proteinogenic amino acids, glycine and 

L-alanine have been detected in martian shergottites (Glavin et al. 1999; Callahan et al. 2013; 

Bada et al. 1998; Botta and Bada 2002). Polycyclic aromatic hydrocarbons (PAHs) have also been 

observed in martian meteorites (Sephton 2012).  

Organic compounds were first detected on Mars by GC-MS on the Viking landers, but later 

Atacama desert analogue experiments hypothesized these derived from organic molecule reaction 

with perchlorate during analysis (Navarro-González et al. 2010). This re-analysis was consistent 

with later Curiosity findings where biologically relevant molecules were detected with its Sample 

Analysis at Mars (SAM) Py-GC-MS instrument. These included dichloroalkanes (C2 to C4), 

chlorobenzene (C6) and sulfur-bearing organics in Yellowknife Bay Cumberland lacustrine 

mudstone (Millan et al. 2020; Freissinet et al. 2020; Miller et al. 2016), thought to have been 

pyrolysis products of more complex precursor molecules like benzoic acid, chlorinated in the 

presence of perchlorate (Eigenbrode et al. 2018). Furthermore, aromatic and aliphatic (C1 to C5) 

compounds, and thiophenes were identified in the Pahrump Hills area of lower Mount Sharp, also 

potentially pyrolysis products of macromolecular organic material or sulfates (François et al. 

2016). Finally, derivatised benzoic acid, ammonia, phosphoric acid, phenol, nitrogen-bearing 

molecules and unidentified high molecular weight compounds were detected in Bagnold dune 

sand at Ogunquit Beach (Millan et al. 2021).  

Despite these organics being associated with building blocks for life, they do not necessarily 

indicate a biotic origin. There are multiple synthetic pathways for their formation including 

diagenesis, metamorphism, fluid/rock interactions, atmospheric, hydrothermal or interstellar 

chemistry (Barge et al., 2022; Chan et al., 2019 and references therein). However, organic 

molecules constitute the hardiest type of biosignatures to be preserved in the near-surface of Mars 

(Gil-Lozano et al. 2020; Bonales et al. 2022; Williams et al. 2021) and to survive impact-driven 

transport owing to their nano-scale size (Bowden et al. 2009; Parnell et al. 2010). Furthermore, 

organic molecules have been detected on Mars, meaning experiments can be tailored to test 

possible biotic precursors of detected organic molecules (Section 2.1.2 for justification of the type 

of organic molecule to consider in this thesis). 
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1.6 Project objectives 
This thesis considers the feasibility of organic biosignature survival during impact-driven 

transport from Mars to Phobos and their potential identification within Phobos’ regolith, with 

implications for future Phobos sample return missions.  

Thesis objectives include: 

• Undertake large-scale hydrocode modelling to simulate the impact of martian-like 

material into a Phobos-like target, under realistic conditions (Chapter 3). 

• Undertake laboratory hypervelocity impact experiments to simulate shock processing of 

a martian-like material, containing a biosignature, during impact with two Phobos-like 

targets (Chapters 4 and 5):  

o Undertake pre- and post-experiment organic analyses to quantify the survival of 

the biosignature after impact processing. 

o Undertake pre- and post-experiment geochemical analyses to quantify changes 

in chemistry of the Phobos-like material following impact processing.  

• Undertake small-scale hydrocode modelling (on the scale of laboratory hypervelocity 

impact experiments) to simulate the laboratory hypervelocity impact experiments, to 

assess the scalability of conditions within the projectile from small- to large-scale in 

preparation for ground-truthing laboratory experiments (Chapter 6).   

Through these objectives I address the following research questions: 

1. How accurately can impact experiments simulate the impact of martian material, 

possibly containing biosignatures, on Phobos? 

2. How well do the results from the hydrocode modelling align with the laboratory 

hypervelocity impact experiments, and therefore how confidently can the numerical 

simulations inform the feasibility of biosignature survival within martian ejecta 

impacting Phobos? 

3. How could different biosignature types exhibit shock modification and influence 

survival? 

4. How could spatial distribution of biosignatures within martian ejecta influence survival? 

5. To what extent can biosignatures survive within martian ejecta impacting Phobos, under 

realistic conditions?  
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6. If biosignatures are suggested to be able to survive impact with Phobos, are they likely 

to exist within the detection limits of current analytical techniques? 

1.7 Overall approach 
This work combines laboratory and numerical simulations to determine the feasibility of impact-

driven transport of biosignatures from Mars to Phobos and assesses their potential detectability 

by future sample-return missions.  

Chapter 2 defines the impact scenario being simulated followed by the methodological 

approaches taken for numerical modelling with iSALE shock physics code, the hypervelocity 

impact experiments using the All-Axis Light Gas Gun (AALGG), and the organic and 

geochemical analytical techniques used to analyse post-impact materials.   

Chapter 3 presents a large-scale modelling investigation into the conditions present within Mars-

like projectiles impacting Phobos-like targets, considering a range of realistic impact parameters 

and their effect on the potential survivability of biosignatures spatially within Mars-like 

projectiles.  

Chapter 4 presents the proof-of-concept study for using bespoke projectiles, doped with a specific 

concentration of biosignature, in hypervelocity impact experiments with the AALGG to test the 

survivability of biosignatures practically within the range of impact velocities of martian ejecta 

impacting Phobos. 

Chapter 5 compares hypervelocity impact experiments between two different Phobos-regolith 

simulants, assesses the detectability of projectile material within the compositional simulant and 

any compositional modifications as a result of impact processing, and discusses the knowledge 

gap of how cluster impact dynamics may have influenced the survival and detection of 

biosignatures post-impact. 

Chapter 6 considers the influence of cluster impact dynamics on the temperature and pressure 

conditions within the projectile, and post-impact burial of projectile material, through AALGG-

scale numerical simulations of cluster impacts. It then discusses the extent of alignment between 

the small-scale numerical simulations and the impact experiments. 

Chapter 7 discusses how the results from the preceding chapters contribute to the thesis research 

questions and provide insight into the potential survivability of biosignatures delivered to Phobos 

in martian ejecta, and therefore the likelihood of collection and detection by future sample return 

missions. It then concludes the thesis and presents ideas for future work.  
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Chapter 2             

Methods 

This chapter firstly defines the impact scenario used in this thesis to investigate the impact-driven 

transport of biosignatures from Mars to Phobos. Then, the methods used to approach the 

objectives in this thesis are described including large- (Chapter 3) and small-scale (Chapter 5) 

numerical modelling, light gas gun experiments (Chapter 4 and Chapter 5), biosignature detection 

(Chapter 4 and Chapter 5) and geochemical analytical techniques (Chapter 4 and Chapter 5). 

2.1 Definition of impact scenario 
This section draws upon the background described in Chapter 1 to justify the most appropriate 

values for the parameters needed to investigate the impact scenario of interest in this thesis. This 

will maximise the accuracy of the numerical and laboratory investigations in this thesis (Chapter 

3, Chapter 4, and Chapter 5).  

2.1.1 Projectile 

The material ejected from Mars is represented by a projectile. Here, the best estimates for 

physical, compositional and impact variables for martian ejecta are explored.  

2.1.1.1 Lithology 

Section 1.3.2 outlined the influence of a projectile’s material properties on biosignature survival. 

Therefore, selecting the most appropriate representations of martian ejecta is critical. 

Remote sensing (e.g. Bandfield et al., 2000; Poulet et al., 2009) and in situ (e.g. Christensen et 

al., 2004; Filiberto, 2017; McSween et al., 2009, 2004, 2003) observations indicate >50% of 

Mars’ surface, mainly the southern highlands, is dominated by igneous lithologies, especially 

basalt. This agrees with the majority of the martian meteorite collection on Earth (Martian 

Meteorite Compendium; Meyer, 2009) (blue circles in Figure 2.1), which serve as direct evidence 

of successful impact-driven transport between Mars and other planetary bodies. Therefore, to 
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represent the most likely composition of material to be ejected from Mars, a basaltic projectile 

was used for the martian impactor.  

There are variations in basaltic composition (Udry et al. 2020) (Figure 2.1). However, a “global” 

chemistry for Mars’ surface has been defined (purple triangle in Figure 2.1) using data from past 

surface missions by Curiosity (Blake et al. 2013; Gellert et al. 2013; Ramkissoon et al. 2019; Yen 

et al. 2005). Therefore, the ideal material to represent the most common lithology on Mars to be 

ejected should be the global average composition of Mars, which is basaltic. 

 

Figure 2.1 Total alkalis-silica diagram used for classifying volcanic rocks showing Mars basalts from: shergottite 

meteorites (Bridges and Warren 2006; Rubin et al. 2000; Warren and Kallemeyn 1997; Irving 2010; McCarthy et al. 

1974); MGS-TES Surface types 1 and 2 (Bandfield et al. 2000; Hamilton et al. 2001; Wyatt et al. 2001; McSween et 

al. 2003); Spirit rover Gusev crater Sols 14-1368 (Gellert et al. 2006; Ming et al. 2008); Curiosity Gale crater Rocknest 

(Gellert et al. 2013; Blake et al. 2013), mean bulk (Edwards et al. 2017) and ChemCam (Mangold et al. 2017; Cousin 

et al. 2017; Sautter et al. 2015); and average Mars global chemistry (Ramkissoon et al. 2019).  

However, igneous lithologies may not be the best materials in which to preserve martian 

biosignatures. Clay-bearing sedimentary lithologies are more plausible hosts for biosignatures as 

exhibited by: carbonaceous shales preserving ancient biosignatures on Earth (Brocks et al. 2005; 

Vinnichenko et al. 2020); preferential organic molecule preservation within clay interlayers in 

terrestrial (Kennedy et al. 2002; Zhao et al. 2018; Salmon et al. 2000; Bhatt et al. 2022; Parbhakar 

et al. 2007) and extraterrestrial (Yesiltas and Kebukawa 2016; Hashiguchi and Naraoka 2019; Le 

Guillou et al. 2014; Garvie and Buseck 2007; Pearson et al. 2002); smectites and sulfates yielding 

the highest amino acid preservation rate under simulated Mars conditions compared with non-

clay silicates (dos Santos et al. 2016; Poch et al. 2015); and the detection of chlorinated 

hydrocarbons within the Sheepbed Mudstone in Gale Crater (Freissinet et al. 2015; Ming et al. 

2014). However, the STONE experiments, where rock samples were attached to the heatshield of 
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spacecraft (Brack et al. 2002), demonstrated survivability of sedimentary materials during 

ascension through the atmosphere is significantly lower than igneous materials, owing to higher 

porosities and fracture densities (Foucher et al. 2010; Parnell et al. 2010; Brack et al. 2002). 

Therefore, sedimentary meteorites may be less likely but are still a potential material that could 

impact Phobos.  

Consequently, a clay-bearing lithology is considered alongside a basalt as a martian impactor in 

this thesis, despite being more restricted in global distribution across Mars’ surface than igneous 

lithologies (Golombek et al. 2008; Grotzinger and Milliken 2012). 

2.1.1.2 Porosity & Density 

The porosity, and therefore bulk density, of impacting materials affects shock wave velocity 

through a material (Güldemeister et al. 2013; Wünnemann et al. 2008) (Section 1.3.2.2), which 

could, in turn, influence biosignature survival.  

Estimates for the density of martian basalts range from 2600-3700 kg m-3 (Demidov et al. 2015; 

Golombek et al. 2008; Baratoux et al. 2014). The porosity of martian shergottites range from 2-

11%, with an average of 7% (Coulson et al. 2007). 

Estimates for the density of martian sedimentary materials range from ~1500-2500 kg m-3 based 

on an 18 km long and 300 m thick wedge of sedimentary rock traversed by Curiosity (Lewis et 

al. 2019), clastic rocks in Gusev crater, layered evaporites in Meridiani Planum, and estimates for 

sulfate sandstones, siltstones and mudstones (Demidov et al., 2015 and references therein). 

Furthermore, the porosity of martian sedimentary rocks is estimated at 40 ± 6% (Lewis et al. 

2019).  

2.1.1.3 Strength 

Material strength may be a controlling factor in enhancing temperatures during impact in the form 

of shear heating (Halim et al. 2021; Kurosawa and Genda 2018; Quintana et al. 2015) (Section 

1.3.2.1). This may, in turn, have a significant effect on projectile conditions, influencing the 

potential survival of biosignatures.  

Compressive strength data for martian basaltic meteorites are limited but extraterrestrial 

analogues, howardite achondrites (Baird and Clark 1981), have an estimated average compressive 

strength of ~200 MPa (Popova et al. 2011; Petrovic 2001; Buddhue 1942; Pohl and Britt 2020). 

However, the population of meteorites on which this average is based is biased towards stronger 

materials, because fragile materials are unlikely to survive atmospheric entry to Earth (Campbell-

Brown 2019). Therefore, the average compressive strength of martian basalts is likely to be 

<200 MPa (Thomson et al. 2014). Spirit’s Rock Abrasion Tool (RAT) measured a range of 

compressive strengths on Mars from 15-130 MPa (Thomson et al. 2013). Terrestrial analogues of 
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martian basalts, e.g., the Columbia River basalt (Thomson et al. 2014) and basalt ejecta boulders 

from Lonar crater, India (Lakshmi and Kumar 2020), display compressive strengths of ~100-300 

MPa. Considering these data, an intermediate compressive strength value of 150 MPa is valid. 

The cohesive strength of martian basalts is estimated at 1-10 MPa from Viking measurements 

(Moore et al. 1987, 1977; Moore and Jakosky 1989). 

Using its Powder Acquisition Drill System (PADS), Curiosity measured the compressive strength 

of mudstones as ~5-30 MPa with an average of ~14 MPa (Peters et al. 2018), considerably less 

than >4.6 GPa expected for terrestrial mudstones (Miller et al., 2013). No martian mudstone-type 

meteorites have been collected on Earth, so only in situ data can be used to inform the ideal 

strength of sedimentary martian ejecta. The cohesive strength of sedimentary materials is 

estimated at 0.3-12 MPa from Viking measurements (Demidov et al. 2015) 

The cohesive strength of martian basalts is estimated at 1-10 MPa from Viking measurements 

(Moore et al. 1987, 1977; Moore and Jakosky 1989). The cohesive strength of sedimentary 

materials is estimated at 0.3-12 MPa from Viking measurements (Demidov et al. 2015). 

2.1.1.4 Shape & size 

Recent investigations have shown oblate and prolate spheroid projectiles result in significantly 

different pressure and temperature conditions within the projectile during impact (Halim et al. 

2021; Potter and Collins 2013), and reduced momentum transfer efficiency in the case of oblate 

projectiles (Cheng et al. 2016). However, the shape of martian ejecta is largely uncertain owing 

to a lack of observations of martian meteorites prior to modification by Earth’s atmosphere. 

Terrestrial analogue studies have suggested ejecta fragments can vary in shape, with most being 

equant and compact, but some may be platy, bladed and rod-like (Lange et al. 1984; Senthil 

Kumar et al. 2014). Therefore, the projectile shape requirement for this thesis is unconstrained, 

although an equant shape may be the most representative.  

Pierazzo and Chyba (1999) have suggested absolute peak-shock temperatures and pressures do 

not vary significantly with changes in projectile size, although the cooling rate of material is 

significantly reduced for larger projectiles (2-10 km), potentially reducing biosignature 

survivability if high peak-shock temperatures are maintained for longer. However, their 

projectiles were several orders of magnitude larger than the estimated range for Phobos impactors 

(see below).  

Numerical modelling studies have focussed on the supply of martian meteorites to Earth 

suggested cm- to m-sized particles are most likely to be ejected from Mars by primary impactors 

up to 1 km in diameter (Head et al. 2002; Artemieva and Ivanov 2004). Their simulations saw 

ejecta fragments range from 3 cm to 2.4 m for a 1 km diameter impactor (Artemieva and Ivanov 

2004), compared with <1 to 26 cm for a 150 m impactor (Head et al. 2002). The likelihood of 
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reaching escape velocity decreased for ejecta fragments greater than 3 m (Artemieva and Ivanov 

2004). This aligns with the observations of terrestrial impact structures e.g., Ries, where 

crystalline boulder fragments are <1 m in diameter after an impact from a 1.1-1.5 km impactor 

(Pohl et al. 1977).  

Numerical modelling studies have also considered the role of aerodynamic deceleration during 

ascension through the martian atmosphere and suggested it is most severe for the smallest 

particles, whereby ejecta <0.1 m in diameter are less likely to escape the atmosphere (Fujita et al. 

2019; Schultz and Gault 1979). Furthermore, the highest survivability (37-39%) of ejecta 

fragments is seen by the largest fragments (75 cm) and for the most probable fragment size 

(24 cm), because groups of smaller particles have a better chance of surviving than moderately 

larger isolated particles (Artemieva and Ivanov 2004); particles could survive as small as 0.4 cm 

(Schultz and Gault 1979). Alternatively, ejecta fragments that impact Phobos may be larger than 

those suggested in these studies, because to reach Phobos they do not need to reach Mars’ escape 

velocity. Therefore, larger fragments ejected at <4.25 km s-1 (Mars escape velocity) could still 

reach Phobos’ orbit even if they may not escape.  

Accounting for losses from aerodynamic heating of smaller ejecta fragments and the significant 

drop off in likelihood of reaching Phobos above 10 m, a realistic range for projectile sizes to 

impact Phobos is between ~0.01-10 m. The larger martian ejecta fragments will contribute the 

most mass, even if they are not the most common (Artemieva and Ivanov 2004).   

2.1.1.5 Impact velocity 

Kinetic energy per unit mass, a key source of internal energy within impact materials, is 0.5vi
2 

(Section 1.3.2.5). Therefore, higher impact velocities result in significantly higher internal energy 

within impacting materials, leading to conditions that affect biosignature survival. Therefore, an 

accurate definition of the likely impact velocity between Mars and Phobos is crucial to accurately 

estimate the conditions during impact. The impact velocity of martian material on Phobos could 

range from ~580 m s-1 to 15 km s-1, with the most likely being 4-5 km s-1 (Section 1.3.2.5) Chappaz 

et al., (2013) showed the probability of intersection with Phobos dramatically drops off above 

4.1-4.4 km s-1.  

2.1.1.6 Summary 

To best represent martian ejecta that could impact Phobos, basaltic and clay-bearing materials 

must be used that closely match densities of 2600-3700 kg m-3 (macroporosity of 2-7%) and 

~1500-2500 kg m-3 (macroporosity of 40 ± 6%), and strengths of ~150 MPa and ~14 MPa, 

respectively. Ideally, the projectiles should be ~0.01-10 m in size and equant in shape. Simulated 

impacts should span the likely impact velocity range of 4-5 km s-1 but also consider other 

velocities.   
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For the large-scale numerical simulations in this thesis (Chapter 3), the projectile is simulated as 

realistically as possible within the constraints of the model. For the laboratory impact 

experiments, projectiles were limited in size (Section 2.3) and were manufactured to account for 

martian composition and to include biosignatures (described in Section 4.3).   

2.1.2 Representative martian biosignatures 

To test the feasibility of impact-driven transport of biosignatures from Mars to Phobos, a 

representative biosignature that is biologically and martian relevant must be chosen. Furthermore, 

the biosignature should possess a characteristic that may aid its survival in extreme temperature 

and pressure conditions during impact delivery. A martian-relevant biosignature was required for 

this thesis. In addition, for the impact experiments conducted in Chapter 4 and Chapter 5, it is 

also important that the biosignature be available in a form that could be incorporated into 

projectiles (Section 4.3). 

As concluded in Section 1.5.2, object and pattern biosignatures are impractical to survive impact-

driven transport. Instead, substance biosignatures are more likely to be recognisable because they 

are small enough to survive macro-scale upheaval from impact processing and weathering 

(Parnell et al. 2010; Howard et al. 2013), and can be preserved over geological timescales beneath 

the surface (Carrier et al. 2019; Pavlov et al. 2012; Hassler et al. 2014; ten Kate et al. 2005). Of 

the possible substance biosignature types, organic molecules have been detected on Mars’ surface 

(Freissinet et al. 2020; Szopa et al. 2020; Millan et al. 2020; Miller et al. 2016) and in martian 

meteorites (Bada et al. 1998; Glavin et al. 1999; Sephton 2002; Callahan et al. 2013; Sephton 

2012). Below, studies of organic species in martian, other extraterrestrial or terrestrial materials 

are used to justify the organic molecule to be used in numerical models (Chapter 3 and Chapter 

5) and impact experiments (Chapter 4 and Chapter 5) in this thesis.  

2.1.2.1 Carboxylic acids 

Chlorinated hydrocarbons including chlorobenzene, 1,2-dichloropropane (1,2-DCP), 1,2-

dichloroethane (1,2-DCE), and 1,1- and 1,2-dichlorobutane (1,1 and 1,2-DCB) have been 

identified by Curiosity (Archer et al. 2014; Leshin et al. 2013; McAdam et al. 2014; Glavin et al. 

2013). Owing to their high volatility, it is unlikely these were indigenous to Mars, suggesting they 

were formed in the analysis process following the thermal decomposition of martian oxychlorine 

minerals e.g., perchlorate (Freissinet et al., 2015; Miller et al., 2013). Pyrolysis experiments have 

identified molecules with alcohol and carboxylic acid functional groups, e.g., phenol, benzoic, 

phthalic and mellitic acids, as likely precursors for the chlorobenzenes detected, because they are 

replaced more readily by Cl from perchlorates than H or methyl groups (Benner et al. 2000; Miller 

et al. 2016; Freissinet et al. 2020). Benzoic acid was the most likely precursor, determined by 

laboratory pyrolysis and instrument testbed experiments that detected chlorobenzene from 
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Cumberland analogue samples spiked with 0.5 wt% of benzoic acid and 1–2 wt% of magnesium 

perchlorate (Freissinet et al. 2020). Benzoic acid contamination from the instrument was 

considered insignificant, so the detection of benzoic acid is thought to be real (Millan et al. 2021).  

As the first group of organic molecules detected and quantified in situ, carboxylic acids are 

therefore important candidates as representative martian biosignatures. Furthermore, they have 

been detected in carbonacous chondrite meteorites (e.g., Cronin et al., 1993), demonstrating their 

survival during impact-driven transport from one planetary body to another. They may have 

accumulated in the martian soil over geological time as carboxylate salts because carboxylates 

and benzenecarboxylates are metastable intermediates in the oxidation pathway of 

macromolecular organic matter (Section 2.1.2.3) (Benner et al. 2000), making them available for 

impact-driven transport. 

Benzoic acid, (Figure 2.2) can be sourced commercially at reasonably low cost in solid form, 

making it a convenient option for including within projectiles. It can also be detected and analysed 

using Gas Chromatography Mass Spectrometry (GC-MS), Raman spectroscopy (Hankus et al. 

2009) and Fourier-Transform Infrared Spectroscopy (FTIR) (Jia et al. 2017).  

 

Figure 2.2 Benzoic acid molecular structure. 

2.1.2.2 Fatty acids 

Fatty acids are carboxylic acids with an aliphatic backbone that are ubiquitous and abundant 

components of bacterial and eukaryotic structures as long chain hydrocarbons arranged into lipid 

bilayers vital for making up cellular membranes (Kates 1964). Biosynthesized fatty acids have 

predominantly even carbon lengths between ~12-20, because they are formed by the addition of 

acetate units (C2H3O2). However, even carbon length fatty acids are not definitive biosignatures 

because they can be synthesized abiotically via the Fischer-Tropsch process; but, the probability 

of this is very low for longer chain lengths (Richardson et al. 2008) and there is preferential loss 

of shorter chain fatty acids over time during early diagenesis (Johnson and Calder 1973; Matsuda 

and Koyama 1977; Haddad et al., 1992). Therefore, longer chain fatty acids are not only more 

likely to be biogenically derived, but are also more likely to persist over geological time 

(Hamilton 2016).  

Benzoic acid 
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Fatty acids are persistant under harsh environmental conditions (Summons et al. 2008; Wilhelm 

et al. 2017) and have been detected in terrestrial Mars analogue environments (Tan et al. 2018; 

Parenteau et al. 2014). The alkanes detected on Mars by the SAM instrument may be the 

degradation products of carboxylic acids (Freissinet et al. 2019) (Section 2.1.2.1), therefore, fatty 

acids are promising candidate biosignatures on Mars. This has led to studies focused on their 

detection with present and future rover missions (e.g. He et al., 2021; Royle et al., 2021; Tan et 

al., 2018; Williams et al., 2019). 

Fatty acids with a chain of up to 12 C atom chains have been detected in various carbonacous 

chondrite meteorites (Lai et al. 2019). Stearic acid (a fatty acid with a carbon chain length of 18, 

(Figure 2.3) has been shown to survive in ejecta from an ice target doped with stearic acid that 

was impacted at 4.9 km s-1 (Bowden et al. 2009; Burchell et al. 2014a) and around analogue 

impact sites e.g., the Haughton Impact Structure, Canadian High Arctic (Brolly et al. 2019). This 

demonstrates fatty acids, specifically stearic acid, can survive impact-driven transport making 

them also an important organic biosignature for consideration for lithopanspermia between Mars 

and Phobos. Stearic acid is widely distributed amongst life on Earth accounting for up to 30% of 

animal fat and up to 5% vegetable fat (Beare-Rogers et al. 2001). Furthermore, it has been 

observed to survive in Mars analogue sulfates (Richardson et al. 2008; Hamilton 2016; Esen et 

al. 2018; Tan et al. 2018).   

 

Figure 2.3 Example fatty acid, stearic acid molecular structure. 

Stearic acid can be sourced commercially at reasonably low cost in pure solid form, making it a 

convenient option for including within projectiles for impact experiments. Stearic acid can also 

be detected and analysed using GC-MS (Bowden et al. 2009; Royle et al. 2021; He et al. 2021), 

Raman (Hamilton 2016) and FTIR (Pudney et al. 2009) spectroscopy. Therefore, stearic acid is 

also a strong candidate biosignature for this study. 

2.1.2.3 Macromolecular carbon 

The chlorinated hydrocarbons detected by Curiosity could be linked to macromolecular organic 

matter (Section 2.1.2.1). This material (e.g., terrestrial kerogen or the insoluble organic material 

in chondrites (Sephton 2002; Remusat et al. 2007; Matthewman et al. 2013)) itself is not 

ubiquitous to life. However, it constitutes the most abundant source of organics on Earth and may 

facilitate biosignature preservation by binding or occluding whole components, making them 

Stearic acid 
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more resistant to microbial degradation and thermal overprint than free molecules (Mißbach et al. 

2016; Zumberge et al. 2020; Snowdon et al. 2016). Macromolecular organic material can break 

down into aromatic hydrocarbons (Sephton et al. 1998, 2000, 2002), similar to complex 

biomolecules; therefore its breakdown and modification under impact conditions may act as a 

proxy for the breakdown of other complex biomolecules. This makes it an interesting structure to 

consider here because, if transported, it could deliver a wide variety of breakdown products and 

potential building blocks for life to other planetary bodies. 

Type IV kerogens have been identified as good analogues for the macromolecular material in 

carbonaceous chondrites (Matthewman et al. 2013). However, kerogen is embedded within 

lithologies and requires significant quantities for its extraction and isolation (e.g., Fox et al., 2019; 

Laurent et al., 2019; Osterhout, 2021; Reinhardt et al., 2020; Shkolyar et al., 2018). Hence, 

terrestrial kerogen, as an analogue of extraterrestrial macromolecular materials, is not viable for 

practical experiments in this thesis. 

An alternative macromolecular carbon molecule could be humic acid (Figure 2.4). Although not 

directly relevant to Mars, it has been used in Mars analogue studies (Blanco et al. 2017; McDonald 

et al. 1998) as it represents a macromolecule that has different functional groups that could be 

modified during impact processing. As a larger molecule there might be a greater chance of 

various fragments surviving impact processing.  

 

Figure 2.4 Macromolecular structure of humic acid. 

Humic acid can be sourced commercially, but at significant price, in solid form. Since only a 

small amount is required for projectile making, it would be a suitable option. Humic acid and its 

breakdown products can be detected and analysed by GC-MS (Ikeya et al. 2004), Raman (Petry 

et al. 2003) and FTIR (Blanco et al. 2017) spectroscopy. 

Humic acid 
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2.1.2.4 Sulfur-bearing hydrocarbons 

In the lacustrine mudstone of the Murray formation in Gale crater, 5% of the carbon was contained 

within sulfur-bearing molecules, mostly thiophenes (Eigenbrode et al. 2018) (Figure 2.5). 

Thiophenes can form abiotically during diagenesis, whereby inorganic sulfur nucleophiles e.g., 

sulfides (e.g., H2S) react with organic matter at elevated temperatures (Heinz and Schulze-

Makuch 2020). They have also been proposed to form through aqueous alteration in carbonaceous 

chondrites (Sephton et al. 2006). However, biology might also be responsible. For example, 

sulfate-reducing bacteria generate sulfides from organic matter during diagenesis (Kenig and Huc 

1990) and from the breakdown of biomolecules e.g., lipids (Simoneit 2005). Therefore, 

thiophenes constitute potential biosignatures that have been detected on Mars.  

Analysis of 700-800 Ma old Neoproterozoic microfossils (Lemelle et al. 2008) and 2.72 Ga-old 

stromatolites (Lepot et al. 2009) on Earth have shown intermolecular sulfur bonding enables 

sulfur-rich biosignatures to be more stable and preservable over geological timescales than 

biosignatures with low sulfur/carbon ratios. Therefore, sulfur-bearing biosignatures e.g., 

thiophene may be stable in the near-surface of Mars over geological timescales, making them 

more readily available for ejection and delivery to Phobos.  

Furthermore, alkylthiophenes have been shown to be stable thermal degradation products that 

retain information about the original positions of functional groups (Koopmans et al. 1995, 1996), 

and have also been detected in meteorites (e.g. Sephton, 2004, 2002). This makes these molecules 

appropriate for consideration for impact-driven transfer after already demonstrating their survival 

of impact-driven transfer between planetary bodies.  

 

Figure 2.5 Molecular structures of thiophene and 1-benzothiophene. 

Thiophene is liquid at room temperature, which would be more challenging to incorporate into 

projectiles (Section 4.3). Alternatively, one of its derivatives e.g., 1-Benzothiophene (Heinz and 

Schulze-Makuch 2020) may be more appropriate. This is a larger molecule that may not be 

fragmented on impact and thus may be detectable by GC-MS (Jaramillo et al. 2019; Geisberger 

et al. 2021; Sephton et al. 2000), Raman (Huo et al. 2015) and FTIR (Song et al. 2016) 

spectroscopy. The presence of sulfur in its structure opens up possibilities of spatial detection 

using different analytical techniques e.g., SEM-EDS (Singh et al. 2019; Lee et al. 2007; Ballav 

Thiophene 1-Benzothiophene 
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and Biswas 2004), but only if significant concentrations were used (Section 2.3). Furthermore, it 

is considerably more expensive than other organic compounds considered in this section.  

2.1.2.5 Amino acids 

Vital components of terrestrial life include proteins, nucleic acids, and lipids (Brack 2019). 

Proteins make up a significant proportion of the dry weight of living organisms e.g., ~54% of E. 

coli, compared to nucleic acids (~18%), lipids (~9%) and other molecules (~13%) (Robertson et 

al. 1998). Proteins are composed of amino acids linked by peptide bonds, making amino acids 

crucial for life as we know it. However, life on Earth uses a select 20 amino acids and they are 

exclusively L-enantiomers (except for glycine that is achiral), whereby at least one asymmetric 

carbon atom takes the left (L-) rather than right (D-) handed form (Brack 2019) (Figure 2.6).  

 

Figure 2.6 Example proteinogenic amino acids. 

Amino acids that form via abiotic reactions generate typically racemic mixtures, although up to 

60% L-enantiomeric excesses induced by abiotic processes have been reported for L-aspartic acid 

and L-glutamic acid in the Tagish Lake meteorite (Glavin et al. 2012), and for L-isoleucine and 

D-alloisoleucine in carbonaceous chondrites (Pizzarello et al. 2012; Cronin and Pizzarello 1997; 

Glavin and Dworkin 2009; Glavin et al. 2010; Burton et al. 2013; Burton and Berger 2018). This 

suggests homochirality in proteinogenic amino acids is not necessarily indicative of life. 

Despite not being able to definitively discern between biotic or abiotic origin in extraterrestrial 

settings, at least using chirality as an indicator, amino acids are still relevant biosignatures for 

Mars because they have high preservation rates when shielded adequately from radiation 

exposure. For example, when exposed to the martian atmosphere, temperature and UV conditions 

equivalent to 6.5 sols, glycine, followed by L-aspartic acid and L-glutamic acid, exhibited the 

highest preservation within Mars-like smectite and sulfate minerals (dos Santos et al. 2016). 

Furthermore, the radiolytic decomposition rates of amino acids were measured by Kminek and 

Bada (2006) when exposed to D10 irradiation dose of 1334 MGy. They observed that irradiative 

decomposition scaled linearly with molecular weight, with glycine exhibiting the slowest 

decomposition rate (0.0673 ± 0.0172 MGy-1) compared to L-aspartic acid (0.160 ± 0.043 MGy-1), 

L-glutamic acid (0.1723 ± 0.0118 MGy-1) and L-alanine (0.1127 ± 0.0087 MGy-1). These studies 

L-Alanine L-Aspartic acid Glycine L-Glutamic acid 
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highlight the lowest molecular weight amino acids are likely to retain the highest proportion of 

original mass over geological timescales, making them important candidates to have been ejected 

by past major impact events. 

Proteinogenic amino acids have been detected in several extraterrestrial materials e.g., comet 

81P/Wild 2 (Elsila et al. 2009), carbonaceous chondrite meteorites (e.g., Burton et al., 2013; 

Glavin et al., 2020; Koga and Naraoka, 2017; Pizzarello et al., 2012), and martian shergottites 

(e.g. Callahan et al., 2013), the most abundant being glycine (Martins et al. 2007; Botta et al. 

2007; Ehrenfreund et al. 2001; Koga and Naraoka 2017). This demonstrates proteinogenic amino 

acids, especially glycine, can survive impact-driven transport from one planetary body to another 

and can specifically survive ejection from Mars. Furthermore, past investigations exposing amino 

acids to extreme shock pressures, e.g., 3-32 GPa (Peterson et al. 1997), 5-21 GPa (Blank et al. 

2001), and 12-28.9 GPa (Bertrand et al. 2009b), and shock temperatures, e.g., 500-600 °C (Basiuk 

and Douda 1999, 2001), indicate amino acids, especially glycine, could survive the shock 

conditions of impact with Phobos. 

Amino acids can also be sourced commercially at low cost as a crystalline powder, making them 

convenient options for including within bespoke manufactured projectiles (Section 4.3). Amino 

acids can also be easily detected and analysed using Flame Ionisation Gas Chromatography (GC-

FID) and GC-MS (Badawy 2019; Furukawa et al. 2015; Takeuchi et al. 2020; Basiuk and Douda 

1999, 2001; Peterson et al. 1997; Bertrand et al. 2009b; Blank et al. 2001), Raman (Rolfe et al. 

2016) and FTIR (Fornaro et al. 2020; Gil-Lozano et al. 2020) spectroscopy.  

2.1.2.6 Summary of biosignature selection 

Amino acids have been extensively identified in extraterrestrial materials, have the strongest 

argument for possible long-term survival in Mars’ sub-surface and have been demonstrated to 

survive shock conditions comparable to those experienced during ejection from Mars and delivery 

to Phobos. This is important (Chapter 3 and introduced in Section 2.2) because molecules cannot 

be directly modelled and their survival must be indirectly inferred from literature criteria (Section 

3.3). Amino acids are the most widely available organic standard for use in impact experiments, 

and can be detected reliably by the broadest array of analytical techniques. Therefore, this thesis 

will focus on amino acids.   

Glycine is the most abundant amino acid observed in extraterrestrial materials and exhibits the 

greatest survival when exposed to conditions on Mars’ surface and during impact. Furthermore, 

glycine is the simplest amino acid without organic breakdown products, which makes it easier to 

determine if it has entirely survived or been destroyed. It is selected for this thesis to provide a 

baseline for investigating more complex biosignature destruction or modification in the future 

(Section 4.3.4 and Section 7.6.3). 
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2.1.3 Target 

Within the impact scenario investigated in this thesis, Phobos’ surface and subsurface is 

represented by the target. Here, the best estimates for physical and compositional variables for 

Phobos are summarised and justified.  

2.1.3.1 Structure 

The target’s structure is important to define accurately, because the interface between layers with 

different physical properties leads to shock wave reflections that change particle velocity and 

shock pressures and temperatures (Senft and Stewart 2008) (Section 1.3.2.4). This could influence 

biosignature survival.  

It is thought Phobos’ surface consists of a regolith similar to other small airless bodies in the Solar 

System (Noland et al. 1973) (Section 1.2.4). However, the depth of this regolith is uncertain, with 

estimates ranging from ~5 to several 100 m with an average of 35 m (Basilevsky et al. 2014; 

Thomas et al. 2000; Thomas 1998).  

Phobos’ regolith grain size is thought to be <1 mm (Gundlach and Blum 2013) with an average 

of ~300 µm (Basilevsky et al. 2014). 

Below this regolith, Phobos is hypothesized to be a rubble pile, owing to its low density (Andert 

et al. 2010; Hurford et al. 2015) (Section 1.2). Estimates suggest the rubble boulders are ~50 m 

in diameter, in line with recently observed asteroids Itokawa (Fujiwara et al. 2006), Bennu 

(DellaGiustina et al. 2019) and Ryugu (Grott et al. 2020) so, considering the ~0.01-10 m 

suggested diameter of martian ejecta projectiles (Section 2.1.1.4), a boulder is likely to be more 

than 5 times larger than a projectile. Therefore, Phobos’ subsurface can be represented by 

properties of a single rubble pile boulder rather than bulk Phobos.  

2.1.3.2 Composition 

The surface composition of Phobos has remained ambiguous because of the lack of in situ 

investigation (Section 1.2.5); therefore, we are reliant upon interpretations of remote and ground-

based reflectance spectra. These indicate Phobos’ compositional similarities to D- or T-type 

asteroids or carbonaceous chondrites (Fraeman et al. 2014; Rivkin et al. 2002; Pajola et al. 2013; 

Murchie et al. 2015). The best analogue material for this composition remains Tagish Lake, so a 

close compositional match to this would most accurately represent Phobos. 

2.1.3.3 Porosity & Density 

Estimates for Phobos’ regolith bulk density are ~1600 ± 300 kg m-3 from radar observations 

(Busch et al. 2007), analogue materials e.g., Tagish Lake (Hildebrand et al. 2006) and the lunar 
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regolith (Papike et al. 1982). Furthermore, Phobos’ regolith macroporosity is estimated at 15-50% 

(Busch et al. 2007; Rambaux et al. 2012; Rickman et al. 2016; Rosenblatt 2011).  

The bulk density of Phobos is low at ~1860 kg m-3 (Pätzold et al., 2014; Rosenblatt, 2011; Willner 

et al., 2014), which has been attributed to the moon being a rubble pile with an inter-boulder 

macroporosity approximately 30% (Andert et al. 2010; Hurford et al. 2015) (Section 2.1.3.1). 

However, the density of a rubble pile boulder within Phobos has been estimated at ~2650 kg m-3 

(Le Maistre et al. 2019). This corresponds well with the moon’s bulk density with an inter-boulder 

macroporosity of 30%. Also, this agrees with material analogues e.g., lunar soils and heated and 

dehydrated carbonaceous chondrites (Britt and Consolmagno 2003; Busch et al. 2007).  

2.1.3.4 Strength 

In the absence of direct measurements, inferences on the strength of Phobos’ regolith must be 

drawn from material analogues. Tagish lake was extremely fragile with a compressive strength 

of ~0.7 MPa (Brown et al. 2002), and simulants based on Tagish Lake’s composition exhibit 

similarly low compressive strengths ranging between 1.11 MPa (UTPSTB, UTPSIB & UTPSS; 

Miyamoto et al., 2021) and 1.70 MPa (PCA1 & PGI1; Landsman et al., 2021). Therefore, Phobos’ 

regolith compressive strength is best represented by ~1 MPa. 

Estimates for the cohesive strength of Phobos’ regolith range from ~50 Pa to 1 kPa (Wilson and 

Head 2015; Schäfer et al. 2017; Black and Mittal 2015; Kadono et al. 2020), in line with the range 

for lunar regolith (<0.1 to <3 kPa; Mitchell et al. 1974) and rubble piles (<0.3 kPa; Sánchez and 

Scheeres 2014). Therefore, ~50-1000 Pa best represents Phobos’ regolith cohesive strength. 

The compressive and cohesive strengths of Phobos’ subsurface are also challenging to define, 

owing to the lack of in situ investigation. Subsurface compressive strength is best matched to 

material analogues, e.g., estimates for Ryugu (15-30 MPa; Wada et al. 2018), the Allende 

carbonaceous chondrite (25-50 MPa; Cotto-Figueroa et al. 2016), and the Murchison 

carbonaceous chondrite (50 MPa; Miura et al. 2008). These values correspond with the estimated 

compressive strength of metre-sized carbonaceous chondrite rubble pile boulders of 0.1-50 MPa 

(decreasing in strength with size) derived from fireballs and uniaxial failure experiments (Cotto-

Figueroa et al. 2016). Furthermore, Phobos’ subsurface compressive strength is likely to exceed 

Tagish Lake’s (~0.7 MPa) because it represents the lower end of carbonaceous chondrite 

compressive strengths. Therefore, Phobos’ subsurface compressive strength is best represented 

by ~15-50 MPa.  

Conversely, the cohesive strength of Phobos as a rubble pile could be as low as <100 Pa (Rozitis 

et al. 2014; Wada et al. 2018) or, if just a single rubble boulder, a range for silicate rocks of 

2-20 MPa (Wilson and Head 2015; Wada et al. 2018) could be more appropriate. Therefore, a 
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broad subsurface cohesive strength range of 100 Pa to 20 MPa is appropriate for Phobos, where 

the lower end member represents a rubble pile and the higher end member a coherent body.  

2.1.3.5 Surface temperature 

Kuzmin and Zabalueva (2018) modelled Phobos’ sub-martian hemisphere winter and suggested 

Phobos’ surface temperature ranges from 120-280 K. However, it can vary by several hundred K 

depending on time of day, season, periodic eclipses by Mars, reflected and thermal radiation from 

the martian surface and variation in Phobos’ surface albedo (Kuzmin and Zabalueva 2003, 2018). 

2.1.3.6 Surface gravity 

Phobos has significant variations in dynamic height owing to its shape and tidal forces. Values 

for effective gravitational acceleration range from 0.0032 m s-2 at the sub-Mars point to 

0.0073 m s-2 at the poles, with an average of 0.0057 m s-2 (Thomas 1993; Davis et al. 1981; 

Willner et al. 2014; Basilevsky et al. 2014). It has an airless surface, and therefore should be 

simulated under vacuum.  

2.1.3.7 Summary 

Phobos’ surface should be represented as a regolith between ~5 and several 100 m deep, ~300 µm 

in grain size, and with a composition closely matching Tagish Lake. The compressive strength 

should be ~1 MPa and cohesive strength between ~50-1000 Pa. Phobos’ subsurface should be 

represented by material with a density of ~2650 kg m-3, a compressive strength ~15-50 MPa, and 

cohesive strength <100 Pa or up to 20 MPa (depending on whether a rubble pile or coherent body 

is considered). Then, Phobos’ gravity (0.0057 m s-2) and its surface exposure to vacuum should 

be considered where possible. 

2.2 Hydrocode modelling 
In lieu of direct observations of martian material impacting Phobos or laboratory experiments that 

could accurately simulate impacts on realistic scales, numerical (hydrocode) modelling was 

adopted (Chapter 3). A numerical simulation at the scale of the laboratory experiments using the 

same hydrocode modelling tool was also conducted (Chapter 6). 

2.2.1 Motivation 

Previous attempts at modelling martian material impacting Phobos were introduced in Section 

1.5.1, although they either neglected gravitational forces (Ramsley and Head 2013b, 2013a; 

Chappaz et al. 2013) or did not consider Mars and Phobos’ compositional and physical diversity 

(Patel et al. 2019; Fujita et al. 2019; Kurosawa et al. 2019; Ramsley and Head 2013b, 2013a). Yet 

parameters e.g., porosity and strength are known to greatly affect the shock conditions generated 

within projectiles upon impact (Wünnemann et al. 2008; Güldemeister et al. 2013; Quintana et al. 
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2015; Kurosawa and Genda 2018; Halim et al. 2021). Including these parameters is important for 

better simulating the delivery of martian material to Phobos.  

Rapid and extreme rises in pressure and temperature experienced during shock can result in 

biosignature destruction (Section 1.5.2) so temperature and pressure regimes must be recorded 

during the simulations. Only limited numerical modelling projects have focussed on the pressure 

and temperature conditions within the projectile, rather than the target, e.g., Armstrong et al., 

(2002) estimated peak pressures by approximating the force per unit area while the projectile 

decelerated over a distance equal to its own diameter within the target. However, shock-wave 

physics provides more sophisticated means of estimating pressures via the Planar Impact 

Approximation (PIA; Melosh, 1989), which uses equations of state (EoS) and Hugoniots (Section 

1.3.2.1) to predict the behaviour of the specific projectile and target materials during impact to 

give a more accurate estimate.  

Further improvements to numerical models have allowed for peak pressure to be spatially 

resolved over impacting materials. Crawford et al., (2008) used AUTODYN to highlight the 

difference in peak pressure between the leading and trailing hemispheres of a projectile during 

impact, revealing the spatial limitations of the PIA. However, interpretations of biosignature 

survival in that study considered peak pressures as a proxy for peak temperatures based on a 

simple shock metamorphism function broadly assumed from shock features observed in the field 

(French, 1998 and references therein). Improvements to numerical model EoSs have allowed for 

shock temperatures to be directly derived from the models, e.g., in Pierazzo and Chyba (1999) 

that used the 2D hydrocode CSQ (Thompson and McGlaun 1988) to simulate >1 km diameter 

cometary impactors into Earth. That study acquired high resolution spatial pressure and 

temperature data for the projectile to investigate amino acid survival.  

However, recent numerical modelling studies (Quintana et al. 2015; Kurosawa and Genda 2018; 

Halim et al. 2021) and hypervelocity friction experiments (Van Der Bogert et al. 2003) have 

highlighted at relatively low impact velocities (<10 km s-1, the range at which martian ejecta is 

likely to impact Phobos, Section 1.4.3) shear heating, not shock heating, may play a dominant 

role in enhancing temperatures within materials during impact. Therefore, to estimate the shock 

temperatures most accurately at lower impact velocities, a sophisticated strength model is required 

to resolve both shock and shear heating during impact.  

The iSALE-2D shock physics code (Wünnemann et al. 2006), an extension of the SALE 

hydrocode (Amsden et al. 1980), offers a strength model (Collins et al. 2004) to account for this. 

This made it an appropriate choice for assessing the survivability of biosignatures within 

terrestrial material impacting the Moon (Halim et al. 2021). Additional features make iSALE-2D 

the most sophisticated numerical method for determining the pressure and temperatures during 
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impact, including: a broad range of material EoSs, an elasto-plastic constitutive model (stress-

strain behaviour of deforming materials), fragmentation models (Melosh et al. 1992; Ivanov et al. 

1997), a porosity compaction model (Wünnemann et al. 2006; Collins et al. 2011) and a dilatancy 

model (volume increase with shear failure) (Collins 2014). Furthermore, iSALE-2D has been 

robustly tested against laboratory experiments (Pierazzo et al. 2008; Davison et al. 2011; 

Miljković et al. 2012) and benchmarked against other hydrocodes (Pierazzo et al. 2008; Stickle 

et al. 2020). Therefore, iSALE-2D was chosen for this thesis to quantify the temperature and 

pressure conditions within Mars-like projectiles impacting Phobos-like targets at both large- and 

small-scales.  

2D and 3D versions of the iSALE hydrocode are available. While 3D allows for oblique impact 

angle simulation, it also requires both impactor and target to be the same material, which is 

unrealistic (Section 2.1). Further, Phobos’ extremely low gravity means most lower incidence 

angle impacts are re-ejected (Patel et al. 2019). Therefore, 3D simulations have limited benefit 

given current iSALE limitations and the context of this thesis. 2D simulations have the added 

advantage of faster computation time and flexibility to use multiple materials, allowing for better 

representation of Mars and Phobos. 

2.2.2 iSALE-2D model set-up 

The iSALE-2D simulations were conducted in collaboration with Samuel Halim, following a 

similar procedure to his modelling of the survival of biosignatures in Earth meteorites impacting 

the Moon (Halim et al. 2021). I defined the projectile, target and impact parameters for the 

simulations. Samuel wrote the scripts for both the input parameters and output data extraction, 

subsequently distributed raw data files to me for processing, and he generated projectile contour 

maps and hydrocode impact snapshots to visually represent data. I independently interpreted the 

pressure and temperature results and determined biosignature survivability.  

iSALE-2D models within a “mesh”, a grid representing the area of interest (where the projectile 

and target interact) divided into manageable pieces called cells. The model uses a Eulerian 

approach (Figure 2.7a) whereby the material flows through the mesh, so the volume of each cell 

stays constant over time, but mass flows between cells. As time progresses, the variables of 

interest within the projectile are calculated at fixed points within the mesh grid (Collins et al. 

2004; Davison 2010).  

Alternatively, a Lagrangian description (Figure 2.7b) could have been used where points within 

the mesh are attached to the material and move with the material. As time progresses, forces 

deform the mesh. While this allows a higher spatial resolution, only achieved in the Eulerian 

description with a higher number of cells and a greater computation time, it is inaccurate when 

cells are extremely deformed. This issue is not seen in Eulerian descriptions and, because most 
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high velocity impacts generate high deformation, the Eulerian description is preferred for iSALE. 

However, the Eulerian description does not track the history of the material, as in the Lagrangian 

description, so Lagrangian tracer particles are used in Eulerian simulations to record material 

thermodynamic and motion histories. These tracer particles are massless and are situated within 

each cell at time-zero. They flow with the material, without interacting with it, recording the 

temperature and pressure of the material cell they are in at each timestep (0.001 s). 

For the large-scale simulations in Chapter 3, the resolution was set at 50 cells per projectile radius 

(cppr). Although a lower resolution would result in underestimated pressures and overestimated 

temperatures, a 50 cppr resolution is sufficient to minimise these inaccuracies, whilst not being 

too computationally expensive. For the small-scale simulations in Chapter 6, the resolution had 

to be 5 cppr, because the simulated area was significantly smaller than in the large-scale 

simulations (60 × 30 mm compared to up to 40 × 40 m), and it would be too computationally 

expensive to run a higher resolution on such a small scale. 

 

Figure 2.7 Eulerian (a) and Lagrangian (b) description of a dinosaur diving into a pool, adapted from (Collins 2002).  

For the large-scale simulations in Chapter 3, 50 timesteps were simulated, amounting to 0.05 s 

per simulation. This period was sufficient to fully encompass the passage of the shockwave to the 

back of each projectile, and the subsequent rarefaction wave propagating back through each 

projectile into the target. This enabled the collection of both peak- and post-shock data. 

Furthermore, 0.05 s is more than enough time for 1-10 m projectiles to complete penetration into 

the target, estimated with ts = 2Rp/vimp (Rp = Projectile radius and vimp = impact velocity) 

(Kurosawa and Genda 2018; O’Keefe and Ahrens 1982), giving 0.000118 to 0.002 s for a 1 m 

projectile impacting at between 0.5 and 8.5 km s-1, respectively, and 0.00118 to 0.02 s for a 10 m 

projectile impacting at the same velocities. For the small-scale simulations in Chapter 6, only 33 

timesteps were required for crater formation to complete, amounting to 0.033s, providing insight 

into the spatial distribution of smaller projectiles within the transient crater following impact. 
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Different boundary conditions can be used for different surfaces and boundaries within the 

simulation. In this thesis, the boundary conditions are shown by Figure 2.8. It is only necessary 

to simulate half of the area of interest, known as the half-space, assuming that for a scenario with 

a symmetrical spherical projectile and homogeneous level target both halves perform identically. 

Projectile maps and impact diagrams can be generated with two mirror images to represent the 

whole projectile (Section 3.4). However, the disadvantage of using a half-space is that, along the 

free-slip boundary between half-spaces, artefacts can form because the material cannot flow 

through the boundary; instead, it flows along it and can pool. This means material can be 

unrealistically compressed along this boundary causing non-real temperature spikes (first shown 

in Section 3.4.1.1). 

 

Figure 2.8 Boundary conditions for the iSALE-2D simulations in this thesis. Material boundaries are indicated by 1 & 

2. These are not physical boundaries, but just the start and end of the material at the start of each simulation. Base of 

the simulation indicated by 3; this is a no-slip boundary, at which material is unable to pass through or along. 4 is the 

boundary between the half-space; this is a free-slip boundary that material cannot pass through, but can travel along. 

5 and 6 are the outside edges of the simulation; these are outflow boundaries that allow material to freely pass through 

and escape without being interfered with. 

2.2.3 Modifiable impact parameters 

iSALE-2D can predict a material’s response to shock according to Newton’s laws of motion, the 

specific material’s EoS and a constitutive model (e.g. Anderson, 1987). EoSs are derived from 

physical and shock experiments of samples of different material types, making them specific to 

the material type and even the individual sample used for the experiments. The EoS dictates shock 

and particle velocity through a material. Figure 2.9 exhibits the influence of porosity on impacting 

materials by reducing the shockwave velocity as described in Section 1.3.2.2 (Güldemeister et al. 

2013; Wünnemann et al. 2008).  

A material’s bulk density, ρb, is a combination of its solid particle density, ρs, microporosity, 

φmicro, and its macroporosity, φmacro. 

𝜌𝑏 = 𝜌𝑠(1 − 𝜑𝑚𝑖𝑐𝑟𝑜)(1 − 𝜑𝑚𝑎𝑐𝑟𝑜) Equation 2.1 
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Microporosity is an intrinsic inheritance from the material sample used to generate the EoS. This 

cannot be modified and limits the maximum bulk density of a simulated material, in the case of 

zero macroporosity example, the basalt EoS in iSALE-2D has an intrinsic microporosity of 2%, 

which reduces its solid particle density from 2933 kg m-3 to a particle density of 2874 kg m-3. The 

bulk density cannot exceed the intrinsic particle density, so the maximum bulk density for a basalt 

in iSALE-2D is 2874 kg m-3, assuming 0% macroporosity. The macroporosity is modified to give 

the desired bulk density for the study. 

 

Figure 2.9 Comparison between the shock and particle velocity profiles for iSALE’s basalt and serpentine EoSs 

according to porosity. 

Table 2.1 Material EoSs available for use in this study using iSALE-2D. 

Material Tillotson ANEOS Material Tillotson ANEOS 

Aluminium X  H2O ice  X 

Basalt X X Iron X X 

Calcite  X Limestone X  

Dry Tuff X  Serpentine  X 

Wet Tuff X  Water X X 

Dunite  X Quartzite  X 

Granite  X Fused Quartz X  
 

iSALE-2D supports two EoS types: Tillotson and ANEOS (Table 2.1). Historically, the Tillotson 

EoS (Tillotson 1962) has been the most widely used, although it does not provide a way to 

compute the temperature of a material. An approximate temperature can be derived indirectly 

(e.g., Ivanov et al., 2002), but this approach is not reliable for long modelling timescales. ANEOS 

(Thompson and Lauson 1974) offers a more complex alternative where pressures, temperatures 

and densities are derived from the Helmholtz free energy (Pierazzo and Collins 2004; Davison 

2010). Biosignature survival is dependent on the shock pressure and temperature conditions 
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during impact; therefore, ANEOS will be prioritised here, especially in the projectile. If a 

Tillotson EoS provides the best match for the desired physical properties then it could be used in 

the target, if modelling timescales are short, because heat transfer from the target will not 

dominate the shock unloading and shearing until further into post-shock stage.  

Using ANEOS materials for the projectile means the amount of material vaporised during impact 

can be estimated by the amount of material that becomes “unphysical”. This is defined by the 

cell’s density reducing to <300 kg m-3, approximated by the volume of post-shock material 

between 0-100 K. This is because material should not cool below the ambient temperature used 

in the simulation (200 K for large-scale simulations in Chapter 3, 293 K for AALGG-scale 

simulations in Chapter 6), but unphysical material registers at close to 0 K. 

Other parameters that can be modified to desired values include: projectile size and shape (Section 

2.1.1.4), target size, depth and layering (Section 2.1.3.1), projectile and target compressive and 

cohesive strength (Sections 2.1.1.3 and 2.1.3.4), and projectile and target coefficient of internal 

friction. The coefficient of friction affects shock conditions within impacting materials, whereby 

materials with higher coefficients of friction require more energy to deform, resulting in higher 

post-shock temperatures as the shock wave releases.  

2.3 Laboratory impact experiments 
This section describes the motivation for using hypervelocity impact experiments, reviews past 

work using this technique and describes the background decision making needed for the 

experimental approach taken in Chapter 4 and Chapter 5.  

2.3.1 Motivation 

The numerical modelling method simulates the delivery of martian material to Phobos on a 

realistic spatial scale. However, it cannot directly incorporate biosignatures to investigate their 

survival; instead, it monitors the temperature and pressure conditions experienced during impact 

from which to determine biosignature survivability from specified thresholds (explained in 

Section 3.3). Therefore, it cannot be relied upon to solely determine biosignature survivability 

and laboratory experiments are required.  

Laboratory experiments to determine a biosignature’s response to extreme temperatures and 

pressures have been attempted previously (Matrajt et al. 2006; Basiuk and Douda 1999, 2001; 

Basiuk and Navarro-González 1998; Rodante 1992; Glavin and Bada 2004). However, their 

experimental durations were significantly longer than the duration of impact events (Section 3.3) 

and did not simulate the mechanical processes occurring during impact (Section 1.3.1). Only an 

experiment that simulates the extreme pressures and temperatures over shock timescales and the 
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mechanical processes during impact, can account for the variables that determine biosignature 

survival during impact.  

For decades, two-stage light gas guns (LGGs e.g., Figure 2.10) have enabled laboratory 

simulations of extreme temperatures and pressures experienced during hypervelocity impacts of 

several km s-1 (e.g., Blank et al., 2001; Crozier and Hume, 1957; Gratz et al., 1993; Jerling et al., 

2008).  

 

Figure 2.10 Open University’s All-Axis Light Gas Gun (AALGG) in vertical orientation with floor retracted. 

Some larger LGGs have the capacity to fire projectiles ≤203mm at speeds up to 4 km s-1 (Carver 

et al. 2008; Lexow et al. 2013). However, such instruments can only fire horizontally, making 

them unsuitable for experiments using an unconsolidated target to represent Phobos’ regolith 

(Section 2.1.3). Therefore, spatial scales closer to reality were sacrificed so a smaller LGG, that 

fires vertically, could be used. The All-Axis Light Gas Gun (AALGG) at the Open University 

was chosen to conduct these experiments because it can rotate between horizontal and vertical 

orientations (Figure 2.10) and can fire projectiles up to 4.5 mm in diameter at speeds up to 6 km s-1 

(McDonnell, 2006). 

2.3.2 All-Axis Light Gas Gun (AALGG) 

Two-stage LGGs are comprised of two stages for acceleration: propellant gas expansion and 

driver gas expansion.  

Firstly, gun powder accelerant burns after being ignited by a pin puncturing the primer cap of the 

shotgun shell. The pin movement is triggered remotely (Figure 2.11), energising gas in the powder 

chamber, which expands and propels forwards a nylon piston through the pump tube at ~1 km s-1 

(Ramkissoon 2016). The piston has two rubber O-rings to ensure a tight seal between the piston 
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and the inner wall of the pump tube to limit windage and ensure ignited particles do not encounter 

the driver gas, generally hydrogen, held at a specified pressure within the pump tube.  

 

Figure 2.11 Schematic diagram of the All-Axis Two-stage Light Gas Gun range (AALGG) in horizontal orientation at 

the Open University. (not to scale) 

The second stage is the compression of the light driver gas by the piston. When the driver gas is 

compressed to a high enough pressure (considerably greater than the gun powder gas pressure) it 

ruptures a burst disc (Figure 2.12) allowing for the rapid expansion of the driver gas behind the 

projectile package, propelling it forwards. 

 

Figure 2.12 Intact (left) and ruptured (right) 500 µm thick aluminium burst disc. 

A combination of adjustable variables within the AALGG contribute to the resultant launch 

velocity achieved:  

- Single-stage or two-stage operation 

- Burst disc thickness & material  

- Driver gas type & pressure 

- Gun powder propellant type & mass 

- Projectile size and mass 

- Vacuum pressure of the range 
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For slower shots (≲1 km s-1) the AALGG can be used in single-stage mode. This is achieved by 

using a thinner, weaker burst disc material, e.g., Kapton tape (Figure 2.13). 

 

Figure 2.13 Different burst disc materials: three layers of Kapton tape (left) 500 µm thick aluminium (right) 

The pump tube is pressurised until the burst disc fails, launching the projectile, without the use of 

gun powder. Two-stage shots use stronger, thicker burst discs (0.12 and 0.5 mm thick aluminium), 

to achieve higher velocities.  

The propulsion of the projectile depends on the driver gas type and pressure and how fast it 

expands upon release through the burst disc. The function of the driver gas is to be extremely 

compressible so the piston can compress it to considerably small volumes. The greater the 

compression, the greater the gas particle density (number of particles, N, divided by volume, V) 

and the kinetic energy (�̅�). These together amount to a greater gas pressure (P) according to:  

𝑃 =
2

3

𝑁

𝑉
�̅�  Equation 2.2 

 

If an ideal gas is assumed, the ideal gas law (Equation 2.3, where the ideal gas constant is given 

by R) can be equated with Equation 2.2 to demonstrate the direct relationship between �̅� and 

temperature (T) in Equation 2.4: 

𝑃𝑉 = 𝑁𝑅𝑇  Equation 2.3 

�̅� =
3

2
𝑅𝑇  Equation 2.4 

This shows that with compression of the driver gas, kinetic energy and temperature can rise 

significantly enabling a higher pressure to be reached than the maximum powder gas pressure 

behind the piston (Doolan 2001; Crozier and Hume 1957). The significantly amplified gas 

pressure is held within a miniscule volume within the central breech (a specially reinforced 

chamber that funnels the driver gas from a larger bore pump tube into a smaller bore launch tube) 

behind a burst disc.  
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The expansion of the driver gas following burst disc rupture is governed by the speed of sound in 

the gas (Moritoh et al. 2003; Doolan 2001). Therefore, the slowest launch velocities (Up max) are 

achieved by gases with lower speeds of sound, controlled by molecular mass (m): 

𝑐 = √
𝛾𝑅𝑇

𝑚
   Equation 2.5 

𝑈𝑝 𝑚𝑎𝑥 =
2

𝛾−1
𝑐   Equation 2.6 

taking into account specific heat ratio (γ), gas constant (R) and gas temperature (T). 

The higher the molecular mass of the driver gas, the slower the speed of sound within the gas, 

and the slower it can propel the sabot holding the projectile. Hence nitrogen, a heavier gas, was 

used in slow single-stage shots, and hydrogen for the faster two-stage shots in this thesis 

(2-5 km s-1).  

The choice of accelerant powder also influences the impact velocity by influencing the 

compression of the driver gas. A slower burn rate results in a more sustained push behind the 

piston but less power. 6-9 g of Alliant Reloader 22 was used to achieve launch velocities of 

2-5 km s-1 measured in this thesis (Section 2.3.3). A faster burning powder puts more power 

behind the piston, but for a shorter length of time so it might have finished burning before the 

piston reaches the central breech, inhibiting further driver gas compression resulting in a slower 

launch velocity. 2 g of Alliant Reloader 19 was used to achieve launch velocities of 1-2 km s-1 in 

this thesis. Greater mass of faster burning powder can sustain burning for longer to get a faster 

shot from faster burning powder. 5 g of Alliant Reloader 19 was used to achieve 3.4 km s-1 in this 

thesis.  

Variables within the projectile package that affect launch velocity include mass, fit to the launch 

tube bore, and shape. The heavier the projectile package, the slower the launch velocities 

achievable. The projectiles used in this thesis (Section 4.3) vary in mass, so the same shot 

conditions may not produce the same launch velocity, limiting the repeatability of the 

experiments.  

Solid projectiles can be fired alone if they are the diameter of the bore, or if smaller, held within 

a sabot, a holder made of 4 interlocking isoplast segments held together initially by an O-ring 

(Figure 2.14). Loose particles can also be loaded into the sabot that instead launch as a cloud of 

particles scattering over a wider area of the target, known as a buckshot. The shots in this project 

were ultimately pseudo-buckshots because the strength of the bespoke projectiles manufactured 

was not high enough to survive the acceleration jerk, so they disintegrated upon acceleration 

(Section 4.3).  
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Figure 2.14 Left: 2 mm intact sabot with O-ring attached (A), sabot deconstructed (B). Right: illustration of sabot 

interlocking segments. 

Ensuring the initial projectile package fits snugly, but not too tightly, in the diameter of the launch 

tube bore (0.177 inch/4.50 mm) enables the gas pressure behind to efficiently push the sabot 

forwards for maximum velocity potential. Small variations in the diameter of the projectile 

package can affect whether it experiences friction or windage during launch, which can slow 

down the shot. It is acknowledged there was shot-to-shot variability in how tightly the projectile 

packages fit into the launch tube during this project, although this variability could not be 

quantified. 

The launch tube is rifled to initiate rotation of the sabot after launch, causing it to separate into 

segments when entering the blast tank. At the end of the blast tank is a stop plate with a small 

aperture large enough for the projectile to pass through (Figure 2.15).  

 

Figure 2.15 Pre (left) and post (right) shot stop plate. Sabot segment craters (white) and aluminium burst disc brighter 

crater (yellow) circle. Central hole 10 mm in diameter. Other minor pockmarks generated by buckshot particles. 

The split segments of the sabot, as well as any parts of the burst disc, are captured by the stop 

plate (Figure 2.15 right) leaving the projectile to travel down the range into the target chamber to 

impact a target. The stop plate also stops the majority of other material, such piston and burst disc 

from travelling further down range. Projectiles can be any shape, but spheres are the most 

aerodynamically stable. Irregularly shaped projectiles can tumble and go off axis, which could 
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result in a slower shot or loss of the projectile altogether if it impacts the stop plate. The projectiles 

in this thesis were cylindrical (Section 4.3). 

Lastly, the lower the pressure within the range (Figure 2.11) the less the projectile will be slowed 

down by air particles during its journey to the target. A vacuum pressure of 0.2 mbar was the aim 

for the shots in this thesis, because this was the highest vacuum that could be achieved within a 

reasonable timeframe (1 shot per day) with the vacuum pump available.   

Ultimately a combination of driver gas type, loading gas pressure in the pump tube, and gun 

powder type and mass affect the launch velocity. However, the manual set-up of the gun and 

additional variables e.g., vacuum seal and variations between projectile packages result in 

unpredictable shot-to-shot variations in launch velocity. In some cases, almost identical AALGG 

parameters were used, but launch velocities varied by up to 1 km s-1. Therefore, achieving an 

evenly distributed range of launch velocities was unfeasible. Furthermore, for the two different 

simulant campaigns in this thesis (Section 2.3.5) it was not possible to achieve a launch velocity 

greater than 3.44 ± 0.54 km s-1 for Phobos-1C, whereas 4.53 km s-1 was achieved in the Phobos-1P 

shots.  

2.3.3 Launch velocity measurement 

The launch velocity of the projectile is estimated in two ways.  

Firstly, the blast tank is illuminated from one side with a GSVITEC High Power MultiLED QT 

lamp. Then a High-Speed Camera (HSC) is set up on a viewport on the opposing side of the blast 

tank that records the flight of the projectile and sabot segments before reaching the stop plate at 

1008000 frames per second. Calibration of the movement between frames and the known distance 

within the field of view (Figure 2.16), gives an estimate for the launch velocity of the fragments 

(Figure 2.17).  

The launch velocity determined for each shot is the average of the velocities for the particles, 

whether sabot pieces or projectile(s), visible with the camera. For example, shot Phobos-1C-1 

(Figure 2.17) had a velocity of 2.36 ± 0.12 km s-1 from 7 visible particles. The HSC is particularly 

useful for buckshots as the beginning and the end of the particle cloud can be identified and an 

average and range of launch velocities determined. The longitudinal dispersion of projectile 

particles in a buckshot is the greatest contributor to the uncertainty in launch velocity 

measurement. This has been suggested as <2% (Burchell et al. 1999a, 2008b), although shots 

conducted in this thesis exhibit 6-21% dispersion with sabot and particle velocities that can vary 

up to 1.32 km s-1. For intact projectiles the quality of the images from the HSC becomes a more 

prominent contributor to launch velocity uncertainty.  
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Figure 2.16 Snapshot of PFV4 software for the Photron High-speed camera. Screwhead for distance and position 

calibration is 11.906 mm in diameter.  

 

Figure 2.17 Top left to middle right: frames 155133, 155136, 155141, 155144 from Phobos-1C-1. First visible particles 

circled in red, followed by two smaller particles. Identification of particles is unreliable with this focus, but the initial 

larger particles could be sabot pieces. Distance is measured from the front face of the particles between successive 

frames to determine the velocity (bottom). 

A limitation of the HSC is it might not capture the sabot segments owing to poor lighting, focus, 

alignment, or being obscured by the bright gas flash that precedes the projectile by a few frames. 

Shading calibration is therefore conducted before each shot, although sometimes this is 

insufficient to counteract the change in lighting conditions after the flash passes. 
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Further, as the camera films in 2D it cannot account for movement beyond the vertical plane 

parallel to the launch tube, so an unquantifiable uncertainty is associated with every measurement. 

This is particularly true for buckshots because projectile particles and sabot segments diverge 

after leaving the launch tube. The transverse diameter of the cloud is reduced by the 10 mm stop 

plate aperture (Figure 2.15), so some particles observed by the HSC may not make it past the stop 

plate (Section 4.4). Projectile particles that do make it through then travel at least 2 m before 

hitting the target. The 0.2 mbar vacuum is sufficient to prevent drag from slowing down the 

particles, but it is uncertain whether the launch velocity measured with the HSC is a true 

representation of the impact velocity of particles that make it beyond the stop plate.  

An additional method for measuring the velocity in the AALGG is using two light curtains 

situated closer to the target beyond the stop plate (Figure 2.11) and an intervalometer. The 

distance, d between the light curtains is measured at 0.5 m and the time, t, taken to pass between 

the curtains, is measured in milliseconds and converted to velocity, v, km s-1. The intervalometer 

measures the first particle large enough to trigger the signal but the minimum size to trigger the 

signal is not known, so this technique cannot be relied upon for buckshots; the cloud of particles, 

possibly hundreds of microns in size, may not be reliably picked up by the light curtain. In those 

cases, it is unclear what stage of the cloud triggers the signal and how representative the result is 

of the whole cloud. Therefore, whenever the intervalometer is used to measure velocity in this 

thesis it is plotted separately from the HSC range and stated clearly. 

An HSC view of the target would provide a more accurate determination of the true impact 

velocity of particles into the surface, although the dense cloud of small particles would be 

challenging to resolve with the broad field of view required to film the whole impact; uncertainties 

would still be present.  

2.3.4 Estimating shock temperatures & pressures 

Rapid and extreme rises in pressure and temperature experienced during shock can result in 

biosignature destruction (Section 1.5.2). Therefore, measuring or estimating temperature and 

pressure regimes present within impact experiments is vital. 

In past studies, shock temperatures have been measured using high-speed IR cameras and 

embedded thermocouples (e.g., Yasui et al. (2021)), although low detection limits and poor 

resolution result in inaccuracies. To measure shock pressure, techniques e.g., magnetic gauges 

(Sheffield 2003), piezoelectric materials, PVDF (Bauer 2002), and fibre Bragg gratings 

(Rodriguez et al. 2013) have been used that are compact and can be embedded within targets. 

However, their use is limited to compatible materials and low shock pressures, because of possible 

sensor destruction. As a result, direct measurements of temperature and pressure are time-

consuming, costly, and challenging to make reliable and accurate. Crucially, they are limited to 
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the target so cannot be used in situ within the projectile, the focus of interest for biosignature 

survivability in this study.  

The above challenges made it unfeasible to directly measure temperature and pressure during the 

laboratory impact experiments conducted for this thesis. Instead, peak pressures experienced 

during impact are roughly estimated using the PIA (Melosh 1989) (Section 2.2.1), a 1D 

approximation of two infinitely wide plates impacting face on, omitting the edges of projectiles 

and textures of targets, using Hugoniot equations and the EoS of the impacting materials (Section 

1.3.2.1). The EoS parameters (speed of sound within material, c; a material constant, S; and 

uncompressed density, ρ0) are unique to each material sample and S can only be established with 

planar impact experiments, but these were unfeasible under time and COVID constraints. 

Therefore, literature values for representative materials were used that may not accurately 

represent how the materials respond to shock, although the approximation does yield an upper 

limit to the pressures experienced that can be compared with the modelling in Chapter 3 and 

Chapter 6. The Hugoniot equations and EoS (Section 1.3.2.1) are applied to the projectile and 

target and, because the approximation assumes equal pressures in the target and projectile upon 

contact and no interpenetration between materials, the particle velocity in the target, ut can be 

given by the standard solution to the quadratic equation: 

𝑢𝑡 =
−𝐵+√𝐵2−4𝐴𝐶

2𝐴
   Equation 2.7 

Where, 

𝐴 = 𝜌0𝑡𝑆𝑡 − 𝜌0𝑝𝑆𝑝   Equation 2.8 

𝐵 = 𝜌0𝑡𝑐𝑡 + 𝜌0𝑝𝑐𝑝 + 2𝜌0𝑝𝑆𝑝𝑣𝑖  Equation 2.9 

𝐶 = −𝜌0𝑝𝑣𝑖(𝑐𝑡 + 𝑆𝑝𝑣𝑖)   Equation 2.10 

The subscripts p and t refer to projectile and target, respectively, and vi is the impact velocity 

(km s-1). The pressure behind the shock can then be given by: 

𝑃 =  𝜌0𝑡𝑢𝑡(𝑐𝑡 + 𝑆𝑡𝑢𝑡)    Equation 2.11 

The pressure experienced within an example impact between a bespoke basalt projectile and 

Phobos-1P simulant at 3.0 km s-1 (Section 4.3.6) is calculated below as 7.49 GPa. The basalt 

projectile uses basalt EoS parameters (cp and Sp) and an uncompressed density of 1471 kg m-3 

(measured after projectile manufacture; Section 2.4.3.1). Dry sand EoS parameters (ct and St; 

Melosh, 2013, 1989) are used for the target because they are the closest 1D literature match to the 

granular texture of simulant Phobos-1P (Section 2.3.5). St does not vary significantly between 

different materials (e.g., granite, 1.24; and water 1.333), therefore, as a first order approximation, 

the parameters do not need to reflect the actual material used. Strength models can be applied in 
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2D simulations to more accurately represent loose material textures (Section 2.2.1), but they 

cannot be included in this 1D simulation. An uncompressed density of 976 kg m-3, measured prior 

to the AALGG experiments (Section 2.3.5), was used.  

ρ0p = 1471 kg m-3 cp = 2.60 km s-1  Sp = 1.62  vi = 3.0 km s-1 

ρ0t = 976 kg m-3  ct = 1.70 km s-1  St = 1.31 

𝑢𝑡 =
−19781.9 + √19781.92 − 4 × (−1104.5) × (−32921.0)

2 × (−1104.5)
= 1.86 𝑘𝑚 𝑠−1 

𝑃 = 976 × 1.86 × (1.70 + 1.31 × 1.86) = 7488 𝑀𝑃𝑎 = 𝟕. 𝟒𝟗 𝑮𝑷𝒂 

Post-shock temperatures can be roughly estimated by comparing estimated peak pressures with 

literature tables (French (1998), although this would suggest a post-shock temperature within the 

worked example above of ~100 °C, below the peak temperatures that would induce destruction 

of biosignatures or shock modification of minerals. This may underestimate the post-shock 

temperatures in the AALGG experiments. Better estimations may come from 2D or 3D models 

that can account for phase changes, e.g., iSALE-2D (Chapter 3 and Chapter 6), although their 

level of accuracy would be unknown without a means of directly monitoring the temperature 

within a projectile during a laboratory impact. Therefore, the true shock temperature history of 

the projectile during the AALGG experiments remains uncertain. 

2.3.5 Phobos simulants as targets 

In the absence of direct sampling or analysis of Phobos’ surface, regolith simulants are required 

in simulation experiments of processes on the moon’s surface and for testing future mission 

landing and sampling procedures. From two previous ESA-funded studies, a physical and a 

compositional Phobos regolith simulant were designed (Patel et al. 2019) and were used in this 

study as targets (Chapter 4 and Chapter 5).  

2.3.5.1 Phobos-1P 

Phobos-1P was designed to best represent the physical properties of Phobos’ regolith, based on 

remote sensing data and extrapolated knowledge from other airless bodies in the Solar System 

(outlined in Pearson et al., 2016; full publication Patel at al., in prep). Phobos’ composition was 

irrelevant, but it needed to match properties e.g., density and compressive strength, balancing this 

with affordability, availability in a large enough quantity with short lead times, and handling 

safety.  

Topcrete, a cellular aggregate concrete block manufactured by Tarmac Topblock Limited, was 

chosen for the physical simulant. Its density closely matches the current bulk (1850 ± 13 kg m-3 

(Willner et al. 2014; Pätzold et al. 2014b)) and surface (≤1600 ± 300 kg m-3 (Busch et al. 2007)) 
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density estimates for Phobos, with a block density of 1950 ± 50 kg m-3 and a crushed density of 

1670 ± 50 kg m-3 (Tarmac-Topblock 1997). Topcrete’s compressive strength of 3.5 MPa 

(Tarmac-Topblock 1997), as a coherent block, also falls within the range of hypothesized 

strengths for Phobos, 0.3-50 MPa (Patel et al., in prep). Using the shear box method (Section 

2.4.3.2) the cohesive strength and coefficient of internal friction of Phobos-1P was measured as 

0 kPa (cohesionless) and 0.78, respectively. 

Topcrete could be crushed and sieved so particle size distribution could be controlled; however, 

as this simulant was only used for feasibility testing for the detection of glycine post-impact, 

precise grain size was not required. The simulant was ground and sieved evenly to <280 µm, 

which falls within the suggested grain size of Phobos’s regolith of <1 mm (Gundlach and Blum 

2013) with an average of ~300 µm (Basilevsky et al. 2014). The uncompressed density measured 

prior to each feasibility impact experiment (Section 4.6) averaged at 976 ± 66 kg m-3.  

2.3.5.2 Phobos-1C 

Phobos-1C was designed to represent the compositional properties of Phobos’ regolith, based 

upon remote sensing data, leaving the physical properties as by-products (Patel et al. 2017; 

Rickman et al. 2016). It is thought the best analogue material for this composition is the Tagish 

Lake meteorite (Section 1.2.5 and Section 2.1.3.2), and therefore Phobos-1C was based upon its 

composition (Table 2.2).  

Table 2.2 Phobos-1C components from Patel et al., (2017); Rickman et al., (2016). 

Component Wt % Comments 

JSC-1A 46 

Glassy and vesicular basaltic component accounts for 

space weathering processes 

(Rickman et al. 2016; Busch et al. 2007) 

Antigorite 35 

Phyllosilicate component present on Phobos’ surface 

according to 0.65 and 2.8 µm spectral absorptions 

(Fraeman et al. 2014) 

Pseudo-

agglutinate 
15 

A plasma welded noritic mill sand contributing 

vesicular glassy mineral aggregates, typical of lunar 

regolith, but lacking the nanophase iron 

(Rickman et al. 2016) 

Gilsonite 4 
Contributes complex organics seen in Tagish Lake 

(Rickman et al. 2016) 
 

Tagish Lake is compositionally and texturally diverse; the most abundant components are 

phyllosilicates (Mg-rich serpentine, saponite), Mg-rich olivine, magnetite, Fe-Ca-Mg carbonates, 

and Fe-Ni sulfides, with minor proportions (~1%) of organic carbon (Hildebrand et al. 2006; 

Brown et al. 2000). Regolith processing of this composition would, in turn, generate characteristic 

components e.g., agglutinates and glass. Hence, a combination of the Tagish Lake bulk 

composition and components thought to be universal to all airless body regoliths form Phobos-

1C's design (Patel et al. 2017; Rickman et al. 2016) (Table 2.2). 
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The textural and compositional characteristics of Phobos-1C’s components were not determined 

prior to manufacture, because the simulant was manufactured by USGS, so these are described 

here. Backscatter Electron images (Figure 2.18) and X-ray elemental maps (Figure 2.19) (Section 

2.4.3.3) were gathered for each component as a baseline for this study. 

The pseudo-agglutinates (Figure 2.18 and Figure 2.19a) come as a fine granular material varying 

in grain size from 50 µm to 1 mm and the finer particles are generally monomineralic compared 

to the larger vesicular aggregate grains. Grain shapes vary from very rounded spherical to 

elongated very angular, likely a function of their manufacturing process, which involved melting 

mill sand in a plasma torch (Weinstein et al. 2012). This manufacturing process explains the 

presence of both irregular aggregates and finer monomineralic grains. They are called pseudo-

agglutinates, because they lack the nanophase iron typical of airless body regoliths inferred from 

the lunar regolith (Rickman et al. 2016). 

The JSC-1A (Figure 2.18b and Figure 2.19b) used in Phobos-1C was mined from a volcanic ash 

deposit in a commercial cinder quarry in the San Francisco volcano field near the Merriam Crater 

outside Flagstaff, Arizona. It has been characterised to approximate low-titanium lunar mare 

regolith containing major crystalline silicate phases of plagioclase, pyroxene, and olivine with 

minor oxide phases of ilmenite and chromite and traces of clay (Zeng et al. 2010). As a starting 

material for the Phobos regolith simulant, it comes as ~1 cm sized fragments. Texturally it is 

vesicular (Figure 2.18b) with angular laths of plagioclase, rounded grains of olivine and in a 

matrix of pyroxene glass. Some minor bright phases are likely to be ilmenite. 

Gilsonite (Figure 2.18c) is a natural asphalt made almost entirely of pure carbon. The gilsonite 

provided as a starting material for Phobos-1C was in ~1 cm sized fragments that display 

conchoidal fracture. Observation under the SEM confirmed the material was smooth and lacked 

any compositional impurities (Figure 2.18c).  

The phyllosilicate starting material, antigorite, was the most heterogeneous sample grain to grain. 

A subsample of two ~1 cm sized fragments exhibited different internal structures and 

compositions (Figure 2.18d & e). Fragment 1 (Figure 2.19c) appeared homogenously rich in Mg, 

with only some compositional impurities of Fe, Cr, Ca and S (Figure 2.18c). Conversely, 

Fragment 2 was dominated by silica, with visible titanium, calcium and sulfur accessory phases 

(Figure 2.19d).  

Phobos-1C closely matches the current bulk and surface density estimates for Phobos (Section 

2.3.5), and it was also ground and sieved to <280 µm. The uncompressed density measured prior 

to each impact experiment (Section 5.5) averaged at 1250 ± 30 kg m-3. Using the shear box 

method (Section 2.4.3.2) the cohesive strength and coefficient of internal friction of Phobos-1C 

was measured as 2.8 kPa and 0.8, respectively. 
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Figure 2.18 BSE montage maps of Phobos-1C starting materials: (a) pseudo-agglutinates, (b) merriam crater basalt 

(JSC-1A), (c) gilsonite, (d) antigorite fragment 1 and (e) antigorite fragment 2. 
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Figure 2.19 SEM-EDS composite maps of Phobos-1C starting materials: (a) pseudo-agglutinates Fe = Red, Mg = 

Green, Si = Blue, Ca = Cyan and Al = Magenta; (b) Merriam crater basalt (JSC-1A) Fe = Red, Mg = Green, Si = 

Blue, Ca = Cyan, Ti = Magenta and K = Yellow; (c) antigorite fragment 1 Fe = Red, Ti = Green, Ni = Blue, Ca = 

Cyan, Cr = Magenta and S = Yellow (Mg was the dominant element across the fragment, so this was supressed to 

highlight the minor phases); (d) antigorite fragment 2 Fe = Red, Ti = Green Ca = Cyan and S = Yellow (Si was the 

dominant element across the fragment, so this was supressed to highlight the minor phases). 

2.4 Analytical techniques 
Following the AALGG impact experiments, the post-impact targets were sampled for analysis 

(sampling strategy is outlined in Section 4.5) to assess the survivability of glycine from the 

projectile into the target and consider any geochemical changes in the Phobos simulants from 

impact processing.  

2.4.1 Biosignature detection 

Several analytical techniques are available for the detection of organic molecules in planetary 

materials. However, they vary in their limits of detection and required sample processing, 

meaning careful selection was required to choose the most appropriate for detecting biosignatures 

in post-impact materials.  
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2.4.1.1 Raman spectroscopy 

Raman spectroscopy is a generally non-destructive, in situ technique that requires little sample 

preparation. A laser is directed at a sample and the light is scattered on interaction with the 

chemical structure at wavelengths indicative of the molecular bonds in the sample. Characteristic 

peaks within Raman spectra can be compared to a literature library to identify minerals and 

organics.  

A Raman spectrometer is included in the SHERLOC instrument on the Mars 2020 mission’s 

robotic arm for detecting organic species e.g., amino acids, nucleic acids, polycyclic aromatics 

and oxidised organics (Bhartia et al. 2021). Terrestrial analogue investigations have demonstrated 

Raman’s effectiveness at detecting biomolecules of interest for Mars (e.g., Edwards et al., 2005; 

Ellery and Wynn-Williams, 2004; Veneranda et al., 2021; Villar et al., 2005).  

Analyses to assess the feasibility of detecting glycine in post-impact materials were conducted 

with a Horiba Jobin-Yvon HR800 microscope at The Open University, coupled to the LabSpec 6 

Horiba analysis software, using the green argon laser (514 nm) with 2 µm spot size. The 

CrystalSleuth database was used to identify molecular bonds in minerals and organic peaks were 

taken from the literature (Rolfe et al. 2016; Jehlička et al. 2012). Powdered samples were analysed 

both unconsolidated and mounted in epoxy resin and polished. However, no strong Raman peaks 

could be reliably detected in glycine-doped simulant samples, and fluorescence flooded some 

spectra. It is likely this arose from the fine-grained nature of the post-impact materials analysed 

(Section 2.3.5). This aligns with analogue experiments that have shown Raman detection limits 

are greatly affected by fine particle sizes, low degrees of crystallinity and the presence of bulk 

organic matter, which in this case is likely to be the gilsonite in the Phobos-1C simulant (Section 

2.3.5); this produces a high fluorescence background that obscures the organic spectral features 

(Blanco et al. 2017).  

Glycine could not be reliably identified if concentrations were <10 wt%. As a benchmark, if 100% 

of a bespoke glycine-doped projectile (Section 4.3) was homogenised within an entire simulant 

target (Section 2.3.5), the ratio by weight of glycine in the mixture would be 1.5 x 105. This falls 

short of the limit of detection for Raman; therefore, Raman analysis was not pursued. 

2.4.1.2 Fourier Transform Infrared spectrometry 

Fourier Transform Infrared (FTIR) spectrometry is an in situ and non-destructive (Preston et al. 

2015) technique that requires no sample preparation. Since samples are loose particles of solid 

material, attenuated total reflectance FTIR (ATR-FTIR) spectroscopy is required, whereby 

infrared rays are first passed through a highly reflective crystal (diamond) at 45°, then through 

the sample it is in contact with. The chemical bonds in a sample partially absorb energy and 

attenuate the infrared rays to produce reflectance peaks in a spectrum.  
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Figure 2.20 ATR-FTIR reflectance spectra of 4% (A) and 10% (B) glycine mixed in Phobos-1C simulant and pure 

Phobos-1C (C). IR bands characteristic of glycine labelled in B match library spectra in table (Coblentz society, NIST 

Standard Reference Database 69) 
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Characteristic peaks within the ATR-FTIR spectra can be compared to a literature library to 

identify minerals and organics. This is a complementary technique to Raman spectroscopy, 

whereby weak bands in Raman spectra tend to appear strong in FTIR spectra and vice versa 

(Hooijschuur et al. 2016). FTIR has been demonstrated as an appropriate organic detection 

technique in Mars analogue studies (e.g., Anderson et al., 2005; Kawasaki, 1999; Pacelli et al., 

2021; Preston et al., 2015).  

Analyses to assess the feasibility of detecting glycine in post-impact materials were conducted 

with an FTIR (Nexus, Thermo Nicolet, Madison, USA) spectrophotometer coupled with a Specac 

Golden Gate ATR. Fifty co-added scans were conducted to collect a reflectance spectrum over 

400-4000 cm-1 wavenumber range using a spectral resolution of 4 cm-1 to increase the signal-to-

noise ratio in OMINIC software (v. 9.2) (Figure 2.20). However, like Raman, it was found that 

the characteristic peaks for glycine (Figure 2.20b) could not be reliably identified if 

concentrations were <10 wt% (Figure 2.20a). 

The quality of the FTIR spectra were limited because the sample grain sizes were an order of 

magnitude greater than recommendations, which will have decreased the intensity of the IR bands 

(Udvardi et al. 2017). This combined with the small interaction volume analysed (up to 2 µm deep 

and 600 µm wide) likely limited detection of glycine at lower concentrations than 10 wt%. The 

detector had to be closed tightly to the powder grains for effective reflectance detection, so <<100 

grains were analysed per collection, which required the glycine concentration in the sample to be 

high enough to be detected in a small sub-sample. Furthermore, it was challenging to determine 

how representative each sub-sample was as glycine would not always be reliably detected, even 

at higher concentrations. Therefore, the limit of detection for FTIR is orders of magnitude higher 

than the likely concentration of glycine within post-impact materials, making it an impractical 

analytical method for this project. 

2.4.1.3 Gas chromatography 

Gas chromatography (GC) is an alternative technique for organic molecule detection, whereby a 

sample is vaporised and carried by a mobile phase (helium) through a column coated with a 

stationary phase. Interaction with the stationary phase slows down compounds by different 

amounts (retention time), depending on differences in molecule boiling point, vapour pressure 

and polarity. The separated compounds enter a detector e.g., a Mass Spectrometer (MS) or Flame 

Ionization Detector (FID). An MS breaks down the compounds leaving the GC into ionised 

fragments with a high energy electron beam. The fragments are detected and their mass to charge 

ratio and relative abundance calculated. An FID uses a flame to ionise organic compounds from 

the GC, and the ions are collected and their current measured by electrodes and converted into an 

electrical signal, picoamperes (pA).  
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GC-MS and GC-FID both offer accurate quantification of compounds and have considerably 

lower detection limits than Raman and FTIR. For example, GC-MS was used to detect amino 

acids with concentrations as low as 0.6 ± 0.1 ppb in carbonaceous chondrites (Martins et al. 2007, 

2015; Chan et al. 2012). GC-MS and GC-FID have both been used in Mars analogue studies 

(Rodier et al. 2001; Buch et al. 2003; Pietrogrande et al. 2005; Aerts et al. 2020) and in situ on 

Mars (Millan et al. 2016).  

GC samples are prepared by dissolving a sub-sample in solvent, concentrating the analyte of 

interest. The sub-sample volume, number of derivatisation steps and instrument analysis 

parameters can be adjusted to optimise the detection of low concentrations of target analyte. Such 

sample preparation capabilities are not available within Raman or FTIR techniques.  

Therefore, GC techniques were considered appropriate for use in this project. 

GC-MS offers an additional advantage over GC-FID, because it can identify breakdown products 

through the quantification of specific ion masses to resolve losses or transitions away from the 

starting compound ions to new or different ions. This could reveal organic products potentially 

detectable in future extraterrestrial samples. However, in the experimental concept in this thesis, 

a single biosignature – glycine - was isolated and used as a proof of concept (Chapter 4). As the 

smallest and simplest amino acid molecule, glycine does not have breakdown products distinctive 

from other organic species, so it was not necessary to a use a technique that would screen for a 

wide range of compound functional groups e.g., GC-MS. Instead, GC-FID was sufficient to detect 

and quantify the presence of glycine within post-impact simulant samples. A further advantage 

of GC-FID analysis is it could be more robust than GC-MS by showing lower standard deviations 

for intra- and inter-day reproducibility (Pacchiarotta et al. 2010).  

It was the original intention to build upon the GC-FID analysis with subsequent GC-MS analyses 

using more complex biosignatures to assess their modification during impact. However, 

restrictions and on-going effects from COVID-19 (COVID statement) meant this work could not 

be undertaken within the available time (Section 7.6.3). 

2.4.2 GC-FID method 

2.4.2.1 Sample preparation 

All pipette tips were purchased sterile. Glass vials and beakers were dishwasher cleaned with 

Decon 90 and furnaced at 450 °C for >5 hours to ensure organic contaminants were removed. 

When sealing vials, a sterile aluminium foil cover was placed between the screw lid and contents 

to avoid contamination from the plastic lid.  

Extraction and derivatisation of glycine was undertaken using EZ:faast™ (Phenomenex) Amino 

Acid Analysis of Protein Hydrolysates by GC-FID kit (Badawy 2019). It consists of solid phase 
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extraction (SPE) followed by a single-step, rapid derivatisation, and liquid/liquid phase extraction 

step. This method was chosen for its repeatability, short preparation time (<20 minutes), and 

proven success in analysing amino acids (e.g., Konschak et al., 2021; Le et al., 2021; Mohabbat 

and Drew, 2008; Thorn et al., 2020; Violi et al., 2020). It also has a clean-up step that removes 

unwanted particulates that could damage the GC and compounds that could interfere with amino 

acid peaks to ensure a clean chromatogram. 

Organic compounds within the powdered samples taken from post-impact materials (Chapter 4 

and Chapter 5) were dissolved in a monophase solution of 10% isopropanol in deionised water 

(hereafter referred to as Prop10) in a 1:1 ratio of Prop10 volume (mL) to post-impact simulant 

mass (g). This solvent mixture was chosen to align with the Internal Standard (IS) solution 

(Reagent 1) of Norvaline 0.2 mM in n-propanol 10% in the extraction and derivatisation kit used 

subsequently in sample preparation (see below). In addition, isopropanol has a high glycine 

solubility potential compared to methanol, ethanol and tertiary butanol (Needham 1970). 

Isopropanol (>97%) was purchased from Sigma-Aldrich.  

The combined mixture of post-impact material and Prop10 was vortexed for 1 minute and 

centrifuged at 1000 × g for 10 minutes. 100 µL supernatant was pipetted per sample and placed 

in a sample preparation vial with 100 µL Reagent 1 and mixed by two short vortex bursts. An ion 

exchange resin SPE sorbent tip was attached to a 1.5 mL syringe and the solution aspirated slowly. 

200 µL sodium carbonate washing solution (Reagent 2) was added to the vial and aspirated 

slowly. The 1.5 mL syringe was then detached, and the liquid discarded. 200 µL Eluting Medium 

(prepared prior to analysis), of 3:2 sodium hydroxide (Reagent 3A) and n-propanol (Reagent 3B), 

was added into the vial. Using the 0.6 mL syringe, the Eluting Medium was drawn up to the filter 

plug and ejected back into the vial along with the sorbent gel. This was repeated until all the gel 

had been injected into the vial. Using a Drummond Dialamatic Mircrodispenser, included in the 

kit, 50 µL chloroform (organic derivatisation solution Reagent 4) was added to the vial and 

vortexed for 10 seconds and left for 1 minute to modify the carboxyl and amino groups in the 

amino acids to form derivatives stable at room temperature (Figure 2.21) and split into two layers 

for additional separation from interfering compounds.  

 

Figure 2.21 Simplified diagram illustrating EZ:faast™ derivatisation reactions. 
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The solution was vortexed again for 10 seconds and left for 1 minute. Using the Drummond 

Dialamatic Microdispenser once more, 100 µL of iso-octane was added, vortexed for 10 seconds 

and left for 1 minute. Finally, 100 µL iso-octane 80% and chloroform 20% solution (Reagent 6) 

was added, vortexed for 10 seconds and left for 1 minute. The upper layer (organic-rich) was then 

removed using a Pasteur pipette, being careful to not take from the lower layer, and placed in a 

250 µL insert in an autosampler vial ready for GC-FID.  

Only seven samples could be prepared by the EZ:faast™ at any one time, because of the number 

of syringes available, although the samples derived were large enough in volume to run at least 5 

GC-FID analyses with the method described in the next section. 

While the EZ:faast™ kit was an ideal tool for extraction and derivatisation, midway through the 

experiments (which had already been moved towards the end of the PhD for COVID reasons), 

supply chain issues led to a discontinuation of the kit. The number of samples that could be 

prepared had to be distributed amongst the experiments planned, so replicates were reduced, 

sacrificing greater spatial understanding of glycine detection and limiting the reliability of the 

data gathered. 

2.4.2.2 GC-FID method optimisation and feasibility 

An Agilent 6890N GC-FID equipped with an Agilent 7683 injector series autosampler and SGE 

BPX5 column (30 m × 0.25 mm × 0.25 µm) was used. The column had a 5% phenyl 

polysilphenylene-siloxane stationary phase, which is non-polar and extremely inert making it 

ideal for trace analyses (Rodier et al. 2001, 2012; Liere et al. 2000; Adahchour et al. 2006). In 

addition, the inertness of the column, its availability at the OU and its lower cost to replace, made 

this column a more resilient choice for analysing samples possibly containing rock particle 

contamination (Salmon et al. 2000; Sephton et al. 2002), in comparison to purchasing a new 

column, such as a dimethyl,diphenyl-polysiloxane that amino acids may have a stronger affinity 

to, but could have been damaged and been more costly (Fujifilm, Sigma Aldrich and Shimadzu 

GC column reference guides). Finally, BPX5 columns have been used multiple times to analyse 

non-polar glycine (Ames et al. 2001a, 2001b) and in Mars analogue samples (Rodier et al. 2001, 

2012). Therefore, for these experiments this column was chosen. Helium was the carrier gas, and 

the inlet was set to split/splitless injections. 

Firstly, the feasibility of extracting, derivatising and detecting glycine was assessed. A 

200 ng µL-1 solution of pure glycine standard powder dissolved in Prop10, alongside blanks of 

solvent Prop10 with and without the Norvaline Internal Standard (IS), were prepared and 

derivatised following the procedure in the previous section. These samples were analysed (and 

designated Test 1) using the GC-FID settings stated in Table 2.3. Comparing the resultant 

chromatograms () shows glycine generated a peak at 5.1 minutes whereas the Prop10 with or 
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without IS did not. This confirmed GC-FID could detect glycine at 200 ng µL-1 following 

extraction and derivatisation with the EZ:faast™ kit.  

The glycine peak in has a long tail, which makes it challenging to accurately and reliably integrate 

its area, so various GC-FID settings were tested to optimise the chromatogram to get the tallest 

and sharpest peak for glycine (Table 2.3 and Figure 2.23).  

To increase the height of the peak and reduce trailing, the volume of sample passing through the 

column can be increased using a combination of higher sample injection volume (test 2), reduction 

in the split ratio prior to entering the column (test 5), or an increase in the carrier gas flow rate to 

reduce dead volume (test 6). Together, a lower injection volume, 2 µL; lower split ratio, 10:1, and 

higher helium flow rate, 2.0 mL min-1 (test 6) can achieve a similar peak height as a higher 

injection volume, 3 µL (test 3).  

 

Figure 2.22 Comparative chromatogram highlighting the peak at 5.1 minutes for 200 ng µL-1 glycine that is not present 

within the blank solvent Prop10 with and without the Norvaline Internal Standard (IS). 

To increase the peak height further, proper volatilisation of the analyte can be achieved using a 

greater oven temperature ramp, e.g., 40 °C min-1 in test 3, or a higher starting oven temperature, 

110 °C, in test 8. Higher oven temperature ramp rates were investigated, and produced sharper 

peaks, but resulted in the IS peak being brought closer to the glycine peak, with the potential to 

overlap and mask it; therefore, a ramp rate of 40 °C min-1 was maintained.  

The optimum GC-FID settings used for detecting glycine from AALGG experiments (Chapter 4 

and Chapter 5) were those of test 8 in Table 2.3. 
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Table 2.3 Tests conducted to determine the optimum GC-FID settings to generate the tallest and sharpest glycine peaks. Bold values represent new conditions investigated in that test. Optimum settings 

chosen for impact experiment analysis are test 8. 

Test 
Vol. injected 

/ µL 

Split 

/ x:1 

Start Temp / °C 

(Held 1 min) 

Ramp rate 

/ °C min-1 

Final Temp / 

°C (Held 1.5 

min) 

He flow rate 

/ mL min-1 

Glycine peak 

retention time 

/ min 

Peak Notes 

1 2 15 90 30 320 1.8 5.1 Small & trailing 

2 3 15 90 30 320 1.8 5.1 Taller, but still trailing 

3 3 15 90 40 320 1.8 4.4 Earlier and taller, but still trailing 

4 2 15 90 40 320 1.8 4.4 Same height as T2 @ lower injection vol., still tails 

5 2 10 90 40 320 1.8 4.4 Sharper than T4 and slightly taller 

6 2 10 90 40 320 2.0 4.4 Earlier, taller and improved trailing slightly 

7 2 10 70 40 320 2.0 4.8 Trailing worse. Later from changes in flow rate 

8 2 10 110 40 320 2.0 3.8 OPTIMUM -Tallest, sharpest and least trailing 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23 Comparative chromatogram for different GC-FID settings. Test 8 is shown to generate the tallest and sharpest glycine peak. 
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An alternative column was not trialled because the dirty nature of the rock samples analysed 

restricted the options for alternative less inert columns. Furthermore, time and COVID 

restrictions, and limitations in EZ:faast consumable supplies, did not allow scope for an additional 

trail series to be conducted. Therefore, the BPX5 column found to reliably detect glycine in the 

samples down to low concentrations was taken forward.  

To confirm no other components in the extraction and derivatisation process would interfere with 

the glycine peak, three replicates of blank Prop10 solvent samples, with and without the IS, were 

prepared using the method described in Section 2.4.2.1 and each was injected three times into the 

GC-FID using the optimum settings (Table 2.3). Chromatograms for the sample replicates and 

their repeated injections were averaged and the y-axis normalised to 1 for comparison (Figure 

2.24). Advantageously, peaks intrinsic to Prop10 and the strong IS peak were resolvable from the 

glycine peak. The doublet shown in the in the IS peak in Figure 2.24 is an artefact from averaging 

multiple chromatograms from different days with different peak heights and minor shifts in 

retention time. This artefact is not present in later chromatograms as these were conducted on the 

same day to minimise day-to-day variation.    

 

Figure 2.24 Chromatogram comparing average Prop10 solvent blanks, with and without IS. Vertical axis normalised 

to 1. Small peaks integral to Prop10 observed at 3.6, 3.95 and 4.1 minutes. A strong IS peak falls at 4.2 minutes.  

To confirm neither Phobos-1P nor Phobos-1C simulants (Section 2.3.5) contained components or 

contamination that resembled glycine, three replicates of 1 g simulant mixed with 1 mL of Prop10, 

including the IS, were prepared using the method described in Section 2.4.2.1 and each was 

injected three times into the GC-FID using the optimum settings (Table 2.3). Chromatograms for 

the sample replicates and their repeated injections were averaged and the y-axis normalised to 1 

for comparison (Figure 2.25). No peaks were found in either simulant that would interfere with a 

glycine peak.  
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Figure 2.25 Stacked chromatogram of average Phobos-1C and Phobos-1P simulant blanks with IS. Vertical axis 

normalised to 1. A strong IS peak falls at 4.2 minutes. 

Finally, to confirm the ingredients used to make the bespoke projectiles (Section 4.3) did not 

include any contamination that might overlap or mask glycine, a 0.04 g blank projectile (without 

glycine) was crushed and mixed with 1 mL of Prop10, including the IS, and prepared using the 

method described in Section 2.4.2.1. Three repeated injections were analysed using the optimum 

GC-FID settings, their chromatograms averaged, and the y-axis normalised to 1 for comparison 

(Figure 2.26). No peaks were found that would interfere with a glycine peak. 

 

Figure 2.26 Chromatogram of blank projectile, without glycine but containing IS.  
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2.4.2.3 Calibration curve derivation 

To infer glycine’s survivability after impact into Phobos regolith simulants (Section 2.3.5) 

quantification of the amount of glycine detected in post-impact simulant samples is vital. This is 

achieved by constructing a calibration curve of glycine GC-FID chromatogram peak areas against 

known concentrations. In addition, to assess whether the projectile making process (Section 4.3.4) 

or incorporation into Phobos-1P simulant target affects the efficiency of glycine extraction, two 

types of mixtures with known glycine concentrations were generated:  

1) Pure glycine standard powder dissolved in Prop10 (PureGly). A stock solution of 206 ng µL-1 

was prepared and diluted to intermittent concentrations. The uncertainty of weighing glycine was 

±0.01 mg and measuring Prop10 was ±0.01 mL, which has a negligible effect on the dilutions.  

2) A glycine-doped projectile (Section 4.3.4) crushed and mixed with 2 g of Phobos-1P simulant 

and 10 mL of Prop10 (ProjGly). Each sample was weighed individually considering that 46% of 

each projectile is estimated to be glycine from the projectile manufacturing process (Section 

4.3.4). For example, to achieve a 5.06 ng µL-1 glycine mixture, 0.11 mg of crushed projectile was 

combined with 10 mL of Prop10.   

The projectile mass had an uncertainty of ±0.01 mg. Owing to the unconstrained nature of the 

projectile-making process (Section 4.3.4), the proportion of glycine in each projectile is given an 

uncertainty of ±5%. The combined uncertainties were derived using the rms sum of the relative 

uncertainty in glycine proportion in projectile and in mass measurement, with the result indicating 

the uncertainty in mass measurement was negligible compared with the uncertainty over the 

glycine proportion in each projectile.  

Once weighed, samples of these glycine mixtures were prepared for GC-FID analysis using the 

method described in Section 2.4.2.1 and then analysed using the optimum GC-FID settings 

(Table 2.3).  

The resultant glycine peak area was normalised to the norvaline IS that remained at constant 

concentration throughout, in order to account for any injection-to-injection variation. These 

normalised glycine peak areas were plotted against concentration (Figure 2.27). To ensure the 

glycine peak was reliably identified, a standard signal to noise threshold of 2:1 was set in the post-

processing method. 2.76 ng µL-1 (equivalent to 0.054 mg of projectile in 2 g of Phobos-1P 

simulant and 10 mL of Prop10) was defined as the detection limit of projectile-derived glycine 

using GC-FID, because lower concentrations did not surpass the signal to noise threshold.  
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Figure 2.27 Comparison between average integrated area of glycine peaks normalised to their norvaline IS peaks for 

pure glycine in Prop10 (PureGly; blue) and projectile glycine combined with Phobos-1P and Prop10 (ProjGly;in red). 

Y-axis error bars are 3stds of the glycine peak area/IS peak area scatter and x-axis is the uncertainty in proportion of 

glycine in projectile of ±5% for ProjGly or 1.2 ng µL-1 for weighing glycine and measuring Prop10 for PureGly.  

The derived equations from the trendlines in Figure 2.27 can then be used to calculate the glycine 

concentration in an unknown sample:  

𝑃𝑢𝑟𝑒 𝑔𝑙𝑦𝑐𝑖𝑛𝑒: 𝑥 =
(𝑦 + 0.136)

0.0451
         𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑔𝑙𝑦𝑐𝑖𝑛𝑒: 𝑥 =

(𝑦 + 0.298)

0.0498
 

where x is glycine concentration in Prop10/ng µL-1 and y is the glycine integrated peak area 

normalised to the IS derived from a GC-FID chromatogram. The high R2 value of 0.9923 and 

0.9929 for both trendlines indicate their fit is good to the data and therefore the detection of 

glycine by the GC-FID is correct, being linear over the- range of glycine concentrations tested. 

An issue with the trendlines plotted in Figure 2.27 is that they have y-intercepts <0. Reasons for 

this could include baseline drift affecting the peak area of the glycine and IS with different 

retention times; components of the solvent interfering with the peaks of interest; or inconsistent 

peak trailing. However, the post-processing method accounts for baseline drift when integrating 

the peak areas; blanks were tested previously to show no interference with glycine or IS from the 

solvent or projectile material (Section 2.4.2.2); and the method was optimised previously (Section 

2.4.2.2) to generate the most consistent and minimal peak trailing. In addition, the y-intercepts of 

0.136 and 0.298, for pure and projectile glycine, respectively, are close to or fall within the root-

mean-square uncertainty in glycine/IS peak area of 0.291. Further tests on the method, such as 

using a different solvent or repeating the calibration injections an order of magnitude more times, 

could have been attempted to bring the y-intercept further within the uncertainty, although 

y = 0.0498x - 0.298
R² = 0.9929

y = 0.0451x - 0.136
R² = 0.9923
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consumable and time resources were not available to conduct this. Therefore, in this case it is 

assumed the y-intercept can be set to zero as this is generally within the normal variation of the 

data. This adjustment allows for the analysis of glycine/IS peaks generated by glycine 

concentrations up to 3.02 ng µL-1 and 5.98 ng µL-1, for pure and projectile glycine respectively, 

but more than or equal to the detection limit of ≥2.76 ng µL-1, that would otherwise be unphysical. 

This may prove crucial if glycine survival is at or close to the GC’s detection limit.  

In addition to the correction through the origin, the trend must also be weighted to the 

uncertainties. The solver function on Excel was used to find the best slope (g) to minimise the 

sumsq (difference between modelled y-value and the real y-value, divided by uncertainty in y), 

but keep the intercept at zero. The LINEST function was used to derive the uncertainty in the 

slope (dg), giving new equations to calculate the glycine concentration in new samples: 

𝑃𝑢𝑟𝑒 𝑔𝑙𝑦𝑐𝑖𝑛𝑒: 𝑥 =
𝑦

0.04757 ± 0.00146
         𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒 𝑔𝑙𝑦𝑐𝑖𝑛𝑒: 𝑥 =

𝑦

0.04395 ± 0.00143
 

Then the uncertainty in calculating concentration (dx) using the trend could then be derived by: 

𝑑𝑥 = 𝑥 × √(
𝑑𝑦

𝑦
)2 + (

𝑑𝑔

𝑔
)2  Equation 2.12 

Where a mean of the 3 σ was used for the uncertainty in glycine peak area over IS peak area (dy). 

The error-weighted fits and their plus and minus slope uncertainties are plotted alongside the 

original data with new dy and calculated dx values in Figure 2.28.  

 

Figure 2.28 Error-weighted and accompanying slope uncertainties for projectile glycine, blue-green tones; and pure 

glycine, red-pink tones.  
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Pure glycine data point at 20.6 ng µL-1 has an irregularly small uncertainty dy of 0.05, 5.8 times 

less than the root-mean-square uncertainty of 0.291. This low uncertainty reflects a significantly 

smaller scatter in normalised glycine peak area over IS peak area for that sample, which does not 

agree with the scatter in other analyses. A result of this is that the error-weighted slope for the 

pure glycine data in Figure 2.28 was drawn up such that three of the remaining four data points 

in the dataset plotted more than 3σ below the slope. To test whether this data point was an outlier 

skewing the trendline, the 20.6 ng µL-1 data point was removed, which brought the error-weighted 

fit down to a shallower slope of 0.04232 ± 0.0015 (Figure 2.29). The 20.6 ng µL-1 data point alone 

was then observed to be >>3σ away from this new slope, and therefore it could be confidently 

concluded that it was inconsistent with the remaining dataset and was unrealistically bringing up 

the slope. It is acknowledged that a larger dataset may have changed the confidence in the slope 

with and without this data point, although the consumables and time resources required to 

significantly broaden the sample size was not available at this stage of the project. Therefore, the 

20.6 ng µL-1 data point was confidently removed, and this resulted in a greater agreement of the 

slope with the dataset available, and also greater agreement between the pure and projectile 

glycine sample slopes within their uncertainties.   

 

Figure 2.29 Repeated previous figure, but with pure glycine datapoint at 20.6 ng µL-1 omitted to give a slope of 

0.04232 ± 0.0015.  

As a result, it can be concluded that, after removing outliers, there is good agreement between the 

calibration curves for pure glycine and projectile glycine. Therefore, the projectile making process 

does not damage or disrupt the glycine molecules from their pure state. This is in line with 

literature studies that suggest thermal decomposition of glycine will only take place above 185-

280 °C (Weiss et al. 2018; Yablokov et al. 2009) (above that used in the projectile manufacture, 

Section 4.3.4). Furthermore, there was no evidence of matrix interference from the binding of 
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glycine in the projectile or mixing into Phobos-1P that could have inhibited the extraction of 

glycine in Prop10. This is likely to be aided by the combination of SPE and liquid-liquid 

extraction in the EZ:faast™ kit that has been shown to isolate the target analytes from complex 

samples and reduce matrix effects (Zhou et al. 2012; Liu et al. 2011; Guo and Lee 2013). Finally, 

the measured glycine peak area over the IS peak area increases linearly with increasing 

concentration over a full range of concentrations tested. Therefore, the concentrations of glycine 

reported in this thesis should accurately represent the amount of glycine present in the sample 

before extraction, notwithstanding sampling errors.  

In conclusion, the concentration of glycine in unknown samples will be estimated with the 

following equation derived from the projectile glycine data only, because this is the closest 

representation of glycine that will be fired into the Phobos simulants, and derived over a wider 

test concentration range: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑦𝑐𝑖𝑛𝑒 𝑖𝑛 𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑛𝑔 µ𝐿−1) =  
(
𝐺𝑙𝑦𝑐𝑖𝑛𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝐼𝑆 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
)

0.04395 ± 0.00143
 

2.4.3 Projectile and simulant characterisation 

2.4.3.1 Density & Porosity 

To ensure small-scale numerical modelling (Chapter 5) can replicate the projectile and target 

materials used in the AALGG experiments (Chapter 4 and Chapter 5), the density and porosity of 

the manufactured glycine-doped projectiles (Section 4.3.4) and simulant targets (Section 2.3.5) 

was determined.  

Bulk density (ρb) was calculated by measuring the mass of material and dividing it by the volume 

it occupies. The projectiles were weighed on foil covered scales (±0.01 mg), and their dimensions 

measured carefully with calipers (±0.01 mm) cleaned with acetone to calculate their volume. The 

filled simulant targets containers were weighed (±0.5 g) and the empty container mass subtracted, 

and the occupied dimensions of the target containers were measured (±0.05 mm) to calculate their 

volume.  

With the ρb and a known particle density (ρp) specific to each material, the porosity (ϕ) was 

determined with: 

𝜙 = 1 −
𝜌𝑏

𝜌𝑝
  Equation 2.13 

2.4.3.2 Strength 

To assess which manufacturing method produced the strongest projectiles (Section 4.3), 

compressive strength tests were conducted at the Open University by Ellies Muyupa according to 
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the ASTM Standard – D7012 Method C for unconstrained uniaxial compression of intact rock 

specimens (ASTM 2017). The axial load is applied, and the displacement, load, compressive 

stress and compressive displacement are recorded throughout the test. Graphs were plotted 

(Figure 4.18 & Figure 4.19, Section 4.3.5) of compressive stress ( MPa) and time (seconds) to 

identify the point at which the specimen fails (shown by a sudden drop in compressive stress).   

  

Figure 2.30 Shear box test illustrative diagram, with calculations to determine the coefficient of internal friction and 

the cohesive strength of the granular material.  

To determine the cohesive strength and coefficient of internal friction of the Phobos-1P and -1C 

targets, for use in numerical modelling, small shear box tests were conducted by K4 Soils (Figure 

2.30). Granular material sample is placed within a box, with known cross-sectional area, Ac. The 

bottom is held fixed with a force transducer to measure friction force, FF. A normal load, FN, is 

placed on top of the shear box. A driver motor pushes the top to generate shear until a failure 

point. Normal stress, σ, is FN/Ac and shear stress, τ, is FF/Ac. σ are plotted against τ at the point of 

failure for several different normal forces. A Mohr-Coulomb envelope linear line can be drawn 

between the points. The area of this line is tan Φ equal to the coefficient of friction. The intercept 

of the line with the y-axis is the cohesive strength of the material in kPa.   

2.4.3.3 Scanning Electron Microscope 

Scanning Electron Microscopy (SEM) is a tool that can used for textural, chemical and 

mineralogical characterisation of materials at high resolution (0.5 nm) and magnification. In this 

thesis, it was used to characterise the texture and homogeneity of the manufactured glycine-doped 

projectiles (Section 4.3.4), and target simulants Phobos-1P and Phobos-1C pre- and post-impact 

(Sections 5.2, 5.3 and 5.4). 

Samples were either mounted as raw grains onto a metal stub using an adhesive carbon tab or 

suspended in an epoxy block and polished to achieve a flat surface, critical for reducing focussing 
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issues and to ensure electron refraction is consistent. These epoxy blocks were prepared at the 

Open University by Kay Knight and Michelle Higgins. To reduce charging, the samples were 

coated with 10 nm of carbon using safematic CCU010 Compact Coating Unit. Samples were also 

attached to sample holders with copper tape, to allow electrons to dissipate off the surface of the 

sample.   

Over the course of the project, different SEMs were used at the Open University owing to COVID 

restrictions and replacement of instruments with newer models. These were: 1) FEI Quanta 2003D 

Focussed Ion Beam Scanning Electron Microscope (FEI Quanta FIB-SEM) equipped with an 

Oxford Instruments INCA EDS detector, using a 20 kV gallium ion beam; 2) Zeiss Supra 55 VP 

Field Emission Gun Scanning Electron Microscope (Zeiss Supra FEG-SEM), equipped with a 

Centaurus BSE detector and Oxford Instruments X-Max 50 mm2 EDS detector; and 3) Zeiss 

Crossbeam 550 Focussed Ion Beam Scanning Electron Microscope (Zeiss Crossbeam FIB-SEM) 

equipped with a Gemini II SEM column and Oxford Instruments Ultim® Max EDS detector. The 

instrument used for each analysis will be stated with the data, but broadly: the FEI Quanta FIB-

SEM was used for textural and compositional analysis of the pristine Phobos-1P and Phobos-1C 

simulants and their constituents (Section 2.3.5), and the Zeiss Supra FEG-SEM was used to 

characterise the texture and homogeneity of the manufactured glycine-doped projectiles (Section 

4.3.4). The Zeiss Crossbeam FIB-SEM was used to characterise the post-impact simulant samples 

(Section 5.2). The FEI Quanta FIB-SEM and Zeiss Supra FEG-SEM used INCA AutoMate 

SmartMap and Aztec Automate Mapping software features, respectively, to create high-quality 

BSE and elemental maps. The Zeiss Crossbeam FIB-SEM used primarily Aztec for acquisition 

and analysis. Aztec and INCA run similarly and generate similar output.  

For all analyses, the SEM chamber was held at a ~10-5 mbar vacuum and a 20 keV accelerating 

voltage. The current used for the FEI Quanta FIB-SEM and Zeiss Supra FEG-SEM was 0.6 nA, 

and 1.0-3.0 nA for the Zeiss Crossbeam FIB-SEM. A working distance of 15 mm was used for 

the FEI Quanta FIB-SEM and 8 mm for the Zeiss Supra FEG-SEM and Zeiss Crossbeam FIB-

SEM. A resolution of 2048 x 1024 was used for the elemental maps. Beam calibration was carried 

out using the copper tape used to attach the sample, using the Optimise function in Aztec.  

To evaluate quantitative geochemical data with the Zeiss Supra FEG-SEM and Zeiss Crossbeam 

FIB-SEM, post-acquisition processing was completed using Aztec data analysis software. Trace 

elements unlikely to be present within the materials above detection limits were removed from 

the data as their presence was an artefact shown by the even scattering of points across the x-ray 

map. Maps were reprocessed as TruMaps that remove background and X-ray peak overlays, and 

then as QuantMaps that also account for sample matrix effects and pile up artefacts to display 

geochemical data in atomic%, weight%, oxide% or atomic concentration. AutoPhaseMap can 

also be used to automatically separate phases and their quantitative geochemical data for analysis. 
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2.4.3.4 X-ray diffraction 

An additional analytical technique for identifying modifications in post-impact materials is X-ray 

diffraction (XRD) (Section 5.4). XRD identifies minerals by their crystallographic structure 

revealed by diffraction patterns of x-rays and therefore modifications in crystallographic structure 

between pre- and post-impact materials can be resolved. Atoms arranged within crystal lattices 

with specific plane distances (d) and incident x-rays (known wavelength, λ) get scattered by 

crystal atom electrons, elastic scattering. The angle between the incident and scattered x-ray beam 

(2θ) is measured as the XRD instrument rotates over the sample. Bragg’s law (2dsinθ = nλ) 

determines the d-spacing which is characteristic of mineral structures, to enable mineral 

identification.  

The XRD analysis presented in this thesis was carried out by Dr Matthew Kershaw using the 

Siemens D5000 XRD at the Open University. Standard powder diffraction (Bragg-Brentano) 

geometry was used and a copper long- fine-focus X-ray tube energised at 40 kV and 40 mA. The 

wavelength of the copper k-alpha X-rays was 1.5406 Å. 1 mL samples were ground into a fine 

powder (if not already) and pressed into plastic disc containers for analysis (Figure 2.31).  

 

Figure 2.31 XRD plastic sample holder for 1 mL powder sample. 

2.4.4 ArcGIS analysis 

To quantitively analyse the distribution of craters made by buckshot projectile fragments onto a 

witness plate to determine the proportion of the projectile passing through the stop plate aperture 

to the target (Section 2.3.2, Figure 2.15), ArcGIS was used (Section 4.4). High resolution images 

were taken of the witness plates, georeferenced and shape files created to map all resolvable 

craters. ArcGIS recorded the crater area, spatial distribution and a mean point with a 1σ ellipse 

both weighted and unweighted to crater area to visualise the region where most projectile 

fragments impacted. The number of craters and crater area that impacted within the region where 

the stop plate aperture would have been, were extracted and compared between different launch 

velocities.  
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Chapter 3                

Large-scale hydrocode 

modelling 

3.1 Introduction 
This chapter addresses the first thesis objective of investigating the delivery of martian ejecta, 

possibly containing biosignatures, to Phobos on realistic spatial and temporal scales (Section 2.1). 

In lieu of direct observations of martian material impacting Phobos or laboratory experiments that 

accurately simulate impacts on realistic scales, numerical modelling was adopted.  

Past numerical simulations have fallen short of accurately simulating martian material impacting 

Phobos (Section 2.2.1). Therefore, the modelling approach taken here follows previous projectile 

survivability studies using iSALE (Davison et al. 2011; Potter and Collins 2013; Halim et al. 

2021), and other shock physics codes e.g., CTH (Potter and Collins 2013; McGlaun et al. 1990), 

but uses tailored input parameters to match best estimates for Mars and Phobos’ compositional 

and physical characteristics (Section 2.1). The rationale for using iSALE-2D was provided in 

Chapter 2.  

The simulations were conducted by Samuel Halim (COVID statement), but the input parameters 

and interpretations of the results were completed independently. The process of martian ejecta 

impacting Phobos is highly stochastic, resulting in a broad range of representative values for 

impactor and target input parameters (Sections 3.2.1 and 3.2.2). The influence varying the values 

of different projectile and target parameters has on the resultant temperature and pressure 

conditions within the projectile during the iSALE simulations are largely uncertain. Therefore, 

this is critically assessed in the first part of this chapter (Section 3.4.1). 
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Computing every combination of values within realistic ranges was too computationally 

expensive, so select parameter tests were chosen (outlined in Sections 3.2.1 and 3.2.2  and 

highlighted as blue rectangles in Figure 3.1).  

This led to the following research objectives: 

• Explore the effect varying Mars projectile characteristics, e.g., composition, porosity, 

density, strength and size, have on the average, peak-shock, and spread of temperatures 

and pressures across a projectile during impact. 

• Explore the effect varying Phobos target characteristics, e.g., composition, porosity, 

density, strength and regolith depth, have on the average, peak-shock, and spread of 

temperatures and pressures across a projectile during impact. 

• Extract the peak-shock and post-shock temperature and pressure conditions that occur 

spatially across a projectile during impact over the simulation duration. 

• For each parameter test scenario, determine whether peak temperatures or pressures are 

the main contributor for conditions in the projectile to be intolerable for biosignatures. 

• Determine whether regions of lower temperature or pressure are spatially consistent 

between different parameter test scenarios, whether consistent temperature/pressure 

patterns exist and if there is a transition between spatial pattern types. 

The resultant temperature and pressure data from these parameter tests were compared against 

biosignature survival criteria from the literature (Section 3.3) to determine the volume of each 

scenario’s projectile that exhibits conditions tolerable or intolerable for biosignature survival 

(referred to from now on as best- and worst-case input scenarios for biosignature survival). The 

scenarios were then ranked according to potential biosignature survival. The best- and worst-case 

end-member projectile and target input parameters (Figure 3.1) were then combined in subsequent 

simulations to encompass all realistic parameter values to consider the influence of impact 

velocity (Figure 3.1).  

This chapter accounts for the highly stochastic and poorly defined nature of martian material 

impacting Phobos by encompassing upper and lower limits to as many variables as 

computationally feasible within this study. The results contribute to the broad aim of this thesis 

by providing preliminary large-scale insight into the potential survival of biosignatures during 

impact delivery, and which projectile, target and impact parameters are most conducive to 

biosignature survival. These results will then be ground-truthed against practical experiments in 

Chapter 4 and Chapter 5. 
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Figure 3.1 Flow chart of the study process. Mars-like projectile and 

Phobos-like target parameter variables stated at the top. Investigated 

parameters (blue) lead to research questions. Parameter tests 

investigate each research question, and the output data inform the 

“best”/“worst” conditions within the projectile for biosignature 

survival. Final simulations investigate impact velocity. 
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3.2 Modifiable impact parameters 
iSALE-2D has a broad range of customisable parameters, although it was not possible within the 

timescale of this project to test them all. Therefore, select parameter tests were conducted (Figure 

3.1 and Section 3.4.1) and remaining parameters were kept constant. This section outlines the 

case for parameter selection when considering realistic values for martian ejecta-like projectiles 

and Phobos-like targets (Figure 3.2).  

 

Figure 3.2 Illustrative diagram of simulations at timestep 0 and summary of modifiable parameters also summarised 

in Table 3.3. 

3.2.1 Mars-like impactor parameters 

3.2.1.1 Basalt impactor 

Owing to the lack of shock information for Mars and Phobos materials, simulations were limited 

to materials available in the iSALE EoS library (Thompson and Lauson, 1974) (Section 2.2.3), 

with the choice of material based on the best estimates for martian ejecta and Phobos’ regolith 

(Section 2.1).  

The most likely composition of Mars material impacting Phobos is basaltic in composition 

(Section 2.1.1.1). The basalt EoS used comes from Pierazzo et al., (2005) and represents a range 

of shock properties of several different terrestrial basalts (Figure 3.3) that fall within the broad 

compositional ranges of martian basalts (Figure 3.4). Furthermore, shock properties of terrestrial 

basalts correspond with ejected martian basalts because hypervelocity ejection of slightly shocked 

(peak-shock pressures of 28-31 GPa) material can occur in the upper ~20 m of the martian surface, 

according to spallation theory (Melosh 1984; Fritz et al. 2005; Artemieva and Ivanov 2004). A 

high-pressure gradient in the root of the ejecta curtain leads to gradual and sustained acceleration 

to high ejection velocities, without a sudden jump in pressure - a process called post-shock 

acceleration (Kurosawa et al. 2018; Okamoto et al. 2020). Therefore, a terrestrial basaltic 
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analogue material, lacking shock metamorphism is a reasonable representation of basaltic martian 

ejecta impacting Phobos.  

 

Figure 3.3 Particle velocity vs. shock velocity graph comparing Basalt EoS Hugoniot with three terrestrial basalts 

(triangles) (Ahrens and Gregson 1964; van Thiel et al. 1977; Jones et al. 1968; Nakazawa et al. 1997; Bass et al. 1963; 

Sekine et al. 2008); martian regolith simulant (diamond) (Plesko et al. 2011); and pure fayalite (crosses) (Chen et al. 

2002; Marsh 1980). Additional porosity shifts the Hugoniot downwards because pore space collapse impedes shock 

front velocity (Section 1.3.2.2). In this case 0% porosity Basalt EoS best matches the terrestrial basalt samples. 

 

Figure 3.4 Total alkalis-silica diagram used for classifying volcanic rocks (Le Bas et al. 1986), repeated from Figure 

2.1 Section 2.1.1.1. Mars basalts compared to terrestrial analogues used for the basalt EoS Nuclear Test Site (van 

Thiel et al. 1977; Bass et al. 1963), Vacaville basalt (Sekine et al. 2008; Ahrens and Gregson 1964; Jones et al. 1968; 

van Thiel et al. 1977) and Kinosaki basalt (Nakazawa et al. 1997; Sekine et al. 2008).  

3.2.1.2 Serpentine impactor 

Despite igneous lithologies being the most likely martian ejecta, they may not be the best 

materials in which to preserve martian biosignatures (Section 2.1.1.1). Clay-bearing sedimentary 

lithologies have been shown to be more plausible hosts for biosignatures (Zhao et al. 2018; 
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Hashiguchi and Naraoka 2019; Le Guillou et al. 2014; Yesiltas and Kebukawa 2016; dos Santos 

et al. 2016; Poch et al. 2015; Vinnichenko et al. 2020).  

Of the sedimentary rock types available within the iSALE EoS library, the phyllosilicate mineral 

serpentine is the closest material to clay- (and potentially biosignature-) -bearing martian ejecta. 

The serpentine EoS used comes from Brookshaw (1998) and corresponds well with the shock 

properties of known martian analogue materials (dos Santos et al. 2016; Cuadros et al. 2019; 

Ertem et al. 2017; Gil-Lozano et al. 2020) (Figure 3.5).  

 

Figure 3.5 Particle velocity vs. shock velocity graph showing how the Serpentine EoS Hugoniot represents raw shock 

behaviour data from four terrestrial clay samples (Gang et al. 2019; Kraus et al. 2013; Anderson et al. 1995; Tyburczy 

et al. 1991). 20% porosity Serpentine EoS best matches the clay samples. 

These analogue materials have intrinsic porosities of 10-25%, and so match most closely with the 

20% porosity EoS. Agreement of the serpentine EoS with martian analogues justifies its use to 

represent martian clay-bearing materials ejected from Mars, in lieu of direct shock data from 

martian samples.  

A comparison between biosignature survivability within a basalt or serpentine projectile is 

investigated in Section 3.4.2.    

3.2.1.3 Porosity & Density 

Figure 3.2 & Figure 3.3 show materials respond differently to shock depending on porosity and 

therefore density, with increased porosity reducing the shock wave velocity, which as a result 

leads to lower peak-shock pressures but higher peak-shock temperatures (Section 2.2.3). Halim 

et al. 2021 highlighted links between increased porosity and decreased biosignature survival in 
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basalt projectiles in the context of terrestrial biosignatures surviving impact-driven transfer to the 

Moon. Therefore, material porosity is considered carefully in this study. 

Estimates for the density of martian basalts range from 2600-3700 kg m-3, with the average above 

3100 kg m-3 and porosity of 2-11% (Section 2.1.1.1). However, because iSALE uses material bulk 

density, which combines fixed particle density with fixed particle porosity (microporosity) and 

modifiable intergranular porosity (macroporosity) (Equation 2.1, Section 2.2.3), the desired bulk 

density is achieved by modifying the macroporosity (Table 3.1).  

Table 3.1 Bulk density calculations for materials chosen from the iSALE material library. 

For each chosen iSALE material the intrinsic particle density and microporosity are given. [1] Allen, 1967 [2] Bass et 

al., 1963 [3] Bass, 1966 [4] Brookshaw, 1998 [5] Tyburczy and Ahrens, 1988 [6] Tyburczy et al., 1991 [7] Pierazzo 

et al., 2005 [8] Ahrens and Gregson, 1964 [9] Jones et al., 1968 [10] van Thiel et al., 1977 [11] Nakazawa et al., 1997. 

To get closest to the average density of martian basalts, the macroporosity was fixed at 0% to give 

a bulk density of 2874 kg m-3 (Table 3.1). This falls short of the estimated macroporosity for 

martian basalts; however, a porosity >0 has already been shown to generate lower resultant 

pressures and temperatures in the projectile (Halim et al. 2021), and lower momentum transfer 

efficiencies (Cheng et al. 2016). Therefore, setting the basalt EoS to 0% macroporosity can put 

an upper limit on resultant projectile temperature and pressure conditions, and in turn biosignature 

survival, in martian basaltic projectiles. 

Property Tuff Serpentine Basalt 

ρs = Solid particle density (kg m-3) 2308 2505 2933 

φmicro = material microporosity (%) 22 0 2 

ρm = Particle density (kg m-3) 1800[1-3] 2505[4-6] 2874[7-11] 

ρm = ρs × (1-φmicro) 
1800 = 2308 × 

(1-0.22) 

2505 = 2505 × 

(1-0) 

2874 = 2933 × 

(1-0.02) 

Φssmacro = subsurface macroporosity (%) 0 0 0 

ρss = Bulk density of subsurface (kg m-3) 1800 2505 2874 

ρss = ρm × (1-φmicro) × (1-φssmacro) 

1800 = 2308 × 

(1-0.22) × 

(1-0) 

2505 = 2505 × 

(1-0) × (1-0) 

2874 = 2933 × 

(1-0.02) × (1-

0) 

φregmacro = regolith macroporosity (%) 35 35 35 

ρr = Bulk density of regolith (kg m-3) 1170 1629 1868 

ρr = ρm × (1-φmicro) × (1-φregmacro) 

1170 = 2308 × 

(1-0.22) × 

(1-0.35) 

1629 = 2505 × 

(1-0) × (1-

0.35) 

1822 = 2860 × 

(1-0.02) × 

(1-0.35) 
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The intrinsic microporosity of the serpentine EoS used in iSALE is 0% giving a maximum 

possible bulk density of 2505 kg m-3, assuming 0% macroporosity (Table 3.1). Estimates for the 

density of martian sedimentary materials range from ~1500-2500 kg m-3 and porosity 40 ± 6% 

(Section 2.1.1.1). Therefore, macroporosities of between 0 and 40% could be applied to the 

serpentine EoS to span this range.  

The effect of porosity on the resultant temperature and pressure conditions within a serpentine 

projectile have not been investigated previously, but the Hugoniots in Figure 3.5 suggest, like 

basalt, added macroporosity will reduce the shock wave velocity and should affect peak-shock 

pressures and temperatures experienced. Therefore, simulations were conducted to assess how 

varying the porosity of a serpentine projectile, within realistic ranges for Mars-like serpentine (0-

40%), affects temperature and pressure within the projectile during impact (Figure 3.2, Table 3.3-

4 in Section 3.4 and Sections 3.4.1.4 and 3.4.2).  

3.2.1.4 Strength 

Material strength, systematically controlled by cohesion, is hypothesized to be the dominant 

parameter of shear heating, whereby stronger (and more cohesive) materials exhibit enhanced 

heating in comparison to pressure (Section 1.3.2.3). Therefore, the cohesive strength of materials 

in the simulation will be critical for biosignature survivability. However, the compressive and 

cohesive strength of martian basalts could be between 40-300 MPa and 1-10 MPa, and for 

sedimentary materials 5-30 MPa and 0.3-12 MPa (Section 2.1.1.3). Investigating a range of both 

compressive and cohesive strengths for the projectile and the target would expand the number of 

simulations beyond those feasible in this project. Furthermore, the resultant temperature and 

pressure conditions within the projectile could vary broadly, because cohesive and compressive 

strength of martian sedimentary material and Phobos’ regolith are so poorly defined that 

meaningful interpretations would be difficult to extract. Therefore, compressive and cohesive 

strengths for the projectiles were fixed at representative values (basalt:150 MPa and 10 MPa, 

respectively; and sedimentary:14 MPa and 5 MPa, respectively).  

3.2.1.5 Size & Shape 

The shape of martian ejecta is poorly constrained (Section 2.1.1.4), however, analogue studies 

have suggested most ejecta fragments are equant (Lange et al. 1984; Senthil Kumar et al. 2014). 

For simplicity, ejecta particles are approximated as equidimensional spheres (Figure 3.2) in this 

study, eliminating possible focal points for shock potentially caused by angular shaped projectiles 

(Evans et al. 2015).  

The size range of martian ejecta fragments impacting Phobos is also poorly constrained (Section 

2.1.1.4). Furthermore, the influence projectile size has on the conditions within the projectile, 

which could affect biosignature survivability, is uncertain. Pierazzo and Chyba (1999) have 
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suggested absolute peak-shock temperatures and pressures do not vary significantly with changes 

in projectile size, but the cooling rate of material is increased for larger projectiles. However, the 

projectiles investigated in Pierazzo and Chyba's (1999) study were several orders of magnitude 

larger than the estimated ~0.01-10 m range impacting Phobos, and impacted at greater velocities 

than martian ejecta particles impacting Phobos. Therefore, the influence of projectile size on 

pressure and temperature conditions within the projectile may be different on different spatial 

scales. 

Specific simulations to investigate the influence projectile size had on projectile temperature and 

pressure conditions during impact were intended, but the high resolution of the model made it too 

computationally expensive to test very small projectiles (1 cm or 10 cm in diameter). Therefore, 

the projectile was mostly kept at 10 m in diameter, with the target regolith depth/projectile 

diameter ratio investigated by varying the target regolith depth rather than the projectile diameter 

(Section 3.4.1.3). However, a preliminary investigation was undertaken of smaller projectiles 

(Section 3.4.1.4) as a by-product of an investigation into serpentine projectile density. In that 

simulation the projectile was 1 m in diameter, and only cautious qualitative interpretations could 

be made.  

3.2.1.6 Impact velocity 

The impact velocity of martian material on Phobos could range from ~580 m s-1 to 15 km s-1, with 

the most likely being 4-5 km s-1 (Section 2.1.1.5). Higher impact velocities occur from material 

leaving the martian system, so are less likely to impact Phobos as they do not have a second 

chance at impacting Phobos on their return journey to Mars (Chappaz et al. 2013; Ramsley and 

Head 2013a; Fujita et al. 2019; Kurosawa et al. 2019). Therefore, a reasonable upper limit to 

impact velocity was set at 8.5 km s-1. To span the range of realistic and likely impact velocities, 

simulations were conducted between 0.5 and 8.5 km s-1, at intervals of 2 km s-1.  

3.2.2 Phobos-like target parameters 

3.2.2.1 Regolith depth 

Phobos’ regolith is estimated to vary ~5 to several 100 m with an average of 35 m (Section 1.2.3 

and 2.1.3.1). When the regolith depth is more than three times the diameter of the projectile, 

underlying material has a negligible effect on changing the conditions within the projectile during 

impact (Melosh 1989; French 1998). Therefore, the regolith depth to projectile diameter ratio was 

tested up to a maximum of 3.5 (Figure 3.2 and Table 3.3-3 in Section 3.4), because scenarios with 

higher ratios have, effectively, unlimited regolith. The influence regolith depth has on projectile 

pressure and temperature conditions, when projectile diameter remains constant, is discussed in 

Section 3.4.1.3. 
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3.2.2.2 Composition 

Best estimates for Phobos’ composition reflect a D- or T-type asteroid or carbonaceous chondrite, 

like Tagish Lake (Section 1.2.5 and 2.1.3.2). Unfortunately, a carbonaceous chondrite 

composition was not available within the iSALE EoS library, and to establish one would require 

experiments on carbonaceous chondrites to be conducted, which were not feasible under time and 

COVID constraints. Instead, relevant alternatives within the iSALE EoS library were considered, 

including basalt; serpentine, and dry tuff (Figure 3.2). 

Basalt has been widely used to represent asteroidal material in iSALE simulations (e.g., Raducan 

et al., (2022, 2019); Turrini et al., (2014)), owing to its compositional relevance and it being the 

most widely examined and reliable EoS available (Pierazzo et al. 2005). A significant feldspathic 

component, resembling basalt, has been hypothesised for Phobos’ surface (Giuranna et al. 2011; 

Glotch et al. 2018), in addition to the carbonaceous chondrite composition, and basalt has 

previously been used to represent Phobos in iSALE simulations (Lucchetti et al. 2015; Xi et al. 

2022). Therefore, the basalt EoS is a valid alternative to a carbonaceous chondrite EoS. By 

extension, the dry tuff EoS, is also applicable because the samples used to generate it were basaltic 

in composition (Minor et al. 1993). Dry tuff was composed of loose, fine-grained ash with an 

intrinsic microporosity of 27% (Bass et al. 1963; Bass 1966), which may resemble the structural 

properties of the hypothesised Phobos regolith more than solid basalt. Alternatively, serpentine is 

also viable because phyllosilicates have been hypothesised from Phobos’ reflectance spectra 

(Fraeman et al. 2014).  

The uncertainty of Phobos’ composition means it is challenging to prioritise one material over 

another, so simulations were conducted to investigate how target composition controlled the 

projectile temperature and pressure conditions during impact (Section 3.4.1.1). Relevant materials 

were distributed within the regolith or subsurface layers (Figure 3.2) to make several different 

target composition combinations. Dry tuff has a much lower density than basalt and serpentine 

(Table 3.1), so it was unrealistic for dry tuff to occupy the subsurface layer with basalt or 

serpentine overlain, so these configurations were omitted (unless the regolith layer was also dry 

tuff), resulting in seven configurations (Table 3.3-1 in Section 3.4).  

3.2.2.3 Porosity & Density 

The chosen target materials have intrinsic microporosities from the original samples used to make 

their EoSs. Again, these microporosities control the intrinsic particle densities and therefore the 

maximum bulk densities for each material.  

Estimates for Phobos’ regolith bulk density are ~1600 ± 300 kg m-3 (Section 2.1.3.3). To closely 

match relevant iSALE material bulk densities with estimates for Phobos’ regolith, a 

macroporosity of 35% was applied to each materials’ particle density (Table 3.1). This value falls 
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within estimates of Phobos’ regolith macroporosity (15 to 50%; Busch et al., 2007; Rambaux et 

al., 2012; Rickman et al., 2016; Rosenblatt, 2011). Since increases in target macroporosity can 

reduce mean peak-shock pressures and temperatures within projectiles during impact (e.g., Halim 

et al., 2021), it was important to keep the macroporosity within the target constant, to test other 

parameters.  

As a probable rubble pile with an inter-boulder macroporosity in the region of 30% (Andert et al. 

2010; Hurford et al. 2015), the bulk density of Phobos is low at ~1860 g m-3 (Willner et al. 2014; 

Pätzold et al. 2014c; Rosenblatt 2011). However, the boulders that make up the rubble pile are 

likely to be <50 m in diameter, in line with recently observed asteroids Itokawa (Fujiwara et al. 

2006), Bennu (DellaGiustina et al. 2019) and Ryugu (Grott et al. 2020). This implies the rubble 

pile boulders would be more than 5 times larger than the maximum Mars-like ejecta projectile 

considered in this study (Section 3.2.1.5); therefore, Phobos’ subsurface can be approximated as 

a solid interior with the physical properties of the rubble pile boulders, rather than the bulk moon. 

The density of rubble pile boulders within Phobos has been estimated at ~2650 kg m-3 (Le Maistre 

et al. 2019). This corresponds well with the lower bulk density of the moon considering the inter-

boulder macroporosity of 30%. Also, this agrees with material analogues e.g., lunar soils and 

heated and dehydrated carbonaceous chondrites (Britt and Consolmagno 2003; Busch et al. 2007). 

Furthermore, this density is reasonably close to the particle densities of the relevant iSALE basalt 

and serpentine chosen to represent Phobos’ subsurface (Table 3.1); therefore, the interior of 

Phobos was assumed to have no macroporosity (on the scale of the impact zone) allowing the 

materials to take their intrinsic particle densities. Dry tuff’s particle density is much lower than 

basalt and serpentine because it has a higher microporosity (Table 3.1). This contributed to the 

decision to exclude dry tuff from the subsurface layer (Figure 3.2), unless the regolith layer was 

also dry tuff, to avoid a case where a denser material would overlay a less dense material. 

In summary, in all simulations the Phobos target consisted of a regolith composed of basalt, 

serpentine or dry tuff with a macroporosity of 35%, overlying a solid deep subsurface layer, 

composed of basalt or serpentine, with 0% macroporosity. Keeping the porosities constant for 

different materials means the absolute density of the regolith and subsurface layers varied with 

changing material because of their unique intrinsic particle densities.  

3.2.2.4 Strength 

Estimates for Phobos’ regolith compressive and cohesive strengths range from ~0.7 to 1.7 MPa 

and ~50 Pa to 1 kPa, respectively (Section 2.1.3.4). As with the Mars-like projectile (Section 

3.2.1.4) the compressive and cohesive strengths of Phobos’ regolith were fixed at intermediate 

values 1 MPa and 300 Pa, respectively.  

Phobos’ subsurface compressive and cohesive strengths are also challenging to define, owing to 

the lack of in situ investigation, and whether a rubble boulder is considered or the subsurface as 
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a whole. Estimates for compressive and cohesive strengths range from 0.1-50 MPa and <100 Pa 

to 20 MPa, respectively (Section 2.1.3.4). It was decided to fix the subsurface compressive 

strength at the top-end, 50 MPa, because this has been used previously to represent Phobos (Black 

and Mittal 2015) and corresponds well with the maximum compressive strength of a cohesive 

Phobos simulant (Covey and Metzger 2018). Furthermore, a higher compressive strength would 

generate higher projectile pressure and temperature conditions (Section 3.2.1.4), providing an 

upper limit on biosignature survival within the projectile.  

The cohesive strength of colliding materials plays an important role in the addition of shear 

heating to the system (Section 3.2.1.4). Owing to the almost two orders of magnitude range of 

estimates for Phobos’ subsurface cohesive strength, it was important to assess the influence this 

had on the pressure and temperature conditions within the projectile. Therefore, simulations were 

conducted where the compressive strengths of the regolith and subsurface remained constant at 

1 MPa and 50 MPa, respectively, but three subsurface cohesive strength scenarios were 

investigated (Figure 3.2, Table 3.3-2 in Section 3.4): a continuous deep regolith (300 Pa); a 

weaker subsurface (1 MPa), and a stronger subsurface (20 MPa) (Section 3.4.1.2). 

3.2.2.5 Surface temperature & gravity 

It is assumed that Phobos’ surface temperature is constant at 200 K (Figure 3.2). This is the 

midpoint of the range 120-280 K ascertained from models run by Kuzmin and Zabalueva (2018) 

for the sub-martian hemisphere winter. It is acknowledged that Phobos’ surface temperature can 

vary by several hundred K depending on time of day, season, periodic eclipses by Mars, reflected 

and thermal radiation from the martian surface and variation in Phobos’ surface albedo (Kuzmin 

and Zabalueva 2003, 2018). However, the effect of Phobos’ surface temperature on the conditions 

generated within the projectile is not being tested here, because variations in impact velocity result 

in significantly greater changes in energy in the system compared to small changes in initial target 

surface temperature (Melosh 1989; Davison 2010).  

All simulations used Phobos gravity of 0.0057 m s-2 (Figure 3.2). 

3.3 Biosignature survival criteria 
Organic molecules cannot be included in the model, so the approach taken was to compare the 

projectile temperature and pressure conditions during impact with literature-derived biosignature 

survival limits (Table 3.2).  

Peak-shock temperatures and pressures experienced by metre-sized projectiles are sustained for 

<1 µs. (Section 1.3.1) After this time, pressure reverts to ambient conditions. Past investigations 

into the survival of organic molecules and organisms at peak-shock pressures and temperatures 

are summarised in Table 3.2 and indicate detection of different biosignatures is possible following 
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peak-shock pressures of up to ~18-25 GPa. The published data in Table 3.2 were measured over 

impact timescales, so are applicable to the survival of biosignatures in this study. However, 

although high shock temperatures can linger for orders of magnitude longer than peak-shock 

conditions (Section 1.3.1), the laboratory flash heating timescales in Table 3.2 ran for significantly 

longer (millisecond to minutes) than peak-shock temperatures sustained during impact (Matrajt 

et al. 2006; Patel et al. 2019). This makes isolating short-term shock heating effects during 

impacts on biosignature destruction challenging.  

Organisms, amino acids and organic carbon have been studied for their survivability at different 

temperatures and pressures (Table 3.2).  

However, the outcome is highly dependent on time of exposure. For example, organic carbon can 

be recovered after heating to 815 °C for up to 2 s, but only up to 600 °C for up to 5 s (Wilson 

2010), with a substantial reduction in longer chain alkanes (C10-C13) seen in pyrolysis experiments 

of Murchison meteorite over 20 s rather than 2 s. Amino acids can be recovered following heating 

to 500-600 °C for up to 5 s (Matrajt et al. 2006), but only up to 300-500 °C for up to 1 hour 

(Rodante 1992; Basiuk and Navarro-González 1998; Basiuk and Douda 1999); this is also shown 

by a 41% reduction in amino acid diversity in Murchison when heated for 30 s rather than 5 s 

(Glavin and Bada 2004). Lastly, select organisms can be recovered up to 300-500 °C for up to 1 s 

(Patel et al. 2019), but only up to 180-300 °C for up to 30 s (Sancisi-Frey et al. 2006). Longer 

heating durations would lead to dehydrogenation and decomposition of organics (Chou and 

McAtee 1969).  

A relationship between exposure time and biosignature destruction in the sub-microsecond realm 

remains poorly defined. Previously, the Arrhenius equation (Nelson 1967) has been used (Halim 

et al. 2021; Pierazzo and Chyba 1999) to calculate the change in mass of a biosignature with time-

dependent thermal degradation. However, it requires input of specific biosignature activation 

energy (kcal mol-1) and pre-exponential factor (s-1) derived from heating experiments (Rodante 

1992; Canoira et al. 2003) that run at temporal scales exceeding shock heating by several orders 

of magnitude. Therefore, the Arrhenius equation can only provide first-order approximations for 

extended periods of heating, which in an impact cratering context would only occur in the largest 

impacts where post-impact temperatures linger in materials for minutes to hours. Over the 

simulation durations in this chapter (0.05 s, Section 2.2.2) the degradation of amino acids, e.g., 

arginine, is estimated by the Arrhenius equation as ≲0.007% (Nelson 1967; Rodante 1992; 

Canoira et al. 2003). This is inconsistent with the observations of impact experiments (Table 3.2), 

which may have been unable to directly measure temperature during impact but saw considerable 

organic destruction during impacts over similar timescales and energies. Even if organic survival 

rate over shock timescales remains uncertain it is likely between the second-minute timescales of 

experiments in Table 3.2 and those suggested by the Arrhenius equation.  
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Table 3.2 Summary of findings from past investigations into the survivability of organic molecules, biosignatures and 

organisms in various shock conditions. 

 

 

Method Biosignature Maximum survival shock 

conditions 

Flash heating of Murchison for 2 and 

5 s to >1000 °C 

(Wilson 2010) 

Organic & inorganic carbon 

contained in Murchison meteorite 

>1 wt% organic carbon recovered: 

≲815 °C for 2 s 

≲600 °C for 5 s 

Inorganic carbon detected @ 1000 °C 

Flyer plate tests into serpentine and 

olivine 12.1-33.4 GPa for ~1 μs 

(Mimura and Toyama 2005) 

PAHs (phenanthrene, fluoranthene, 

pyrene)  

<5% recovery: 

>25 GPa 

Light gas gun shots with doped ice 

projectiles and fired into ice @ 

4.19 km s-1  

(Burchell et al. 2014a) 

 

Steel spheres fired into doped frozen 

ice targets @ 4.9 km s-1 (Bowden et 

al. 2009) 

β,β carotene, 

Stearic acid,  

Anthracene, 

Dimethylsulfoxide (DMSO) 

10-3 - 101 µg/mg detected @ 14.6 GPa 

 

All detected in ejecta 

stearic acid - more at shallow ejection 

angles  

anthracene at intermediate and larger 

ejection angles 

Flash heating of organics in porous 

ground alumina powder on stainless 

steel foils for 5 s <900 °C 

(Matrajt et al. 2006) 

PAH (coronene),  

Ketone (2-pentadecanone),  

Amino acid (L-lysine) 

<1% recovery: 

≳550 °C – coronene  

≳750 °C – 2-pentadecanone  

≳500-750 °C – L-Lysine 

Flyer plate tests into Allende & 

Murchison  

0-29.8 GPa for ~1 μs 

(Peterson et al. 1997) 

Amino acids (α-aminoisobutyric 

acid, L-norvaline, L-norleucine, 

D-proline, L-aspartic acid, 

L-phenylalanine, and L-glutamic 

acid) 

<1 µg/mg detected @ ≳18 GPa 

Pyrolysis study 400-1000 °C for 

6-20 min 

(Basiuk and Navarro-González 1998; 

Basiuk and Douda 1999) 

Amino acids (glycine, L-alanine, 

α-aminoisobutyric acid, L-valine, 

L-leucine), purines (adenine and 

guanine) and pyrimidines (uracil 

and cytosine) 

<10% recovery: 400-500 °C 

Sublimation of amino acids from 

Murchison onto a cold finger 

(Glavin and Bada 2004) 

Amino acids (glycine, 

α-aminoisobutyric acid and 

isovaline) 

Glycine sublimed @ ~150 °C, 

condensed onto cold finger and 

survived.  

Pyrolysis study up to ~600 °C @ 

10 °C min-1 

(Rodante 1992) 

Amino acids (L- α-alanine, 

D-valine, L-valine, L-leucine, 

L-isoleucine, L-proline, 

L-phenylalanine, L-tryptophan, 

L-methionine, L-glycine, L-serine, 

L-threonine, L-cysteine, L-tyrosine, 

L-asparagine, L-glutamine, L-lysine, 

L-arginine, L-aspartic acid, and 

L-glutamic acid) 

Recovery depends on compound. 

Generally, <10% weight recovered @ 

300-500 °C over 60 mins 

Frozen into ice and fired into water 

@ 0.388-6.12 km s-1 

(Burchell et al. 2014b, 2017a) 

Fossilised diatoms Fragments of fossils found in all shots 

<32.9 GPa 

Flyer plate tests of nonporous 

igneous rocks, porous sandstone, 

rock salt, and a clay-rich mix 

5-50 GPa for 0.01-1.34 µs 

Calculated peak-shock temperatures 

up to 930 K for <0.4 µs (Meyer et al. 

2011; Horneck et al. 2008) 

Bacterium spores (B. subtilis, X. 

elegans lichens) 

Cyanobacterium (Chroococcidiopsis 

sp. 029) 

 

≳1% recovery:  

≲12 GPa - B. subtilis 

≳0.01% recovery: 

≲10 GPa – Chroococcidiopsis 

≳1% vitality: 

≲20 GPa - X. elegans 

Higher microbial survival in porous low 

ambient temperature host rocks 

Flash heating for 0.125, 0.25, 0.5 and 

1 s @ 200-1000 °C (100 °C intervals)  

 

Light gas gun shots with doped basalt 

projectiles fired into Phobos regolith 

simulant @ ~0.5-1.8 km s-1 

(Patel et al. 2019) 

B. atrophaeus endospores,  

B. diminuta bacteria, 

D. radiodurans bacteria, 

MS2 E. coli phage small resistant 

virus. 

B. diminuta, D. radiodurans & MS2 E. 

coli phage recovered @ <250-300 °C 

B. atrophaeus recovered @ <500 °C 

 

Organisms recovered from regolith 

target in all speeds. 

B. atrophaeus saw the highest survival 

Heating up to 300 °C for 30 s for 

planetary protection Beagle 2 tests. 

(Sancisi-Frey et al. 2006) 
B. atrophaeus endospores 

Viability <104 @ >180 °C 
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The approach for this study was to define a Biosignature Survivability Threshold (BST) based on 

literature that most closely matched the shock conditions. Amino acids have the greatest 

agreement of survivability during the heating experiments reviewed (Table 3.2), with limited 

survival above 600 °C. This is lower than other organic molecules. Therefore, a BST temperature 

of 500-600 °C, based on amino acids as the organic biosignature of focus in this thesis (Section 

2.1.2), provides a conservative lower limit on biosignature survival, because organics are likely 

to survive higher temperatures than the heating experiments suggest, over the short timescales of 

the impact, as discussed above. 

In summary, conditions are deemed tolerable for biosignature survival in this study if conditions 

do not exceed pressures of 18-25 GPa and temperatures of 500-600 °C (BST).  

3.4 Results 
This section outlines results from parameter tests and summary end-member impact velocity 

simulations and how they compare to the BST. The parameter tests feed best- and worst-case 

input parameters for biosignature survival into the endmember simulations to investigate the last 

continuous variable, impact velocity. These results are used to estimate the likelihood of 

biosignature survival within Mars-like projectiles impacting Phobos-like targets.  

3.4.1 Parameter tests 

Parameter tests were conducted to investigate how impactor and target parameters influence 

projectile temperature and pressure conditions during impact (Figure 3.1). Table 3.3 summarises 

the parameter values used.  

To isolate the response to the parameter of interest, all other values were kept constant. For 

example, the target and projectile were basaltic unless the material composition was the test focus 

(Section 3.4.1.1 and 3.4.1.4). The impact velocity was 5 km s-1 for all tests.   

The absolute pressure and temperature conditions from these parameter tests are unique to each 

parameter value combination, so quantitative comparisons could only be made within a test, and 

inter-test comparisons could only be qualitative. Results inform the best- and worst-case scenarios 

for biosignature survival for each parameter test, but ultimately each is independent and 

incomparable to other parameter tests. It is only in the summary end-member simulations that 

quantitative comparisons could be conducted (Section 3.4.2).  

 



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

112 | P a g e  

 

Table 3.3 Summary of the input parameters of the 4 different parameter tests, amounting to 19 simulations. 

1 - Target composition   2 - Target layer cohesive strength configuration 

Test 

no. 

Variable Parameter 

combinations 
Constant target parameters 

Constant projectile 

parameters 
  

Test 

no. 

Variable Parameter 

combinations 

Constant target 

parameters 

Constant projectile 

parameters 

Regolith Subsurface Regolith Subsurface Basalt projectile   

Target 

Top 

Layer 

Target 

Bottom 

Layer 

Regolith Subsurface Basalt projectile 

1 Dry Tuff Basalt Depth (km) Diameter (m)   8 Regolith Regolith Depth (km) Diameter (m) 

2 Dry Tuff Serpentine 0.005 22 10   
9 Regolith 

Solid (min. 

strength) 

0.005 22 10 

3 Dry Tuff Dry Tuff Bulk density (kg m-3) Bulk Density (kg m-3)   Bulk density (kg m-3) Bulk density (kg m-3) 

4 Basalt Serpentine 
1170 / 1629 

/ 1868 

1800 / 2506 / 

2874 
2874   

10 Regolith 
Solid (max. 

strength) 

1868 2874 2874 

5 Serpentine Basalt Macroporosity (%) Porosity (%)   Macroporosity (%) Porosity (%) 

6 Basalt Basalt 35 0 0         35 0 0 

7 Serpentine Serpentine Cohesive Strength (MPa) Cohesive Strength (MPa)         Cohesive Strength (MPa) 
Cohesive Strength 

(MPa) 

      0.0003 20 10         0.0003 1 / 20 10 

      Compressive strength (MPa) Compressive Strength (MPa)         
Compressive strength 

(MPa) 

Compressive 

Strength (MPa) 

      1 50 150         1 50 150 

      Coefficient of friction Coefficient of friction         Coefficient of friction Coefficient of friction 

      0.6 0.8 1.2         0.6 0.8 1.2 

 

 

 

 

 

 

 

Table 3.3 continued. 
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3 - Regolith depth / Projectile diameter ratio (projectile diameter remains constant)   4 - Serpentine projectile density & macroporosity 

Test 

no. 

Variable Parameter 

combinations 
Constant target parameters 

Constant 

projectile 

parameters 

  

Test 

no. 

Variable Parameter combinations 
Constant target 

parameters 

Constant projectile 

parameters 

Top Layer 

Depth (km) 

Bottom 

Layer Depth 

(km) 

Regolith Subsurface Basalt projectile   
Projectile Bulk 

Density (kg m-3)  

Macroporosity 

(%) 
Regolith Subsurface 

Serpentine 

projectile 

11 0.005 22 Depth (km) Diameter (m)   15 1503 40 Depth (km) Diameter (m) 

12 0.010 22 
0.005 / 0.010 / 

0.020 / 0.035 
22 10   16 1654 34 0.035 1 

13 0.020 22 Bulk density (kg m-3) 
Bulk density (kg 

m-3) 
  17 1854 26 Bulk density (kg m-3) 

Phobos surface 

temperature (K) 

14 0.035 22 1868 2874 2874   18 2004 20 1868 200 

    Macroporosity (%) Porosity (%)   19 2505 0 Macroporosity (%) Macroporosity (%) 

     35 0 0       35 40 / 34 / 26 / 20 / 0 

     Cohesive Strength (MPa) 
Cohesive Strength 

(MPa) 
       Cohesive Strength (MPa) 

Cohesive Strength 

(MPa) 

     0.0003 10 10        0.0003 5 

     Compressive strength (MPa) 
Compressive 

Strength (MPa) 
       

Compressive strength 

(MPa) 

Compressive 

Strength (MPa) 

     1 50 150        1 14 

     Coefficient of friction 
Coefficient of 

friction 
       Coefficient of friction 

Coefficient of 

friction 

      0.6 0.8 1.2         0.6 1.2 
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3.4.1.1 Phobos-like target composition 

Seven simulation tests were run with different combinations of basalt, serpentine and dry tuff to 

represent the surface and subsurface layers, with all other parameters remaining constant (Figure 

3.2 and Table 3.3).  

(i) Peak-shock pressures 

Initially, the projectile volume that experiences peak-shock pressures over the simulation duration 

(0.05 s) was considered. Test 3 (dry tuff/dry tuff) resulted in <4% of the projectile exceeding the 

BST pressure (~18-25 GPa, Section 3.3), whereas >30% of the projectiles in tests 2, 4 and 7 

exceeded it (Figure 3.6). Therefore, in terms of peak-shock pressures, a target entirely composed 

of dry tuff (test 3), provides the best conditions for biosignature survival. All other material 

configurations generated similar projectile peak-shock pressure conditions, although test 4 (basalt 

overlying serpentine), generated the highest average peak-shock pressures and thus least tolerable 

conditions for biosignature survival.  

 

Figure 3.6 Volume (%) of Mars-like basalt projectiles reaching specific peak-shock pressures when impacting different 

Phobos-like target material combinations. Dotted lines indicate mean peak-shock pressure across the whole projectile 

for each target combination scenario 1-Dry Tuff/Basalt (purple) 12.70 GPa; 2-Dry Tuff/Serpentine (orange) 12.85 

GPa; 3-Dry Tuff/Dry Tuff (grey) 8.69 GPa; 4- Basalt/Serpentine (yellow) 13.32 GPa; 5- Serpentine/Basalt (light blue) 

12.20 GPa; 6- Basalt/Basalt (green) 12.95 GPa; 7-Serpentine/Serpentine (dark blue) 12.82 GPa. Solid vertical red 

line at 18 GPa represents the lower limit of the BST from Section 3.3. 

(ii) Peak-shock temperatures 

The peak-shock temperatures showed a greater variation between material configurations (Figure 

3.7) than peak-shock pressures. Peak-shock temperature profiles for all dry tuff tests (1-3) plot 

within 10% projectile volume of one another, but generally 40% lower than configurations for 
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only basalt and/or serpentine (tests 4-7). The main difference between these scenarios is surface 

material bulk density, with dry tuff being 28% and 37% less dense than basalt and serpentine, 

respectively. Since macroporosity remains constant in the surface layer at 35%, bulk density 

differs owing to intrinsic particle density of the material EoS (Table 3.1). Dry tuff’s particle 

density is significantly lower than basalt and serpentine’s because it includes a microporosity of 

22%, whereas basalt and serpentine have microporosities of 2% and 0%, respectively. Upon 

impact, energy is required to close pore spaces (macroporosity), as well as compact the solid 

component (microporosity), so dry tuff requires more energy to complete this compaction, 

resulting in less energy being transferred into shock heating. Therefore, targets with lower surface 

layer bulk densities diffuse more projectile kinetic energy into compressing the target than 

generating shock heat. Subsurface density is less influential on projectile temperature, shown by 

minimal difference between tests 1 and 2 (basalt and serpentine in the subsurface) compared to 

test 3 (entirely dry tuff). Therefore, a dry tuff target surface layer is more conducive for 

biosignature survival than a basalt or serpentine surface layer.  

 

Figure 3.7 Volume (%) of Mars-like basalt projectiles reaching specific peak-shock temperatures when impacting 

different Phobos-like target material combinations. Dotted lines indicate the mean peak-shock temperature across the 

whole projectile for each target combination scenario 1-Dry Tuff/Basalt (mid blue) 830 K; 2-Dry Tuff/Serpentine 

(orange) 865 K; 3-Dry Tuff/Dry Tuff (grey) 769 K; 4-Basalt/Serpentine (yellow) 1013 K; 5-Serpentine/Basalt (light 

blue) 944 K; 6- Basalt/Basalt (green) 1001 K; 7-Serpentine/Serpentine (dark blue) 951 K. Solid vertical red line at 

773 K is 500 °C, the lower limit of the BST from Section 3.3. 

The absolute temperatures in these tests are specific to the target layer configurations used, and 

changes in surface layer depth may shift projectile peak-shock temperature dependence from 

surface to subsurface layer (Section 3.4.1.3). Therefore, these tests can only be interpreted for 

relative differences between material combination, which offers the most or least tolerable 

conditions for biosignature survival within the projectile. 
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Only ~35% of the projectile in test 3 reached the BST temperature of ~500-600 °C (BST 

temperature lower limit marked on Figure 3.7 at 773 K). This is 10% and 15% less volume than 

tests 1 and 2, respectively, suggesting, of the combinations tested here, an entirely dry tuff target 

is the most tolerable for biosignatures. This agrees with peak-shock pressure interpretations but 

highlights peak-shock temperatures are likely to be of greater concern for biosignature survival.  

Compared with test 3, ~79% of the projectile in test 4 (basalt overlaying serpentine) exceeded the 

BST temperature, ~5% more than the next highest scenario (test 6 basalt overlaying basalt), 

suggesting a smaller proportion of a projectile composed of basalt remains tolerable for 

biosignatures at peak-shock conditions. Therefore, a target of serpentine overlain by basalt results 

in the least tolerable projectile conditions for biosignatures. Above the BST temperature, profiles 

converge at ~1100 K, so differences between material configurations become negligible. This is 

not relevant for the BST defined in this study, although it shows material configuration would be 

negligible if higher temperatures were the focus.  

Spatial distribution of peak-shock temperatures within the projectile are presented in projectile 

maps e.g., Figure 3.8. These display peak-shock temperature conditions experienced within the 

projectile over the simulation duration (0.05 s) projected onto the original projectile shape. Spatial 

difference between peak-shock temperatures within projectiles for the most and least tolerable 

material configurations defined above, test 3 and 4 respectively, are shown in Figure 3.8.  

 

Figure 3.8 Projectile maps for tests 3 and 4 display peak-shock temperature conditions experienced during impact over 

the simulated time of 0.05 s projected onto the original projectile shape. Bottom of the projectile is the leading edge. 

The high temperature band visible through the centre of the test 4 projectile is likely a boundary artefact, see Section 

2.2.2 for details.  

Test 3 (dry tuff/dry tuff) exhibits a broader cool region within the projectile possibly tolerable for 

biosignatures. Cooler regions are focused in the middle and back of the projectile, and highest 

temperatures are observed in a thin shell on the leading-edge, coinciding with the first point of 

contact upon impact. This is a result of attenuation of the shock wave as an inverse power of 

distance from the impact site.  
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Figure 3.8 highlights a consistent pocket towards the back of the projectile that remains cool even 

in the worst scenario of test 4 (basalt overlaying serpentine), where most of the projectile reaches 

temperatures above BST. Therefore, spatial resolution reveals regions of the projectile possibly 

viable to transport biosignatures, even at higher velocities. The spatial pattern of this viable region 

varies in Section 3.4.1.3. 

Basalt is the highest density material tested and it is expected that the basalt surface targets would 

return the highest temperatures within the projectiles, with serpentine in a close second with a 

slightly lower density, and dry tuff much lower. However, conditions are hottest in the projectile 

when surface and subsurface layer materials are different, rather than when target materials are 

densest. For example, test 4 (basalt overlaying serpentine) exhibits hotter projectile conditions 

than test 6 (basalt overlaying basalt) (Figure 3.7), which contradicts the logic that simply the 

densest target material, basalt, would generate the highest projectile temperatures. Presence of an 

interface between two different materials, and therefore between two different densities, marks a 

difference in acoustic impedance, density and wave speed (Chen and Chandra 2004; Mamivand 

and Liaghat 2010; Raducan et al. 2020). Shock waves travel faster in less dense mediums. 

Contrast in acoustic impedance at the interface between the two layers reflects the propagating 

shock wave and prevents complete transmission of energy between the top and bottom layers. As 

a result, less kinetic energy is transmitted into the subsurface and more is retained in the near 

surface, which can transmit into the propagating projectile and enhance its shock temperature 

(Raducan et al. 2020). Shock wave reflections within the target can also result in enhanced target 

material ejection (Raducan et al. 2020) and, although re-ejection of projectile material is not 

considered in this study, further investigation of this could be crucial since the extremely low 

gravitational force on Phobos can result in a significant proportion of material being re-ejected 

(Ramsley and Head 2013b) (Section 1.4.4).  

In summary, both relative material density and the presence of an interface between two different 

materials, with different physical properties, are important factors for the temperature conditions 

in the projectile. In terms of peak-shock temperatures, test 3 (dry tuff/dry tuff) and test 4 

(basalt/serpentine) provide the most and least tolerable conditions for biosignature, respectively, 

consistent with peak-shock pressures.   

(iii) Post-shock stage 

The peak-shock temperatures within the projectile all occur during the first timestep (within 

0.001 s after impact). Following the initial peak-shock, the pressure in the projectile is released 

when the rarefaction wave rebounds off the back of the projectile and is transferred back into the 

target. This is the post-shock stage. Despite the high peak-shock temperatures shown in Figure 

3.7, these temperatures have subsided in all material combinations to a region of 400-550 K by 
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the end of the first timestep, shown by the left side of Figure 3.9 that has the average temperature 

within the projectile for each test plotted over the timesteps of simulation.  

As the simulation progresses, a second broader peak is observed between timestep 5 and 40. In 

agreement with the trends of the peak-shock temperatures, tests 4-7 result in the highest post-

shock temperature, with test 4 (basalt overlaying serpentine) at ~610 K in timestep 24 and test 6 

(basalt overlaying basalt) at ~590 K in timestep 29. It is likely that this second peak represents 

the projectile reaching the subsurface layer with different physical properties to the surface layer, 

compressing the surface target layer between the projectile and the subsurface. This compression 

is shown in the post-shock crater formation snapshots (Figure 3.10) taken at the end of the 

simulation (at 0.05 s after 50 timesteps), highlighting how the surface material can be superheated, 

likely generating the second post-shock temperature peak in the adjacent projectile material. 

 

Figure 3.9 Mean temperature across Mars-like basalt projectiles over the simulation timescale (0.05 s). Peak-shock 

temperatures throughout the simulation shown in Figure 3.7 take place before the completion of the first timestep 

(0.001 s), so are not reflected on this graph. The first peak-shock for all scenarios represents the end of cooling after 

initial impact with the surface layer down to the region of 400-550 K. The broad second peak-shock observed between 

timestep 5 and 40 likely represents the projectile reaching the subsurface layer with different physical properties. 

In contrast to the peak-shock temperature conditions in the previous section, as the post-shock 

stage progresses, test 3 (dry tuff overlaying dry tuff) is not the lowest temperature material 

combination (Figure 3.9 and Figure 3.11). In fact, test 1 (dry tuff overlaying basalt) and test 2 

(dry tuff overlaying serpentine) have less projectile volume exceeding the BST temperature (~2.5 

and ~2.6% volume, respectively) than test 3 (~3.2% volume) at the end of the simulation (Figure 

3.11). Possible explanations for this include dry tuff having the lowest bulk density, allowing a 

projectile to penetrate deeper into the entirely dry tuff target without as much kinetic energy 

transferring into heat, potentially illustrated by the deeper crater shown in Figure 3.10. In addition, 
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the post-shock crater formation snapshots (Figure 3.10) show a thicker remnant projectile layer 

at the base of the transient crater when the projectile impacts into entirely dry tuff, which could 

result in more latent heat than a thinly dispersed projectile, in a similar way to lava flow cores 

retaining heat owing to the low thermal conductivity of thick particulate layers (Rumpf et al. 

2013; Crisp and Baloga 1990; Harris and Rowland 2009). Furthermore, this may cause 

superheating of the surface layer between the projectile and subsurface layer, which could provide 

additional heating to the projectile material. 

 

Figure 3.10 Snapshots of the cratering forming process at 0.05 s, after 50 timesteps. Left: Post-shock temperatures 

(K). Right: Material phases - projectile (purple), surface layer (yellow) and subsurface layer (turquoise). Superheating 

of the surface layer material is observed in both scenarios in the left images.  

Despite the occurrence of additional post-shock heating, most (>85% volume) of the projectiles 

impacting the target material combinations have already cooled below the BST temperature by 

the post-shock stage (Section 3.4.1.4). It is acknowledged that greater destruction takes place 

when biosignatures are exposed for longer durations to higher temperatures (Section 3.3), 

although 0.05 s is still negligible compared to where these differences have been observed. Since 

it has not yet been demonstrated that the timescales of post-shock conditions would play a critical 
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role in biosignature survival, interpretations here prioritise the stage where the greatest projectile 

volume experiences temperatures above the BST, i.e., during peak-shock stage.  

 

Figure 3.11 Volume (%) of a Mars-like basalt projectile reaching specific post-shock temperatures when impacting 

different Phobos-like target material combinations at timestep 50, after 0.05 s. Solid vertical red line at 773 K is 

500 °C, the lower BST limit from Section 3.3. 

However, a valuable insight can be drawn from the post-shock temperatures in the form of rough 

estimates of the amount of projectile material that is vaporised during the impact. This comes 

from material the model deems as “unphysical” during the post-shock stage (Section 2.2.3). Test 

3 (dry tuff overlaying dry tuff) results in ~1.4% of the projectile becoming unphysical, in 

comparison to up to ~4% for the basalt & serpentine scenarios, which supports the biosignature 

survivability interpretations from the peak-shock conditions. 

(iv) Summary 

The results of these parameter tests demonstrate that the choice of target material and its 

configuration in the target is influential on projectile temperature and pressure conditions during 

impact. The main cause of this is a material’s intrinsic particle density, whereby denser materials 

require less energy to compact, so more kinetic energy from the projectile is transferred into the 

shock heating that is detrimental for biosignature survival. Furthermore, peak-shock temperatures 

are likely the dominant control over biosignature survival in the projectile. As a result, a Phobos 

target consisting of serpentine overlain by basalt constitutes the worst-case target scenario, and a 

dry tuff overlain by dry tuff constitutes the best-case target scenario for biosignature survival in 

the projectile. 
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3.4.1.2 Phobos-like target strength 

The effect of cohesive strength in a layered target on the conditions within a projectile during 

impact has been addressed for the Moon (Halim et al. 2021), highlighting that shear heating, 

induced by variations in material strength, can come in addition to shock heating and could be 

influential in whether conditions are tolerable for biosignatures (Section 3.2.1.4). Owing to the 

significant range in estimated subsurface cohesive strengths between <100 Pa to 20 MPa, this 

study prioritises the investigation of the effect of cohesive strength of the target subsurface on 

conditions within Mars-like projectiles impacting a Phobos-like target. Three subsurface cohesive 

strengths were simulated: a continuous deep regolith (300 Pa); a weaker subsurface (1 MPa); and 

a stronger subsurface (20 MPa) (Figure 3.1).    

(i) Peak-shock pressures 

Much like the previous parameter test, a small proportion of the tested projectiles (≲28%) 

experience peak-shock pressures exceeding the BST pressure (Figure 3.12), so peak-shock 

temperatures are potentially more important for biosignature survival. 

 

Figure 3.12 Volume (%) of Mars-like basalt projectiles reaching specific peak-shock pressures when impacting 

different Phobos-like target layer strength configurations. Test 8, with a continuous regolith-like strength target (blue) 

exhibits an average peak-shock pressure of 12.14 GPa, compared to test 9 & 10 with subsurface cohesive strengths of 

1 and 20 MPa, respectively, that exhibit average peak-shock pressures of 12.94 and 12.95 GPa, respectively.  

However, test 8 (continuous regolith), where the subsurface is three orders of magnitude less 

cohesive than tests 9 & 10 (regolith overlaying solid), results in <8% less projectile volume 

reaching individual peak-shock pressures, and 6% lower average peak-shock pressure (12.14 GPa 

in test 8, compared to 12.94 and 12.95 GPa for tests 9 & 10, respectively). Therefore, three orders 

of magnitude variation in cohesive strength results in an insignificant change in resultant pressure 

conditions within the projectile. Additionally, the peak-shock pressure profiles of tests 8-10 fall 

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25

V
o

lu
m

e 
/ 

%

Pressure /GPa

8 - Regolith / Regolith

9 - Regolith / Solid (min)

10 - Regolith / Solid (max)

8 - Average Peak P

9 - Average Peak P

10 - Average Peak P

18 GPa



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

122 | P a g e  

 

within the previous parameter tests 1-7 (Section 3.4.1.1), suggesting that changes in subsurface 

material cohesive strength are less influential on peak-shock pressure profiles than differences in 

material type.  

(ii) Peak-shock temperatures 

Similar to the peak-shock pressures, the low-strength target in test 8 (continuous regolith) results 

in lower projectile volumes reaching specific peak-shock temperatures than the configurations 

with higher cohesive strength (solid) subsurface layers (Figure 3.13). Therefore, a lower average 

peak-shock temperature in the projectile of 810 K is observed for test 8, compared to 1002 K and 

1001 K for test 9 and 10, respectively. Furthermore, the temperature profile observed in test 8 is 

similar to that of the target composed of dry tuff in Section 3.4.1.1 (tests 1-3). It is likely that the 

deep basalt target with low cohesive strength in test 8 presents similar target conditions to the less 

dense but more cohesive targets in tests 1-3. Furthermore, the peak-shock temperature profiles of 

tests 9 and 10, with higher subsurface cohesive strengths, are unsurprisingly similar to test 6 with 

identical input parameters to test 10.  

 

Figure 3.13 Volume (%) of Mars-like basalt projectiles reaching specific peak-shock temperatures when impacting 

different Phobos-like target layer strength configurations. Test 8 with a continuous regolith-like strength target (blue) 

exhibits an average peak-shock temperature of 810 K, compared to test 9 & 10 with subsurface cohesive strengths of 

1 and 20 MPa, respectively, that exhibit average peak-shock temperatures of 1002 and 1001 K, respectively. 

The reason for this variation in projectile peak-shock temperature is that the cohesive strength in 

the target material controls the amount of friction-induced heating upon impact, so more cohesive 

materials experience more enhanced heating. This is consistent with previous studies (Quintana 

et al. 2015; Kurosawa and Genda 2018; Halim et al. 2021) that highlighted the role of shear 

heating in lower velocity (<10 km s-1) and lower peak-shock pressure impacts, associated with 
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material strength (Section 3.2.1.4). This shows that varying the subsurface cohesive strength, but 

keeping the target material constant, results in comparable peak-shock temperature profiles to 

when the target materials are varied but cohesive strength is kept constant.  

As noted in the previous section, the difference in subsurface cohesive strength between tests 9 

and 10 is only 19 MPa, which is shown here to be insufficient to yield different shear-enhanced 

temperatures. The reason for this could be that the cohesive strengths of the target subsurface 

layers are comparable to the cohesive strength of the projectile (10 MPa). It is only test 8, with a 

subsurface cohesive strength several orders of magnitude lower than tests 9 and 10, that shows a 

significant difference in resultant peak-shock temperatures. This aligns with previous crater 

modelling that observed negligible differences in crater morphology with absolute target strength, 

in comparison to relative strength difference between the regolith and subsurface (Senft and 

Stewart 2007).  

The results of this subsurface cohesive strength test indicate that higher subsurface cohesive 

strengths (tests 9 and 10) lead to enhanced heating of the projectile, so up to ~75% of tests 9 and 

10 projectiles exceeded the BST temperature compared with up to ~55% of the test 8 projectile. 

Therefore, a target subsurface with a lower cohesive strength is more conducive to biosignature 

survival than more cohesive subsurface layers. 

(iii) Post-shock stage 

Like in tests 1-7, average post-shock temperatures subsided to <600 K, well below the BST 

temperature, after the first timestep (Figure 3.14 top). Furthermore, a similarly small proportion 

of the projectiles (<1% for test 8 and ≲15% for tests 9 & 10) maintained temperatures greater 

than the BST during the post-shock stage (Figure 3.14 bottom), making this stage insignificant in 

comparison to the peak-shock temperatures.  

However, it is noteworthy that a resolvable proportion of test 9 and 10 projectiles (regolith 

overlying solid subsurfaces) remained at ~1300 K at timestep 50, when the temperature in the 

projectile in test 8 (continuous regolith) reduced sharply so <1% of the projectile retained post-

shock temperatures >800 K. Therefore, despite the projectile in test 8 exhibiting the highest 

average post-shock temperature of 593 K, compared with 467 and 472 K for tests 9 and 10, 

respectively, some volume of the test 9 and 10 projectiles experienced post-impact temperatures 

much higher than the BST temperature, which could be less viable for biosignature survival than 

the average temperature in the projectile.  
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Figure 3.14 Top: Mean temperature across Mars-like basalt projectiles over the timescale of the simulation (0.05 s). 

The second peak-shock observed around timestep 30 in test 9 & 10 likely represents the projectile reaching the 

subsurface layer with different physical properties. This second peak-shock is not present for test 8 because the target 

is one continuous target with the same physical properties throughout. Bottom: Volume (%) of a Mars-like basalt 

projectile reaching specific post-shock temperatures when impacting different Phobos-like target layer strength 

configurations at timestep 50, after 0.05 s.  

Conversely, at ~750 K the temperature profiles cross, whereby at timestep 50, after 0.05 s had 

elapsed, test 8 had maintained up to ~53% more projectile volume at temperatures up to ~750 K 

than tests 9 and 10 (Figure 3.14 bottom). Similar to test 3 (dry tuff overlaying dry tuff), crater 

formation snapshots (Figure 3.15) show that at timestep 50, the projectile in test 8 maintained a 

thicker layer in the transient crater than in tests 9 and 10.  
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Figure 3.15 Snapshots of the cratering forming process at 0.05 s, after 50 timesteps. Left: Post-shock temperatures 

(K). Right: Material phases - projectile (purple), surface layer (yellow) and subsurface layer (turquoise). Test 8 is one 

single target material phase, so does not have a subsurface layer. 

This may be in response to the low strength at depth exhibited by test 8 that would provide less 

resistance to the projectile as it penetrated. As a result, the projectile material could be insulated, 

maintaining temperatures for longer. In addition, Figure 3.15 shows that a larger region of the 

upper target is superheated in test 8. The reasoning for this may be the continuity between the 
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target surface and subsurface layer in test 8, in comparison to other scenarios (e.g., Figure 3.10) 

that have an interface between target layers of different physical properties. Without this 

discontinuity between surface and subsurface layers, the compression of the target is unrestricted 

allowing for shock temperatures to rise in a larger region of the target, which in turn could 

maintain heat in the overlying projectile layer. Nevertheless, if the BST had been lower, post-

shock temperatures would be more influential on biosignature survival for varying subsurface 

cohesive strengths. 

It is also noteworthy that test 8 exhibits a central uplift and fragmentation at timestep 50 (Figure 

3.15 top), whereas tests 9 and 10 developed only a bowl-shaped transient crater. The reason for 

this again stems from the target’s strength. In tests 9 and 10, the target strength is higher, so it can 

withstand the buoyancy forces that are generated to counteract the opening of the transient crater 

cavity during the modification stage of impact. Therefore, the cavity opens into a simple transient 

crater without any upward movement. However, the strength in test 8 is not sufficient to hold the 

material beneath the transient cavity in place; therefore, the material at the base of the cavity 

rebounds buoyantly, moving upwards and inwards into a central uplift that will likely collapse 

after extrusion (Kenkmann et al. 2013). The top right snapshot in Figure 3.15 shows that projectile 

material does not survive or is not included in the central uplift, and the trajectory of the material 

in the central uplift could deposit on top of the projectile layer at the base of the cavity upon 

collapse. If the projectile material was buried, conductive cooling into the surrounding target 

material could become the dominant cooling process, over radiative cooling to the surface 

(Lienhard and Lienhard 2001). This could be important for biosignature survival because a 

projectile that cools slower when buried could possibly result in unfavourably hot conditions for 

biosignature survival being maintained for longer.  

Lastly, the rough estimation of the amount of material that would vaporise suggests that ~3% of 

the projectile is lost in tests 9 & 10, whereas just 0.4% is lost in test 8. This supports the 

interpretation that conditions within tests 9 and 10 projectiles are less tolerable for biosignatures.  

(iv) Summary 

The outputs from this parameter test indicate that the cohesive strength of a target can be as 

effective at controlling temperature conditions within the projectile during impact as changing the 

target material. The reasoning for this may be a combination of enhanced shear heating in more 

cohesive targets in tests 9 and 10, and the variation in projectile deposit thickness within the 

timescale of the simulations. As a result, conditions within the projectile impacting the least 

cohesive target (300 Pa seen in test 8) provides the best-case scenario target cohesive strength 

input parameters for biosignature survival in the projectile. Conversely, tests 9 and 10, where the 

targets are more cohesive, result in projectile conditions that are least tolerable for biosignatures. 
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The difference in conditions within the projectile are negligible between tests 9 and 10, therefore, 

a midway point of 10 MPa can be taken to represent the worst-case scenario for cohesive strength 

of the target for biosignature survival in the projectile.   

3.4.1.3 Regolith depth/Projectile diameter ratio 

Thus far, projectile diameter and regolith depth have remained constant allowing investigation 

into the role that target material and cohesive strength play in the resultant projectile pressure and 

temperature conditions during impact. However, the projectile diameter/target regolith depth ratio 

may also influence the conditions within the projectile during impact.  

Pierazzo and Chyba (1999) investigated the role that projectile size had on conditions within the 

projectile during impact (using a continuous deep granite target) and found that absolute peak-

shock temperatures varied negligibly between projectile sizes. However, the larger the projectile, 

the longer shock and rarefaction wave propagation would take, resulting in a large disparity 

between how long projectile material would remain in the shocked state in the trailing and leading 

edges of the projectile. This, in turn, could affect thermal degradation of any biosignatures held 

within a projectile. However, in that study they did not consider how regolith depth independently 

influenced conditions within the projectile during impact. In this section, this knowledge gap is 

addressed.  

Tests were carried out to quantify the variation in conditions within the projectile during impact 

into four regolith depths (5, 10, 20 and 35 m, Section 3.2.2.1, see Figure 3.1). Target regolith 

depth/projectile diameter ratios were 0.5, 1, 2, and 3.5, respectively, any greater and the projectile 

would be unlikely to penetrate the subsurface layer and would experience conditions similar to a 

continuous deep regolith, like in test 8 (Section 3.4.1.2).  

(i) Peak-shock pressures 

Test 11, with a basalt regolith depth of 5 m, i.e., half the diameter of the projectile, overlying a 

deep more cohesive basalt subsurface, resulted in a peak-shock pressure profile (Figure 3.16) 

identical to tests 9 and 10 (Section 3.4.1.2, Figure 3.12), with an average peak-shock pressure of 

12.95 GPa. This was expected because the only difference between those tests was an 

intermediate cohesive strength, shown in Section 3.4.1.2 to have negligible influence on the peak-

shock pressure conditions within the projectile.   

Tests 12-14 on the other hand, with basalt regoliths 10, 20, and 35 m deep respectively, resulted 

in the same pressure profiles, including an identical average peak-shock pressure of 12.14 GPa 

(Figure 3.16). These pressure profiles were lower than that exhibited by test 11, with smaller 

volumes of the projectiles reaching peak-shock pressures up to ~20 GPa; above this, test 11-14 

profiles converge. Furthermore, the pressure profiles of tests 12-14 aligned perfectly with test 8 

(a continuously deep regolith, Section 3.4.1.2, Figure 3.12), suggesting that peak-shock pressures 
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within the projectile occur almost instantaneously upon impact, so only a regolith depth/projectile 

diameter ratio of <1 is sufficiently shallow for the interface between the regolith and subsurface 

layer to affect the peak-shock pressure conditions. Any regolith depth/projectile diameter ratios 

>1 are shown to be equivalent to a continuous deep regolith without a subsurface layer.  

 

Figure 3.16 Volume (%) of Mars-like basalt projectiles reaching specific peak-shock pressures when impacting a 

Phobos-like basalt target with various depths of regolith layer. 11-5 m regolith (orange) 12.95 GPa; 12-10 m regolith 

(blue), 13-20 m regolith (green), 14-35 m regolith (yellow) 12.14 GPa. Tests 12-14 peak-shock pressure profiles 

overlap, so have been plotted with different dash types.  

Similar to tests 8-10 in Section 3.4.1.2, <28% of each projectile from tests 11-14 exceeded the 

BST pressure, but peak-shock pressures were highest in test 11, with a regolith depth of 5 m, 

suggesting lower regolith depth/projectile diameter ratios are less conducive to biosignature 

survival than a seemingly continuous deep regolith.   

(ii) Peak-shock temperatures 

In contrast to the peak-shock pressures, greater regolith depth/projectile diameter ratios do not 

necessarily result in higher proportions of projectiles reaching higher peak-shock temperatures 

(Figure 3.17). Tests 13 and 14 had similar cool profiles compared with tests 11 and 12. Test 12 

exhibited the highest volume of projectile reaching temperatures up to ~1000 K, but test 11 

exhibited the highest projectile volumes between ~100 K and ~1400 K. Above these temperatures 

all profiles converged.  

The temperature profile exhibited by test 11 aligned with tests 9 and 10 (Figure 3.13) and test 6 

(Figure 3.7) because of their similar input parameters (only differing in cohesive strength of the 

subsurface layer). Therefore, similar to tests 9 and 10, the higher proportion of projectile volumes 

reaching higher peak-shock temperatures are likely to be a result of the interface between the 
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surface regolith and a more cohesive interior, whereby shear heating may produce noticeable 

additional heating in the target that could transfer into the projectile material (Section 3.2.1.4). 

However, for test 12, where the regolith was deeper than the projectile diameter, shear heating 

likely occurred to a lesser extent, because the kinetic energy of the projectile would have been 

reduced sufficiently before reaching the interface between layers for the shear heating to be 

pronounced.  

 

Figure 3.17 Volume (%) of Mars-like basalt projectiles reaching specific peak-shock temperatures when impacting a 

Phobos-like basalt target with various depths of regolith layer. 11-5 m regolith (orange) 1013 K; 12-10 m regolith 

(blue) 1023 K; 13-20 m regolith (green) 783 K; and 14-35 m regolith (yellow) 801 K.   

Projectile maps show a ‘tiger stripe’ pattern in the test 11 projectile (Figure 3.18 left). Test 11 

projectile was twice the diameter of the regolith depth, so the rarefaction waves that originated 

from the interface between the regolith and subsurface layers started to propagate back up into 

the projectile before the shockwave had reached the back of the projectile (Pierazzo and Melosh 

2000). Therefore, when the rarefaction waves from the projectile and target eventually met within 

the projectile they interfered and generated complex stress and temperature patterns.  

In contrast, tests 12-14 show more regionally consistent temperatures because the rarefaction 

waves met in the target instead. Broad pockets of projectile volume that reach minimal 

temperatures would likely result in larger connected areas of material deposited within the 

transient crater that experienced similar shock temperatures. This may be important for 

biosignature survival, because broader regions could persist at lower temperatures for longer 

being less effected by thermal conduction from other material. Consistency and potential 

longevity of tolerable conditions may promote biosignature survival within these regions.  
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Figure 3.18 Projectile maps for tests 11-14. Test 11 is dominated with ‘tiger stripes’ of higher temperature material, 

whereas tests 12-14 show more consistent regions of different temperatures.  

Within tests 11-14, a minimum of ~50% of the projectile volumes reach the BST temperature 

(Figure 3.17), with ~76%, ~94%, ~50% and ~55% of tests 11-14, respectively, exceeding it. 

Therefore, test 12, with a regolith depth/projectile diameter ratio of 1, presents input parameters 

that are the least conducive to biosignature survival during peak-shock temperature conditions. 

On the other hand, test 13, with a regolith depth/projectile diameter ratio of 2, exhibited the lowest 

average peak-shock temperature of 783 K, and the smallest proportion of the projectile exceeding 

the BST temperature (~50%), ~5% less than test 14 with a ratio of 3.5. Peak-shock temperature 

profiles for projectiles in tests 13 and 14 are quite similar, despite there being a greater regolith 

depth/projectile diameter ratio increase (1.5) than between the other tests (1). It is likely that this 

indicates a turnover point between test 13 and 14 in which peak-shock temperature conditions 

within the projectile remain reasonably constant regardless of regolith depth when the ratio 

exceeds >2. Above this ratio, the peak-shock temperatures are unlikely to persist throughout the 

regolith (as seen in test 14 Figure 3.19 bottom). Therefore, the role of the interface between the 

regolith and subsurface layers in reflecting shock waves back through the target into the projectile 

is minimal, meaning shock wave energy is dissipated more within the target than transferred to 
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heat in the regolith and projectile. Furthermore, between tests 13 and 14, with regolith depths of 

20 and 35 m (regolith depth/projectile diameter ratios 2 and 3.5, respectively), there is a transition 

from the highest peak-shock temperatures being restricted to the compressed superheated regolith 

layer (test 13 Figure 3.19 top), to the peak-shock temperatures only persisting through a thin 

veneer on the surface of the deep regolith layer (test 14 Figure 3.19 bottom). However, in both 

scenarios, the superheated region is consistently ~3 m deep. This shows that, with increasing 

regolith depth, superheating between the projectile and the subsurface layer is restricted to ~3 m 

for a 10 m projectile.  

 

Figure 3.19 Snapshots of the cratering forming process for test 13 with a 20 m regolith layer and test 14 with a 35 m 

regolith layer.  

(iii) Post-shock stage 

Like previous parameter tests, mean temperatures plateau between ~450-550 K after the first 

timestep (Figure 3.20). However, test 11 (0.5 target regolith depth/projectile diameter ratio) 

showed a sharp peak up to ~740 K at timestep 35. At this timestep, crater formation snapshots 

(Figure 3.21) exhibit exceptional superheating of the regolith layer and the projectile. 
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Figure 3.20 Mean temperature across Mars-like basalt projectiles over the timescale of the simulation (0.05 s). The 

second peak-shock observed around timestep 35 in test 11 likely represents the projectile reaching the subsurface layer 

with different physical properties. 

 

Figure 3.21 Snapshots of the cratering forming process at 0.035 s, after 35 timesteps. Left: Post-shock temperatures 

(K). Right: Material phases- projectile (purple), surface layer (yellow) and subsurface layer (turquoise).  
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This contrasts with test 12 (1 target regolith depth/projectile diameter ratio), where the regolith 

layer is also compressed and heated, but the projectile material can be distinguished as being 

cooler than the regolith. Test 11 only differs from tests 9 and 10 by having an intermediate 

subsurface layer cohesive strength of 10 MPa (tests 9 and 10 had 1 MPa and 20 MPa, respectively, 

Section 3.4.1.2). It is therefore unknown how this anomalous superheating occurred because the 

post-shock temperature profile for test 11 should lie between tests 9 and 10, but this is not the 

case. Nevertheless, the post-shock temperatures of test 11 subsided to become in-line with tests 

12-14 by timestep 50, so this anomalous peak is not relevant for biosignature survival in the 

projectile material in comparison to the peak-shock temperatures (Figure 3.17).  

By timestep 50, <10% of the volume of all projectiles in tests 11-14 maintained temperatures of 

1000 K, but the scenario exhibiting the highest proportion of the projectile exceeding the BST 

temperature remained test 12 at ~30% (Figure 3.22). Therefore, even in the post-shock stage, a 

significant proportion of the projectile in test 12 remained intolerable for biosignatures. In 

addition, test 12 experienced the most vaporisation of the projectile at ~7.6% (Section 3.4.1.1). In 

contrast, test 14 exhibited the lowest post-shock temperatures, with <1% of the projectile 

remaining at the BST temperature at timestep 50 and had the lowest estimated projectile 

vaporisation of 1.0%. However, as in previous parameter tests, projectile post-shock conditions 

are less influential on biosignature survivability than the peak-shock conditions, because much 

higher proportions of the projectile exceed the BST temperature during the peak-shock stage than 

during the post-shock stage.  

 

Figure 3.22 Volume (%) of a Mars-like basalt projectile reaching specific post-shock temperatures when impacting 

different Phobos-like basalt target with various depths of regolith layer at timestep 50, after 0.05 s.  
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(iv) Summary 

Outputs of this parameter test indicated that target regolith depth is an important control on the 

shock temperatures within the projectile during impact. The depth at which a discontinuity 

between two target layers of different strength takes place, in comparison to the size of the 

projectile, affects how the shockwave propagates through the target and at what point reflection 

of the wave at the interface between the two layers takes place. This controls the amount of kinetic 

energy that is retained in the near surface, whereby a deeper regolith depth compared to the 

projectile diameter can result in less superheating of the near surface.   

In comparison with the previous parameter test, the input parameter value range for tests 11-14 

generated the hottest absolute peak-shock conditions in the projectile during impact, with ~94% 

of the projectile in test 12 exceeding the BST temperature, compared with ~75% for tests 9 and 

10 and ~79% for test 4. Therefore, out of the ranges tested in this study, based on the limited 

understanding of Phobos, regolith depth might be the most influential uncertainty with regards to 

biosignature survival.  

~94% of the projectile exceeding the BST temperature during peak-shock, ~30% during post-

shock, and the high level of projectile vaporisation, all indicate that test 12, with a regolith 

depth/projectile diameter ratio of 1, provided the worst-case scenario target input parameters for 

biosignature survival in the projectile, out of the regolith depth/projectile diameter ratios tested. 

Tests at higher regolith depth/projectile diameter ratios, to investigate the turnover point where 

peak-shock temperature conditions within the projectile are hypothesised to remain reasonably 

constant regardless of regolith depth when the ratio exceeds >2, might reveal a more tolerable 

scenario between the input parameters of tests 13 and 14. However for the purposes of this study, 

test 13, with a regolith depth/projectile diameter ratio of 2 and ~50% of the projectile reaching 

the BST temperature during peak-shock, constituted the best-case input parameter scenario for 

biosignature survival. 

3.4.1.4 Serpentine projectile density 

Thus far, the parameter tests have maintained constant basalt projectile parameters to focus on 

the influence that target parameters have on conditions within the projectile. Furthermore, 

changes in basalt projectile bulk density have already been shown to affect resultant pressure and 

temperature conditions within the projectile (Section 3.2.1.3). However, in the absence of 

investigations into the influence of serpentine projectile density on conditions within the 

projectile, additional parameter tests were conducted. Therefore, simulations were conducted 

(tests 15-19) to assess how varying the macroporosity of a serpentine projectile between 0-40%, 

to give bulk densities between 1503-2505 kg m-3 (covering the range of bulk densities for martian 
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sedimentary rocks; ~1500-2500 kg m-3 in Section 3.2.1.3), affects the temperature and pressure 

within the projectile during impact (Figure 3.1, Table 3.3-4 in Section 3.4).  

The purpose of this parameter test was not to compare basalt and serpentine projectiles, because 

this is part of the summary endmember simulations. Instead, it was designed to investigate the 

effect of serpentine bulk density on the conditions within the projectile during impact. Therefore, 

quantitative comparisons cannot be made between this and previous parameter tests that used 

basalt projectiles, because they varied other parameters too. However, the outputs of the tests in 

this section can be used to qualitatively inform the best- and worst-case serpentine projectile 

scenarios for biosignature survival for input into the endmember simulations (Section 3.4.2).  

Additionally, these simulations presented an opportunity to test another input parameter: absolute 

projectile size. This can only be a preliminary investigation, because any absolute differences 

between pressure and temperature conditions within the projectile are a combination of both 

material and projectile size variables. Therefore, only crude comparisons can be made with the 

basalt projectiles from previous parameter tests, using the minimum serpentine porosity case (test 

19, 0% macroporosity), i.e., the closest match in porosity to the basalt projectiles used previously. 

Testing projectile size in its own parameter test would have taken significantly longer to run, 

beyond the time available, although this does provide preliminary insight. Here, the projectile size 

was reduced to 1 m (from 10 m in the previous tests). 

(i) Peak-shock pressures 

Test 19, where the serpentine projectile had a macroporosity of 0% to give the maximum bulk 

density of 2505 kg m-3, resulted in an average peak-shock pressure of 14.37 GPa (Figure 3.23) 

and <32% of the projectile volume experienced peak-shock pressures more than the BST pressure. 

On the other hand, test 15, where the serpentine projectile had the lowest bulk density of 

1503 kg m-3 with a macroporosity of 40%, resulted in an average peak-shock pressure of 

10.92 GPa and <<1% of the projectile volume experienced peak-shock pressures more than the 

BST pressure.  

As evidenced by Figure 3.24 (top), there is a negative linear relationship between the average 

peak-shock pressures reached in the projectile and the serpentine projectile macroporosity 

(therefore, a positive linear relationship for serpentine projectile bulk density). This suggests that 

a serpentine projectile with the highest macroporosity (therefore, lowest bulk density) is likely to 

experience the lowest peak-shock pressure conditions, which, in turn, are most tolerable for 

biosignatures. The reasoning for this is that, upon impact, shockwave energy is required to close 

the pore spaces added by the macroporosity, resulting in faster attenuation of the shockwave and 

therefore lower peak-shock pressures within more porous projectiles (Section 2.2.3) 

(Güldemeister et al. 2013; Wünnemann et al. 2008).  
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Figure 3.23 Volume (%) of Mars-like serpentine projectiles of different bulk densities (kg m-3) reaching specific peak-

shock pressures when impacting a Phobos-like basalt target. Average: 15-1503 kg m-3 (green) 10.92 GPa; 16-

1654 kg m-3 (blue) 11.49 GPa; 17-1854 kg m-3 (yellow) 12.25 GPa; 18-2004 kg m-3 (grey) 12.85 GPa; and 19-

2505 kg m-3 (orange) 14.37 GPa.  

 

 

Figure 3.24 Top: Negative linear relationship between average peak-shock pressure and projectile macroporosity (φ). 

Bottom: Positive linear trendline applied to difference in average peak-shock temperature between Tφ and Tφ=0 (ΔT). 

against macroporosity (φ) raised to 3.4463. The equation of the linear trendline gives the power law relationship 

between ΔT and φ in the form of ΔT = k φn + c, where ΔT = y, k = 11666, φ = x, n = 3.4463, and c = 14.353.  
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(ii) Peak-shock temperatures 

A power law relationship is observed between the difference in average peak-shock temperature 

between Tφ and Tφ=0 (ΔT), and macroporosity (φ). This power law is given by: 

∆𝑇 = 11666𝜑3.4463 + 14.353  Equation 3.1 

The exponent of the power law was derived from the slope of a linear trendline through a 

log10(ΔT) vs. log10(φ) plot and the power law equation was derived from the linear trendline 

plotted for ΔT vs. φ3.4463 shown in Figure 3.24 bottom. The R2 value of 0.9926 for this trendline 

indicates that this power law is a good fit to the data.  

This power law is likely derived from the compaction model used to simulate the closure of pore 

spaces during compression (Davison 2010; Davison et al. 2010). Initially, cohesive strength in 

the materials can withstand volumetric strain before closing pores, so volume changes are elastic. 

However, above a critical value, changes become irreversible, and material enters the ‘exponential 

compaction regime’ where grains rearrange to collapse pore spaces. This regime is thought to 

represent the early stages of compaction of very porous materials (>50% porosity) (Wünnemann 

et al. 2006). Soon friction at grain boundaries prevents further rearrangement of grains and instead 

compaction comes from fracturing individual grains, which follows the ‘power-law compaction 

regime’.  

 

Figure 3.25 Schematic Pressure-Volume diagram from Davison, (2010) for both non-porous and porous material.  

The plastic work done to close the pore spaces and compact the porous material is greater than a 

non-porous material (Figure 3.25). Upon shock compression, the P-V state jumps to a point on 

the Hugoniot curve e.g., point C. The jump to this state is represented by the Rayleigh line, a 

straight line between the unshocked material A’ or A to C. For a porous material with the same 

mass, the original volume is higher at V00, so a different jump is taken to the shocked state, C. 

The amount of plastic work done during compaction is represented by the area of triangle ABC 

(non-porous) and A’BC (porous). This is irreversible therefore, upon release, the energy, 



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

138 | P a g e  

 

represented by the area between the Rayleigh line and Hugoniot curve (striped for non-porous 

and solid for porous), is converted to heat. Therefore, shock temperatures are higher in porous 

materials from the additional residual heat left by the compression of the pore spaces, which is 

proportional to the work done to close the pores and controlled by the compaction model. Davison 

et al. (2010) demonstrated that increasing the porosity of a projectile and target would increase 

the volume of material shocked above a certain temperature according to a power-law, which 

directly relates to the ΔT with increasing porosity presented in Figure 3.24. Therefore, this 

outcome was to be expected. Ultimately, increasing projectile macroporosity (therefore, 

decreasing the bulk density) results in lower average peak-shock pressures, but higher average 

peak-shock temperatures.  

 

Figure 3.26 Volume (%) of Mars-like serpentine projectiles of different bulk densities (kg m-3) reaching specific peak-

shock temperatures when impacting a Phobos-like basalt target. Average: 15-1503 kg m-3 (green) 1314 K; 16-

1654 kg m-3 (blue) 1137 K; 17-1854 kg m-3 (yellow) 947 K; 18-2004 kg m-3 (grey) 864 K; and 19-2505 kg m-3 (orange) 

818 K.  

Looking at the peak-shock temperature profiles in Figure 3.26, Test 19, with the lowest 

macroporosity (and highest bulk density), experiences the lowest peak-shock temperatures, with 

an average peak-shock temperature within the projectile of 818 K, whereas test 15 with the 

highest macroporosity (and lowest bulk density) experiences the highest peak-shock temperatures 

with an average peak-shock temperature within the projectile of 1314 K.   

Figure 3.27 shows that the projectile in test 15 exhibited higher temperatures than the projectile 

in test 19 and shows that in higher macroporosity/lower bulk density scenarios, cooler regions are 

only found on the sides of the trailing hemisphere. The dynamical reasoning for the rear and sides 
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of the projectile supplying cooler material to the impact than the front and centre is addressed 

further in crater forming snapshots in Section 3.4.2.3. 

However, up to a macroporosity of 20% (bulk density >2004 kg m-3), the disparity between the 

trailing and leading hemispheres is minimal (Figure 3.28). This aligns with the pattern observed 

in Test 19, the lowest macroporosity and highest bulk density scenario, projectile map of which 

is shown in Figure 3.27 with vertical bands of material of the same temperature running from near 

the leading surface to the rear. It is only the first ~30 cm of the projectile (total diameter 1 m) that 

experiences enhanced temperatures and has negligible influence on the median temperature of the 

leading hemisphere.  

 

Figure 3.27 Projectile maps for tests 15 & 19 display peak-shock temperature conditions experienced during impact 

over the simulated time of 0.05 s projected onto the original projectile shape.  

 

Figure 3.28 Median peak-shock temperature of the leading and trailing hemispheres of projectiles plotted against the 

projectile porosity.  
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However, for macroporosities higher than 20% (bulk density <2004 kg m-3), a disparity between 

the leading and trailing hemisphere median peak-shock temperatures is observed (Figure 3.28). 

This can be attributed to the attenuation of the shockwave as it progresses towards the rear of the 

projectile, with energy being lost to closing the pore spaces in the leading half of the projectile. 

Therefore, less waste energy is deposited into the back of the projectile in comparison to the front. 

Shock compression, and therefore heating, become more localised close to the impact site causing 

a greater disparity between peak-shock temperatures in the leading and trailing halves of the 

projectile (Collins et al. 2019). 

This parameter test suggests that projectiles with higher macroporosities and lower bulk densities 

are likely to experience the highest peak-shock temperatures, which are, in turn, least tolerable 

for biosignatures. However, for porous projectiles, the likely locations tolerable for biosignatures 

would be focussed within the trailing hemisphere. This would be important if biosignatures were 

heterogeneously distributed within the projectile. In comparison to the peak-shock pressures, 

peak-shock temperatures result in higher proportions of the projectiles exceeding the BST 

temperature and, therefore, in line with the previous parameter tests, peak-shock temperature is 

the more dominant control over biosignature survival than peak-shock pressure. Thus, test 15, 

with the highest macroporosity and lowest bulk density, represents the worst-case scenario for 

biosignature survival during peak-shock conditions, and test 19, with the lowest macroporosity 

and highest bulk density, represents the best-case scenario for biosignature survival during peak-

shock conditions. 

(iii) Post-shock stage 

Unlike previous parameter tests, some scenarios here maintained high temperatures beyond 

timestep 1 (Figure 3.29 top). Test 15 maintained a mean post-shock temperature of ~1060 K at 

the end of timestep 1, whereas test 19 had already cooled to ~360 K. It is likely that high 

temperatures were maintained within the porous projectile material for longer because the plastic 

work done to close the pore spaces upon compression was transferred to heat when the pressure 

was released in the rarefaction wave.  

The average post-shock temperatures of tests 17-19 cooled to below the BST temperature at the 

end of timestep 1, although this only occurred after timestep 3 for tests 15 and 16. Therefore, in 

contrast to previous parameter tests, the post-shock temperatures continued to affect biosignature 

survivability into the post-shock stage for scenarios with higher projectile porosity. However, by 

timestep 50 average temperatures for all scenarios had returned to ambient levels, with <10% of 

all projectiles exceeding 300 K (Figure 3.29 bottom). 
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Figure 3.29 Top: Mean temperature of Mars-like serpentine projectiles of different bulk densities over the timescale of 

the simulation (0.05 s). The first peak-shock for all scenarios at timestep ~3 represents the latter part of cooling after 

initial impact with the surface layer. Bottom: Volume (%) of Mars-like serpentine projectiles of different bulk densities 

reaching specific post-shock temperatures when impacting a Phobos-like basalt target at timestep 50, after 0.05 s. 

(iv) Summary 

This parameter test yielded a negative linear relationship between projectile macroporosity and 

peak-shock pressure (positive linear relationship for bulk density), and a power law relationship 

between peak-shock temperature and macroporosity. Therefore, increasing macroporosity, and so 

decreasing bulk density, will increase the peak-shock temperatures in the projectile and reduce 

the peak-shock pressures. Owing to the power law relationship, projectile macroporosity becomes 

increasingly important for controlling the temperature conditions within the projectile, and 
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therefore the survivability of biosignatures, as values increase. The outcome of this parameter test 

is the opposite of that in Section 3.4.1.1 where target materials of different macroporosities, and 

therefore bulk densities, were considered. There, kinetic energy was consumed from the projectile 

to close pore spaces in the less dense targets (more porous), which led instead to lower shock 

temperatures.  

Since the results for peak-shock pressures and temperatures contradict each other in this parameter 

test, there are no decisive parameter scenarios that generate the overall least or most tolerable 

conditions for biosignature survival for both pressure and temperature. However, over the 

parameter values, the peak- and post-shock temperatures were more elevated with as much as 

100% of the projectile experiencing peak-shock temperatures intolerable for biosignatures. 

Therefore, in line with previous parameter tests, shock temperatures remain the controlling feature 

of biosignature survivability. Consequently, the outputs from this parameter test indicate that test 

19, with the lowest macroporosity (0%) and highest bulk density (2505 kg m-3), presents the best-

case serpentine projectile input parameters for biosignature survival in the projectile. Conversely, 

test 15, with the highest macroporosity (40%) and lowest bulk density (1503 kg m-3), presents the 

worst-case serpentine projectile input parameters for biosignature survival in the projectile.  

Tests 8 (Section 3.4.1.2) and 19 (this section) differ not only by projectile composition but also 

projectile size. Test 19 resulted in a greater proportion of all projectile scenarios becoming 

“unphysical”, suggesting vaporisation during impact (24-27%). This is either a result of the 

projectile being composed of serpentine rather than basalt, or because the projectile in test 19 was 

an order of magnitude smaller than in test 8. In the summary endmember simulations (Section 

3.4.2) both basalt and serpentine projectiles are investigated with identical diameters, so direct 

comparisons can be made between serpentine or basalt projectiles there. However, here the 

projectile size could be the controlling factor in generating “unphysical” material because a 

smaller projectile has a greater surface area, meaning that a larger proportion of the projectile 

could be exposed to the extremely high temperatures of the leading surface. This would agree 

with aerodynamic heating conclusions drawn from Fujita et al., (2019), whereby smaller 

projectiles saw a greater proportion of the volume reaching higher temperatures, and Davison et 

al., (2010) that saw a higher proportion of projectile mass shocked to higher temperatures in 

impacts of smaller projectiles. However, despite making sense in the real world, this is not how 

the “unphysical” material is defined in iSALE-2D, instead it is material with a density too low 

and post-shock temperature too cool (Section 2.2.3).  

A comparison between test 8 and 19 peak-shock temperatures in Figure 3.30 shows a negligible 

difference in the volume of test 8 and 19 projectiles reaching peak-shock temperatures, especially 

at higher temperatures. This result aligns with alternative literature findings from Pierazzo and 

Chyba (1999), contrary to above, that found peak-shock temperatures did not differ greatly with 
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projectile size at 20 km s-1. Therefore, the true influence of projectile diameter on resultant peak-

shock temperatures in the projectile remains uncertain. Greater surface area of the projectile in 

test 19 may facilitate more break-up that could lead to lower resultant velocities, but this would 

require a significantly higher resolution simulation to shed further light onto this problem.   

 

Figure 3.30 Comparison of peak-shock temperatures between test 8 from Section 3.4.1.2 and 19 from this section.  

>98% of the 1 m test 19 serpentine projectile cooled to <300 K. In comparison, more than 25% 

of the 10 m test 8 basalt projectile maintained temperatures up to 700 K and average temperatures 

were sustained at 600 K after 0.05s. Maintaining higher post-shock temperatures in larger 

projectiles may be because the larger projectile experiences the peak-shock conditions for longer, 

because it takes longer for the shock-wave to reach the back of the projectile and reflect back at 

the rarefaction release wave (Pierazzo and Chyba 1999; Davison 2010). However, to reiterate, the 

comparison here also includes changing the projectile material, which may also influence the 

post-shock temperatures maintained. Despite this caveat, this preliminary examination does 

suggest that projectile size could have an influence on biosignature survival if the projectile 

maintains temperatures higher than the BST temperature.    

3.4.2 Endmember simulations – Impact velocity 

Here the outputs from these parameter tests within Section 3.4.1 were compared against literature 

knowledge of biosignature survivability (Section 3.3) to highlight the best- and worst-case input 

parameter scenarios for biosignature survival for use in endmember simulations (Table 3.4). The 

endmembers from the parameter tests were combined to investigate the remaining continuous 

variable: impact velocity (Figure 3.1). Thirty simulations were conducted, referred to as sim#1-

30, utilising the endmember best and worst input parameters for the projectile (serpentine only) 
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and target, repeated at five different impact velocities at intervals of 2 km s-1 between 0.5 and 

8.5 km s-1. This encompasses all realistic parameter values considered in this study to inform 

understanding of overall potential biosignature survival in Mars-like projectiles impacting a 

Phobos-like target. 

Table 3.4 Summary of outcome of parameter tests in Section 3.4.1. 

 

3.4.2.1 Mean peak-shock temperature vs. mean peak-shock 

pressure 

To draw broad interpretations from the results of the final set of simulations, the mean peak-shock 

pressure and temperature conditions experienced by each projectile during impact are compared 

in Figure 3.31. At face value, mean peak-shock pressures and temperatures increase with 

increasing impact velocity. However, Figure 3.31 also demonstrates the effect that projectile 

macroporosity has on the rate of increase of average peak-shock pressure and temperature with 

impact velocity. It shows that the porous serpentine projectiles (⯁ and ▬ points in Figure 3.31) 

sit on a higher gradient trendline than the non-porous projectiles (●, ▲, ✕, and + points in Figure 

3.31), suggesting that with increasing impact velocity, mean peak-shock temperature increases at 

a greater rate than mean peak-shock pressure for porous projectiles over non-porous projectiles. 

This effect is significant enough that a porous projectile impacting at a lower velocity (e.g., 

sim#29 a porous serpentine projectile [worst] impacting at 6.5 km s-1, with an average peak-shock 

temperature 1953 K) can experience higher average peak-shock temperatures than a non-porous 

projectile impacting at a higher velocity (e.g., sim#20 a non-porous serpentine projectile [best] 

impacting at 8.5 km s-1, with an average peak-shock temperature 1754 K). The reason for this is 

that porosity within the projectile can act both to increase peak-shock temperature through pore-

space collapse and impede and diffuse shock front velocity, which supresses peak-shock 

pressures. Therefore, with increasing impact velocity, porous projectiles show greater increases 

in peak-shock temperature, whereas non-porous projectiles show greater increases in peak-shock 

pressure.  

  Projectile  Target  

     Best  Worst  Best  Worst  

           Regolith  Subsurface  Regolith  Subsurface  

Material  Basalt  Serpentine  Tuff  Tuff  Basalt  Serpentine  

Diameter (projectile) or 

Depth (target) (m)  
1  1  1  2  22000  1  22000  

Bulk Density (kg m-3)  2874  2505  1503  1170  1800  1869  2505  

Macroporosity (%)  0  0  40  35  0  35  0  

Cohesive Strength (MPa)  10  5  5  0.0003  300  300  10  

Compressive strength 

(MPa)  
150  14  14  1  1  1  50  

Coefficient of friction  1.2  1.2  1.2  0.6  0.6  0.6  0.8  
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Comparing to the BST temperature and pressure (red dashed line in Figure 3.31), the average 

peak-shock pressures and temperatures in the projectile remain tolerable for biosignature survival, 

for all projectile and target input scenarios, when the impact velocity is ≤2.5 km s-1. The only two 

exceptions are 4.5 km s-1 impacts of the basalt and the best serpentine projectile into the best 

Phobos-like target (sim#3 – turquoise ● at 6.3 GPa and 609 K; and sim#13 – turquoise ✕ at 

8.3 GPa and 602 K, respectively). This velocity range sits just below the 4.0-4.5 km s-1 average 

probability for Mars-like ejecta impact velocity into Phobos (Section 3.2.1.6), suggesting that 

biosignature survival could be limited to only those Mars ejecta particles that impact Phobos at 

less than the most probable impact velocity. 

 

Figure 3.31 Mean peak-shock temperature vs. pressure across the projectile throughout the duration of the impact 

simulation (0.05 s) for all 30 input parameter combinations. Colour scales represent an increase in impact velocity 

from light green to dark blue and the symbol type represents the mix of projectile and target input parameters. Raw 

data peak temperatures and pressures given in Appendix A.2. 

3.4.2.2 Peak-shock pressures 

Mean peak-shock pressure conditions throughout the projectiles during impact ranged from 0.08-

39.23 GPa, with the extremes exhibited by sim#21 where the worst serpentine projectile impacted 

a best Phobos-like target at 0.5 km s-1, and sim#10 where a basalt projectile impacted a worst 

Phobos-like target at 8.5 km s-1 (Figure 3.32).  
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Figure 3.32 Volume (%) of a Mars-like basalt & serpentine projectiles reaching specific peak-shock pressures when 

impacting at 8.5 km s-1 into extreme Phobos-like target parameters. Scenarios impacting at lower velocities plot to the 

left of these profiles.  

<1% volume of all the projectile and target scenarios impacting at 0.5 km s-1 experienced peak-

shock pressures greater than 2 GPa, which is far less than the BST pressure (18 GPa). On the 

other hand, at the maximum impact velocity (8.5 km s-1), between <69-89% of basalt and 

serpentine projectiles exceeded the BST pressure (Figure 3.32). Some scenarios showed much 

greater peak-shock pressures, with up to 40% of the sim#10 basalt projectile, impacting the worst 

target, exceeding the model measurement limit of 45 GPa. However, this does suggest that even 

at the most extreme impact velocities, <10% of a 1 m basalt or serpentine projectile, with the 

parameters defined in this study, could be tolerable for biosignatures, with regards to pressure.  

Effects of peak-shock temperatures are addressed in the next section (Section 3.4.2.3). 

For the serpentine projectiles, the target scenarios decrease in projectile volume, reaching 

individual peak-shock pressures in the following order:  
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This result is inconsistent with the indications from the input parameter tests, because it was 

expected that the best target and projectile input parameters would return the most tolerable 

conditions for biosignature survival, which in this case should be lowest peak-shock pressures. 

However, here the lowest projectile volume experiencing individual peak-shock pressures is the 

worst serpentine projectile impacting the best target. This is because the best and worst input 

parameters were derived from the peak-shock temperature output of the parameter tests, rather 

than pressure, after temperature was revealed as more dominant over biosignature survivability 

(Section 3.4.1). Peak-shock pressures therefore will not align with the peak-shock temperatures, 

because they manifest differently. Peak-shock pressures are generated by target resistance against 

projectile penetration, which leads to kinetic energy converting to compressive energy and 

building up in the projectile as pressure. Therefore, denser targets (worst) and non-porous 

projectiles (best) generate the greatest peak-shock pressures within the projectile. Furthermore, it 

shows that the target being denser (worst) is more dominant over generating higher peak-shock 

pressures in the projectile than the projectile being non-porous (best).  

Further evidence to support peak-shock pressures being controlled by target and projectile density 

and their effect on kinetic energy partitioning in the projectile comes when comparing the same 

projectile impacting at the same velocity, but into the two different targets (Figure 3.33).  

 

Figure 3.33 Difference in average peak-shock pressure of the same projectile impacting at the same velocity into the 

“best” and “worst” target, plotted against impact velocity.  

The best and worst targets in the endmember simulation differ by regolith depth, material, bulk 

density, and subsurface cohesive and compressive strength, with the worst target being the densest 

and strongest and the best being the least dense and weakest (Table 3.4). Average peak-shock 

pressure experienced within the same projectile impacting at the same velocity is greater for 

0

2

4

6

8

10

12

14

0 1 2 3 4 5 6 7 8 9

D
if

fe
re

n
ce

 in
 a

ve
ra

ge
 p

ea
k-

sh
o

ck
 p

re
ss

u
re

 b
et

w
ee

n
 

b
es

t
an

d
 w

o
rs

t
ta

rg
et

s 
(P

w
o

rs
t
-

P
b

es
t
= 
Δ

P
)

/G
P

a

Impact velocity / km s-1

Basalt projectile

Best serpentine projectile

Worst serpentine projectile



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

148 | P a g e  

 

impacts into the worst Phobos-like target rather than the best. Figure 3.32 shows these average 

peak-shock pressures and shows that the best targets have lower pressure profiles compared to 

worst targets. Figure 3.33 also plots the difference in average peak-shock pressure across the same 

projectile impacting the best and worst target, against increasing impact velocity, showing that 

the peak-shock pressure within projectiles impacting the worst target is always higher than when 

impacting the best target.  

However, it is also observed that with increasing impact velocity (v), the disparity between the 

peak-shock pressure conditions within an equivalent projectile impacting both the best and worst 

targets (Pworst – Pbest = ΔP) increases according to the following power laws: 

Basalt projectile:   ∆𝑃 = 0.255𝑣1.855 − 0.448  R2 = 0.997 

Best serpentine projectile: ∆𝑃 = 0.272𝑣1.738 − 0.081  R2 = 0.997 

Worst serpentine projectile: ∆𝑃 = 0.225𝑣1.715 − 0.145  R2 = 0.998 

These functions derive from the simple law that with increasing impact velocity the kinetic energy 

(K.E = 1/2 m v2) supplied to the system increases according to a power law with exponent 2 

(Collins et al. 2019). However, the power laws above are drawn from a difference between 

impacts into the best and worst targets and therefore indicate that the transfer of kinetic energy 

into compression of the projectile (shock pressure) is less efficient when impacting the best target 

over the worst target, and this becomes more apparent with increasing impact velocity. This may 

be attributed to the best target being weaker and having a deeper porous regolith than the worst 

target. A stronger target puts up more resistance to the penetration of the projectile, and therefore 

kinetic energy remains in the projectile to compress it, rather than transferring into the target. As 

a result, the worst target, that is stronger, experiences higher peak-shock pressures than the best 

target. Then, the disparity between the weaker (best) and stronger (worst) target scenarios 

increases with increasing impact velocity according to a power law in response to the increased 

kinetic energy added to the system with impact velocity. It may be that the constitutive model 

(Section 2.2.2), which defines how the material responds when it has strength in iSALE (Collins 

et al. 2004; Pierazzo and Collins 2004), controls how closely the conversion of additional impact 

velocity into kinetic energy follows the law of kinetic energy.  

In summary, within the range of pressures relevant for biosignature survival (lower than the BST 

pressure of 18 GPa), neither basalt nor serpentine projectiles provide ideal conditions for 

biosignature survival (Figure 3.32). Between 0 and >89% of basalt and serpentine projectile 

volumes, impacting extremes of Phobos-like target parameters at the impact velocity range tested, 

experience conditions intolerable for biosignatures. However, constraining this to the most likely 

impact velocities of ≤4.5 km s-1, ≳87% volume of the basalt and serpentine projectiles experience 
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peak-shock pressures below the BST pressure. Therefore, only projectiles in higher velocity 

impacts, above those most likely for martian material impacting Phobos, may experience 

predominantly intolerable peak-shock pressure conditions for biosignature survival.   

3.4.2.3 Peak-shock temperatures 

Mean peak-shock temperatures range from 210 to 3127 K within the endmember simulation, with 

the lowest temperature exhibited by sim#11 where the best serpentine projectile impacts the best 

Phobos-like target at 0.5 km s-1. Generally, mean peak-shock temperatures remained <2000 K, 

except for sim#25 where the worst serpentine projectile impacts the best Phobos-like target at 

8.5 km s-1, and sim#30 where the worst serpentine projectile impacts the worst Phobos-like target 

at 8.5 km s-1, these reached 2432 K and 3127 K, respectively.  

0% volume of all the projectiles impacting at 0.5 km s-1 experienced peak-shock temperatures 

greater than 300 K, which is significantly less than the BST temperature, and aligns with the peak-

shock pressures at this impact velocity in the previous section (Section 3.4.2.2). On the other 

hand, at the maximum impact velocity of 8.5 km s-1, between ~89-100% of basalt and serpentine 

projectiles exceeded the BST temperature (Figure 3.34). This volume is far greater than for peak-

shock pressures, reiterating the greater influence of peak-shock temperatures on biosignature 

survivability than peak-shock pressure.  

 

Figure 3.34 Volume (%) of Mars-like basalt & serpentine projectiles reaching specific peak-shock temperatures when 

impacting at 8.5 km s-1 into extreme Phobos-like target parameters. Scenarios impacting at lower velocities plot to the 

left of these profiles. 
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For the serpentine projectiles, the target scenarios decrease in projectile volume, reaching specific 

peak-shock temperatures in the following order:  

 

This ordering, unlike the peak-shock pressures, is consistent with the indications from the input 

parameter tests, because the best input parameters generated conditions most tolerable for 

biosignatures, which in this case would be the lowest temperatures within the projectile. As 

addressed in the previous section, different projectile and target parameters generate different 

peak-shock pressures and temperatures. In this case, the highest peak-shock temperatures are 

exhibited by the projectile with the greatest porosity (worst projectile) impacting a target with the 

highest compressive and cohesive strength and highest bulk density (worst target).  

The addition of waste heat from the closure of pore spaces in the projectile (Section 3.4.1.1 & 

3.4.1.4) and shear heating from higher cohesive strength targets (Section 3.4.1.2) is enough to 

generate much higher peak-shock temperatures in the projectile than would be consistent with 

peak-shock pressures. This additional heating is so influential that the temperature profiles for 

sim#29, where the worst serpentine projectile impacts the worst target at 6.5 km s-1, exhibit greater 

volumes of the projectile reaching higher temperatures than sim#15 & 20, where the best 

serpentine projectile impacts at 8.5 km s-1 into the best and worst target, respectively. This 

highlights that the additional heating from pore-space collapse generated by reducing the 

projectile density by 1002 kg m-3, raises temperatures in the projectile more significantly than 

increasing impact velocity by 2.0 km s-1. 

The best and worst Phobos-like targets in the endmember simulation differ by regolith depth, 

material, bulk density, and subsurface cohesive and compressive strength, with the worst target 

being the densest and strongest and the best being the least dense and weakest. Average peak-

shock temperature experienced within projectiles of the same composition impacting at the same 

velocity is greater for impacts into the worst Phobos-like target than the best. Figure 3.34 shows 

these average peak-shock temperatures and shows that the best targets result in lower temperature 

profiles compared to worst target scenarios. Figure 3.35 also demonstrates this by plotting the 

difference in average peak-shock temperature across the same projectile impacting the best and 

worst target, against increasing impact velocity. This shows that the peak-shock temperature 

within projectiles impacting the worst target is always higher than when impacting the best target. 
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Figure 3.35 Difference in average peak-shock temperature of the same projectile impacting at the same velocity into 

the “best” and “worst” target, plotted against impact velocity.  

Similar to peak-shock pressures in the previous section (Section 3.4.2.2), the disparity between 

the peak-shock temperatures within projectiles of the same composition impacting both the best 

and worst targets (Tworst – Tbest = ΔT) increases with increasing velocity (up to 6.5 km s-1). Like 

with the peak-shock pressures, the observed results for peak-shock temperature are likely 

attributed to variable kinetic energy partitioning during impact. Addition of strength and, 

crucially, coefficient of internal friction, in the worst (stronger) target results in greater kinetic 

energy from the projectile converting into internal energy, and therefore heating. Then, with 

increased kinetic energy in the system at greater impact velocities, the disparity between the worst 

(stronger) and best (weaker) target scenarios increases with increasing impact velocity.  

However, for the basalt and best serpentine projectile this trend is seen to break above 6.5 km s-1. 

In fact, the difference in peak-shock temperature for the basalt projectile between the best and 

worst Phobos-like target is lower for impacts at 8.5 km s-1 than at 6.5 km s-1. A possible 

explanation for this is that plastic deformation rather than limiting strength becomes dominant at 

higher pressures and hence higher velocities, which limits the additional heating provided by 

higher strengths. Furthermore, thermal softening also occurs at higher impact velocities whereby 

the yield strength decreases to zero at the melting temperature. As a result, above 6.5 km s-1 

strength becomes less important in providing additional heating to the projectile. This finding is 

consistent with the results of Quintana et al. (2015) and Kurosawa and Genda (2018).  
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In contrast, the disparity between best and worst target for the worst serpentine projectile is 

observed to continue increasing with increasing impact velocity beyond 6.5 km s-1 according to 

the following power law:  

Worst serpentine projectile:  ∆𝑇 = 11.12𝑣1.904 + 31  R2 = 0.988 

The reason for this is uncertain, however the worst serpentine projectile is more porous, and this 

could help to delay the onset of plastic deformation in the projectile and allow for strength in the 

target to remain dominant in providing additional heating in comparison to a zero-strength case. 

Further investigation into higher velocities and other target strength and projectile porosity 

scenarios might reveal a break in trend beyond the conditions tested in this study. However, these 

conditions may sit outside what is relevant for Mars-like ejecta impacting a Phobos-like target. 

Therefore, the crucial outcome from the above results is that, for the majority of cases within the 

scenarios tested, a stronger target increases temperatures in the projectile, making them less 

tolerable for biosignatures, and that this generally increases with impact velocity. Breaks in the 

trend occur at the highest impact velocities that are less likely to occur in reality.  

To put the most likely Phobos impact velocity tested, 4.5 km s-1, into context, the regions of 

projectile possibly tolerable for biosignatures are shown visually in Figure 3.36. Sim#13, where 

the best serpentine projectile impacts the best target, shows ~8% of the projectile volume 

exceeding the BST temperature and this volume is entirely located at the leading edge of the 

projectile at the first point of contact during impact. The remainder of the projectile volume could 

then be potentially tolerable for biosignatures. The coolest regions are in the centre and back of 

the projectile. The average peak-shock temperature of the leading and trailing halves of the 

projectile only differ by ~15 K, suggesting that on average the peak-shock temperatures 

experienced by this projectile are relatively homogeneous.  

In comparison, in sim#18, where the best serpentine projectile impacts the worst target, ~74% of 

the projectile volume exceeds the BST temperature. The remaining volume possibly tolerable for 

biosignatures is concentrated in isolated pockets in the middle side edges of the projectile, and in 

bands running through the centre of the projectile, predominantly in the trailing half. This pattern 

is common for most projectile maps in this study (e.g., test 15 of Section 3.4.1.4). Prominence of 

cooler temperatures generally in the trailing half of the projectile can be simply attributed to the 

attenuation of the shock wave as an inverse power law of the distance from the impact site 

(Melosh 2013). Furthermore, the sides and back of the projectile are free surfaces and the origin 

of the rarefaction wave; they therefore experience the least time in a shocked state.  
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Figure 3.36 Projectile maps display peak-shock temperature conditions experienced during impact over the simulated 

impact duration of 0.05 s projected onto the original projectile shape. All simulations shown are for 4.5 km s-1 impacts 

into the “best” Phobos-like target (left) and “worst” Phobos-like target (right). The top two simulations, sim#3 & 8 

are for basalt projectiles, sim#13 & 18 are the “best” serpentine projectile and sim#23&28 are the “worst” serpentine 

projectile. A thin shell of very high temperature material is seen on the leading edge, coinciding with the first point of 

contact upon impact. Generally, conditions are cooler within the trailing hemisphere.  

Cooler temperatures at the side edges of the projectile could be attributed to the projectile 

compressing and flattening upon impact, squeezing the sides outwards away from the impact 

point, so they experience less intense shock conditions, as demonstrated by Figure 3.37. This 
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pattern agrees with previous studies, (e.g., Pierazzo and Chyba, 1999), that show increased 

biosignature survivability away from the axis of impact at the sides of the projectile.  

 

Figure 3.37 Snapshots of endmember simulation sim#23 at timesteps 0, 3, 25 and 50 showing material situated at the 

sides of the original projectile (green) are spread to the outer regions away from the impact focus that is dominated by 

material originally situated down the centre of the projectile (red). 

On the other hand, sim#28 does not exhibit any volume tolerable for biosignatures and the centre 

of the projectile reaches higher temperatures than in other simulations (Figure 3.36). As described 

in Section 3.4.1.1 and Section 2.2.2, temperatures may be overestimated in the centre band of the 

projectile because of artefacts in the model set-up. However, knowing the absolute temperatures 

in the centre of the projectile is not necessary because the conditions across the whole projectile 

remain higher than the BST temperature so are intolerable for biosignatures. Nevertheless, there 

is a greater difference in average peak-shock temperature (~261 K) between the leading and 

trailing hemispheres. It is likely that this is an effect of additional shearing from the target 

focussing close to the impact site.  

In summary, across the projectile and target parameters investigated, between <1-100% of 

impacting projectile volumes experience peak-shock temperature conditions intolerable for 

biosignatures, a more extreme range of projectile volumes than observed by the peak-shock 

pressure conditions. For the serpentine projectiles, tolerable conditions only occurred at impact 
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velocities of <4.5 km s-1, except at <8.5 km s-1 with the best serpentine projectile (least porous) 

impacting the best target (greatest regolith layer depth, lowest material densities, and lowest 

subsurface cohesive and compressive strengths). On the other hand, at these velocities a majority 

of the basalt projectiles exhibited tolerable conditions. This is encouraging because significant 

survival is possible for all projectile parameters close to the most likely impact velocity range of 

4-5 km s-1 (Section 3.2.1.6). However, if the optimum projectile and target parameters are 

satisfied, as much as 92% of the projectile could be tolerable for biosignatures at the most likely 

impact velocity, 4.5 km s-1. Furthermore, it is observed that the regions tolerable for biosignatures 

are likely to be the sides and trailing hemisphere of the projectile.  

3.4.2.4 Post-shock temperatures 

After the first timestep (0.001 s), the peak-shock conditions ease, and the system entered the post-

shock stage. Figure 3.38 displays the average post-shock temperature across each projectile up to 

timestep 50 (0.05 s). Temperatures remained high for some scenarios for the first ~22 timesteps, 

by which time the temperature profiles began to level out and homogenise to ambient levels. The 

highest post-shock temperatures were maintained by the higher impact velocity scenarios (darker 

shaded lines in Figure 3.38).  

Generally, after the first timestep the average post-shock temperatures have already dipped below 

the BST temperature, except at higher impact velocities where there were higher temperatures 

during the peak-shock stage.  

These scenarios include: 

• Basalt projectile –  

o sim#5 impacting the best target at 8.5 km s-1 

o sim#9 & 10 impacting the worst target at 6.5 and 8.5 km s-1 

• Serpentine projectile –  

o sim#19 & 20 the best serpentine projectiles impacting the worst target at 6.5 and 

8.5 km s-1 

o sim#24 & 25 the worst serpentine projectiles impacting the best target at 6.5 and 

8.5 km s-1 

o sim#28, 29 & 30 the worst serpentine projectiles impacting the worst target at 

4.5, 6.5 and 8.5 km s-1.  
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Figure 3.38 Mean temperature of Mars-like basalt (top) and serpentine (bottom) projectiles impacting at different 

velocities into different target parameters over the timescale of the simulation (0.05 s). The first peak-shock for all 

scenarios, up to timestep ~3, represents the latter part of cooling after initial impact.  

This means that average temperature conditions remain intolerable for biosignatures in these 

scenarios for longer and do not all dip below the BST temperature until the end of timestep 21 

(0.021s). By timestep 50, the average temperature for both basalt and serpentine projectiles has 

fallen to <300 K. The only exceptions are the worst serpentine projectiles (highest porosity) 

impacting the best Phobos-like target (greatest regolith layer depth, lowest material densities, and 

lowest subsurface cohesive and compressive strengths) at 4.5-8.5 km s-1 where average post-

shock temperatures are maintained up to ~420 K. It is likely that the best target scenarios result 
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in heat being maintained in the projectile for longer because of its low cohesive strength and lower 

bulk density putting up less resistance to the penetration of the projectile. Therefore, at this 

timestep the projectile may be more intact and possibly more insulated by the target than the worst 

target scenarios, as seen in the target composition (Section 3.4.1.1) and strength (Section 3.4.1.2) 

parameter tests. This is reiterated by every average post-shock temperature within the same 

projectile and velocity for impacts into the best target remaining higher than their worst target 

counterpart in the post-shock stage (Figure 3.39). 

By timestep 50, <10% of all projectiles impacting at all impact velocities maintain temperatures 

greater than 1000 K (Figure 3.39). However, up to ~14% of projectiles impacting at the fastest 

velocity maintain temperatures greater than the BST temperature. This suggests that, at extreme 

impact velocities, a significant proportion of the projectile can remain intolerable for 

biosignatures even after 0.05s, so biosignature survival could continue to reduce beyond the peak-

shock stage.  

 

Figure 3.39 Volume (%) of Mars-like basalt & serpentine projectiles reaching specific post-shock temperatures when 

impacting at 0.5 and 8.5 km s-1 into extreme Phobos-like target parameters. 

3.5 Discussion 
Phobos’ close proximity to Mars makes it an important target for the deposition of material ejected 

from Mars, within which clues to Mars’ astrobiological past could be found. Thus far, studies 

have only considered the volume of martian material possibly present in Phobos’ regolith 

(Chappaz et al. 2013; Ramsley and Head 2013b; Summers 2019) and the probability of a sample 

return mission to Phobos sampling viable organisms (Fujita et al. 2019; Kurosawa et al. 2019; 

Patel et al. 2019). These studies lacked consideration of the survival of less complex, but still 
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biologically important organic biosignature molecules, e.g., amino acids. Furthermore, they did 

not consider how physical and compositional variables in the ejecta projectile and target could 

influence the potential survival of biological molecules during impact at various impact velocities. 

This chapter has evaluated the realistic input values for projectile and target parameters (Sections 

3.2.1 & 3.2.2) and, through parameter tests, investigated the influence these had on the shock 

conditions within projectiles with two different Mars-like compositions (Section 3.4.1). 

Parameter test outputs were combined into the best- and worst-case input parameters for 

biosignature survival for the projectile and the target. The role of impact velocity on the resultant 

shock conditions, and therefore biosignature survivability, was then assessed in the endmember 

simulations (Section 3.4.2).  

The results from this investigation highlighted the importance of peak-shock temperatures upon 

biosignature survival when considering materials with variable porosity and strength, because of 

the additional heating from pore-space collapse upon compression and frictional shear heating 

between strong materials. Resultant peak-shock temperatures have been used to visualise the 

projectile volume % intolerable for biosignatures (Table 3.5). It shows that at high impact 

velocities (bottom row) there are some scenarios, as shown by sim#5 & 15, that are almost entirely 

intolerable for biosignatures. Furthermore, it shows that even if all the input parameters are at 

their worst then a transition occurs between 2.5 and 4.5 km s-1 whereby the projectile becomes 

completely intolerable for biosignatures (Table 3.5 far-right column).  

Table 3.5 Colour coded grid presenting % volume of endmember simulation projectiles that are intolerable for 

biosignature survival. Numbers in parentheses represent sim#. 

    Basalt projectile  Serpentine projectile  

    

Best  

target  
Worst target  

Best 

projectile & 

Best target  

Best 

projectile & 

Worst target  

Worst 

projectile & 

Best target  

Worst 

projectile & 

Worst target  

Im
p

a
ct

 v
el

o
ci

ty
 /

 k
m

 s
-1

  

0.5  0% (1)  0% (6)  0% (11)  0% (16)  0% (21)  0% (26)  

2.5  1.0% (2)  1.6% (7)  1.0% (12)  1.2% (17)  2.0% (22)  8.3% (27)  

4.5  8.7% (3)  91.4% (8)  7.9% (13)  73.6% (18)  68.1% (23)  100.0% (28)  

6.5  32.9% (4)  97.9% (9)  29.4% (14)  95.4% (19)  100.0% (24)  100.0% (29)  

8.5  89.8% (5)  99.9% (10)  84.2% (15)  99.1% (20)  100.0% (25)  100.0% (30)  

 

In summary, the investigation has revealed that within realistic extremes of projectile and target 

input parameters, there are significant opportunities for conditions to be tolerable within at least 

some parts of Mars-like projectiles impacting Phobos-like targets. In fact, 21 out of the 30 

simulated scenarios can result in >5% of the projectile being tolerable for biosignatures. Crucially 

at the most likely impact velocity, 4.5 km s-1, up to 91% projectile volume could be tolerable for 
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biosignatures, suggesting if biosignatures are present within ejected martian material then 

successful delivery could be likely.  

All basalt projectiles are observed to exhibit similar volumes tolerable for biosignatures as the 

best serpentine projectiles impacting the same target. This is mainly a reflection on their similarly 

high densities (basalt 2874 kg m-3; best serpentine 2505 kg m-3), and therefore low combined 

micro and macroporosities. Furthermore, it is observed that the parameter values chosen to 

represent the best- and worst-case versions of the serpentine projectile and Phobos-like target 

(including macroporosity, material and compressive and cohesive strength) are almost equally 

influential over the biosignature survival in the projectile. This is exhibited by the best serpentine 

projectile impacting worst target scenarios (sim#16-20) being similar to the worst serpentine 

projectile and best target scenarios (sim#21-25). Therefore, within the parameter value ranges 

investigated in this study, the conditions experienced within the projectile during impact are 

comparable when the projectile and target parameters are at both their opposite extremes.  

The volumes of Mars-like projectiles possibly tolerable for biosignatures presented in Figure 3.5 

can be used to estimate real biosignature delivery concentrations. Previous studies have measured 

total amino acid concentrations within martian meteorite RBT 04262 of 906 ppb (Callahan et al. 

2013). Taking this as an example of the loading of amino acids in a 1 m martian ejecta fragment, 

the results in Figure 3.5 suggest that even impacts at the highest velocities could deliver up to 

143 ppb of amino acids to Phobos, or at 4.5 km s-1, close to the most likely impact velocity, up to 

897 ppb of amino acids could be delivered. This is encouraging considering amino acids in 

extraterrestrial materials can be resolved above detection limits as low as 0.6 ppb with GC-MS 

(Callahan et al. 2013; Chan et al. 2016; Fujiya et al. 2021). 

Projectile maps revealed that the most likely locations within the projectile for these tolerable 

conditions to exist are the sides and back, which agrees with previous hydrocode studies (Pierazzo 

and Chyba 1999; Halim et al. 2021). However, the model did not consider the likely heterogeneity 

of biosignature concentration in the projectile, nor how biosignatures are integrated into the 

projectile material (perhaps in pore spaces or lattice structures). Instead, it only measured the 

pressure and temperature conditions of the rock material across the projectile during impact from 

which biosignature survivability potential was derived. The model did not consider survival of 

the biosignatures themselves or where they were located.  

If biosignatures were only located within the sides and back of the projectile, perhaps because the 

orientation of the projectile was the same during impact as it was when leaving Mars’ atmosphere, 

so biosignatures on the leading edge had already been destroyed (Fujita et al. 2019), then a greater 

proportion of biosignatures contained within the projectile during impact would survive. 

Additionally, biosignatures held in basaltic materials could be contained within or surrounded by 

denser material, e.g., glass (Howard et al. 2013; Schultz et al. 2014); similar shock variation is 
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observed in chondritic materials, where chondrules can experience lower peak-shock pressures 

than the surrounding dense matrix (Bland et al. 2014; Davison et al. 2016). Therefore, 

biosignatures could benefit from such a process and experience less intense shock conditions if 

shielded by a dense matrix. On the other hand, if biosignatures were only located in the leading 

hemisphere, or perhaps within pore spaces that would experience the focus of additional heating 

upon pore collapse (Wünnemann et al. 2008; Jutzi et al. 2008; Güldemeister et al. 2013), they 

would be preferentially destroyed upon impact.  

Furthermore, for sedimentary ejecta, biosignatures held within clay mineral interlayers could have 

been protected from the harsh radiation environment on Mars over long periods (dos Santos et al. 

2016; Ertem et al. 2017; Poch et al. 2015; Ertem et al. 2021), which could result in a higher 

concentration of preserved biosignatures in ejected clay minerals than basalts. However, upon 

impact, biosignatures could be negatively affected if held within lower strength clay mineral 

interlayers. Previous studies have observed greater damage and projectile penetration into thin 

(mm-scale) target layers that differ in strength in comparison to one thicker, stronger layer (e.g., 

Robbins et al., 2004), however, laboratory experiments using biosignatures held within clay 

interlayers of real scale (down to nm) in projectiles would be required test this hypothesis (Section 

7.6.2).  

Ultimately, projectile texture characteristics e.g., mechanical shielding or interlayer effects could 

help and/or hinder biosignature survival, resulting in a different final biosignature survival than 

those suggested in this chapter. However, the extent to which these effects control absolute 

conditions within the projectile are uncertain, and would require polymict projectile modelling or 

practical experiments with complex projectiles to establish, which fall outside of the scope of this 

thesis. Yet, the stochastic nature of impact events may result in the effects averaging out over 

geological time rendering them insignificant either way. Possible future investigations are 

considered in Section 7.6.2.   

Furthermore, the spatial location of tolerable conditions for biosignature survival derived from 

this study is specific to vertical impacts owing to the 2D modelling approach taken. In reality, 

impacts could occur at a variety of impact angles, which would drastically modify the spatial 

distribution and absolute values of peak-shock temperatures in the projectile, as seen by Pierazzo 

and Melosh (2000). Additional 3D simulations would be required to evaluate the influence of 

impact angle on the pressure and temperature conditions, and therefore survival of biosignatures 

within Mars-like projectiles. 

Post-shock stage results (between 0.001 and 0.05 s after impact) have revealed that up to ~14% 

of projectile volumes in high velocity impact scenarios can maintain mean temperatures that 

exceed the BST temperature after 0.05 s (Section 3.3), which means that biosignature destruction 
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can continue beyond the peak-shock stage in the highest velocity impact scenarios. The rate of 

biosignature destruction with time is not known on planetary impact scales, although crudely 

extrapolating from Glavin and Bada (2004)’s observations suggests that an additional 0.021 s at 

intolerable temperature conditions could result in an additional 0.03% of biosignatures being 

destroyed during the post-shock conditions. However, iSALE-2D does not account for radiative 

or conductive cooling, so the cooling rate represented in the post-shock stage is unrealistically 

determined by specific internal energy and pressure reduction and the simulation time is limited 

to 0.05 s. Therefore, potentially intolerable post-shock conditions, and therefore further 

biosignature destruction, could continue for longer or shorter periods than presented in this study.  

It is also worth considering whether the fluid model used in this chapter unrealistically represents 

the fragmentation of the projectile upon impact. Within these simulations, the projectile is 

observed to flow, generating a single projectile material layer on top of the target, as seen in the 

snapshots of the crater forming process e.g., Figure 3.10. However, during hypervelocity impact 

tests, intact fragments of the projectile have been observed within the target post-impact up to 

1.5 km s-1 (Patel et al. 2019) and the disparity between the persistence of relatively large projectile 

fragments in the practical impact experiments in comparison to the hydrodynamic simulations 

was noted. Patel et al., (2019) modified the strength of the basalt projectiles within the numerical 

simulations to be 12 GPa to induce projectile survival during impact simulation, although it was 

acknowledged that this strength was an overestimation of real basalt. Fragmentation of the 

projectile would affect its subsequent cooling, because fragments are unlikely to generate the 

thick deposits seen by this study that were able to maintain higher post-shock temperatures 

(Section 3.4.2.4). Fragmented projectiles are considered in more detail in Chapter 6.  

Nevertheless, when using iSALE-2D, high temperatures are maintained only as a result of specific 

internal energy and slower reduction in pressure from a thicker material layer. If further cooling 

mechanisms were considered then the fastest cooling rates would be experienced by the smallest 

fragments with the greatest surface area to mass ratio, which deposit on the surface of the regolith 

exposed to space. These fragments would undergo rapid radiative cooling. Conversely, the 

slowest cooling rates would be experienced by larger ejecta fragments that end up fully 

submerged in the insulating regolith, thereby experiencing conductive cooling. However, these 

cannot yet be accounted for using iSALE-2D.  

A rough estimation of the amount of material that would vaporise during impact can be drawn 

from the post-shock temperatures, and these suggest that ~2-42% of the projectiles in the 

endmember simulations could be lost during impact. Minimum material loss is, unsurprisingly, 

seen in the lowest impact velocity scenarios where the shock conditions are at their least intense. 

Maximum material losses are then experienced by the 8.5 km s-1 scenarios. It is likely that these 

material losses are from the volume of the projectiles that experience shock conditions beyond 
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what is tolerable for biosignatures, so material losses are unlikely to affect the potential survival 

of biosignatures, unless decay products present in intolerable projectile volumes are still 

recognisable. Instead, material losses may be more influential on the survival of martian material 

impacting Phobos, without containing any biosignatures. This is still scientifically important 

because Phobos could nevertheless act as a witness plate for Mars’ climate and geological history 

that could supply information otherwise extinct or impractical to collect directly from Mars.  

In summary, the main results from this chapter are: 

• The range of projectile and target physical parameters tested in this study make significant 

effects on the temperature and pressure conditions within a Mars-like projectile impacting 

a Phobos-like target. Therefore, the definition of realistic Mars-like and Phobos-like 

material parameters will have a great influence on the resultant interpreted biosignature 

survival in these materials. 

• Biosignature survival is predominantly controlled by peak-shock temperatures rather than 

peak-shock pressures within the projectile. 

• The end-member parameter values investigated in this study result in a broad range of 

Mars-like projectile volumes (0-100%) that exhibit conditions tolerable for biosignatures, 

with scenarios with the greatest projectile volume tolerable for biosignatures being in 

impacts <4.5 km s-1, or up to 8.5 km s-1 only for materials of the lowest strength and 

density. 

• Under the conditions considered in this study, biosignatures are most likely to survive in 

the sides and back of the projectile. 

In conclusion, the investigation has revealed that within realistic extremes of projectile and target 

input parameters, there are significant opportunities for conditions to be tolerable within at least 

some parts of Mars-like projectiles impacting Phobos-like targets. Considering the most recent 

Phobos-supplying cratering event on Mars, Zunil, where an estimated 1506 kg may have impacted 

Phobos at 4-5 km s-1 (Summers 2019), up to 1387 kg of this could have experienced conditions 

tolerable for biosignatures. This strongly suggests that, if biosignatures were present at martian 

impact locations and these biosignatures survived the journey to Phobos, a significant proportion 

could survive deposition onto Phobos.  

The results from the simulations in this chapter are affected by a multitude of assumptions and 

factors, so ground-truthing is required to validate whether the high potential for biosignature 

survival suggested in this chapter is possible in reality. Therefore, the forthcoming chapters 

compare the results from this chapter with practical AALGG simulations and assess how closely 

large- and small-scale numerical modelling agrees with real life laboratory simulations. 
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Chapter 4                

Impact experiment 

strategy and method 

development 

4.1 Introduction 
The large-scale modelling results from Chapter 3 suggested that, within the likely velocities of 

martian ejecta impacting Phobos, significant volumes of impacting projectiles experience 

conditions that biosignatures could survive. However, practical impact experiments were required 

to support this hypothesis.  

This chapter presents method development for All-Axis Light Gas Gun (AALGG) impact 

experiments to investigate the survival of glycine within Mars-like projectiles impacting a 

Phobos-like target. This chapter covers:  

• An assessment of possible organic contamination within the AALGG and its effect on 

impact survival experiments focussed on the amino acid glycine (Section 4.2).  

• The motivation, design and testing of bespoke Mars-relevant basalt projectiles doped 

with glycine to use in impact survival experiments (Section 4.3).  

• Witness plate impact tests to estimate the amount of projectile reaching the target during 

buckshot projectile shots (Section 4.4).  
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• The design and method development of an appropriate post-impact target sampling 

system to maximise the concentration of glycine within collected samples for detection 

(Section 4.5).  

• A feasibility impact test campaign firing into the physical simulant Phobos-1P to 

preliminarily determine whether glycine can survive realistic impact velocities and 

assess whether the methods developed in this chapter are appropriate for this 

investigation (Section 4.6).  

The results presented in this chapter provide the proof-of-concept for the methods then applied to 

the impact survival campaign in Chapter 5. Ultimately, the amount of glycine that can survive 

realistic impact velocities within Mars-relevant basalt projectiles into a compositional Phobos 

simulant can be estimated.  

4.1.1 Motivation 

The numerical modelling conducted in Chapter 3 investigated Mars ejecta-like projectiles 

impacting Phobos on realistic spatial and temporal scales. However, it could only indirectly 

determine biosignature survivability by comparing to assumed Biosignature Survivability 

Thresholds (BSTs) for temperature and pressure conditions drawn from the literature. 

Biosignature survivability over shock timescales is poorly constrained so confidence in the 

derived BSTs was limited. Therefore, the interpretations made in Chapter 3 must be supported by 

practical experiments that can directly determine biosignature survivability following extreme 

shock temperatures and pressures relevant to martian ejecta impacting Phobos. Such experiments 

can be conducted with two-stage LGGs, as described in Section 2.3. Impact parameters can be 

tailored to make the experiments as representative of martian ejecta impacting Phobos as possible, 

e.g., the use of Mars-relevant bespoke projectiles (Section 4.3) fired at up to and including the 

most likely impact velocity of ~4 km s-1 into Phobos regolith simulants (Section 4.6). However, 

to ensure the biosignature analysis of the target following impact accurately records the survival 

through impact processing, potential contamination within the experimental setup must first be 

characterised, addressed in the next section. 

4.2 LGG Contamination 
The astrobiologically-relevant impact experiments presented in this thesis using the AALGG at 

the Open University require the detection of organic molecules at ppm concentrations. In its 

current state, carbon-based contamination within the AALGG from solvents, lubricants and other 

consumables could potentially mask low concentrations of organic samples or provide false 

positive results. Therefore, it is essential the current level of contamination is characterised so it 
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can be accounted for. Furthermore, it may be necessary to introduce control modifications to the 

AALGG setup to reduce contamination build up. 

4.2.1 Possible sources of contamination 

To achieve the level of vacuum needed for shots, portholes and connections use O-rings lubricated 

with the hydrocarbon-based petrolatum APIEZON M grease. Lubrication, e.g., grease and 

hydrocarbon-based Ambersil Copper anti-seize pastes, has also been used in the past on threads 

throughout the AALGG, especially around the central breech (Figure 4.1).  

 

Figure 4.1 Left: Schematic diagram of the AALGG in vertical orientation. Right: Blank shot (sabot but no projectile) 

into white foam. Pre-shot (top) and post-shot (bottom). 

Furthermore, working parts of the AALGG are cleaned and lubricated between shots with 

hydrocarbon-based WD40 and Bore Tech Inc. C4 Carbon Remover, but other cleaners, rust 

inhibitors and powder solvents have also been used in the past. The use of these substances in the 

maintenance of the AALGG is necessary to prolong the lifespan of expensive parts, e.g., the barrel 

and central breech. However, it is possible that residue from any of these substances could 
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contaminate the inside of the AALGG. Furthermore, when placed under vacuum, these substances 

may outgas and spread contamination around the range (Richards et al. 2022).  

By nature of the design of the two-stage LGG (Figure 2.10 Section 2.3.2), the piston prevents any 

accelerant powder residue (e.g., methyl/ethyl centralite) or wadding reaching past the central 

breach. This is a crucial safety feature to ensure that no ignited gases come into contact with the 

hydrogen gas ahead of the piston. However, it is acknowledged that not being able to remove all 

residue from high-pressure components completely, and running single stage shots where the 

piston does not act as a barrier between the pump tube and launch tube, could allow residue to 

enter the gun an accumulate over time. 

Before the projectile reaches the target, the burst disc ruptures, and sabot segments are mostly 

vaporised when caught by the metal stop plate. Particulates from the burst disc, as well as the 

sabot, ejecta droplets from the stop plate and fragments of piston are likely to build up in the 

AALGG. Between shots, accessible debris is removed by compressed gas and a vacuum cleaner. 

However, it is not possible to remove all debris because the range has a rough inner surface, and 

there is limited access through portholes and numerous areas where debris can become trapped 

and accumulate.  

In subsequent shots, these debris accumulations can be disturbed and released by turbulence from 

the vacuum pump repeatedly venting and evacuating the system. It has been suggested that 

repeatedly filling the gun chambers with air can also introduce impurities to the system e.g., water 

vapour and mixed hydrocarbons (Slattery et al. 1968). Debris can also be mobilised by the forceful 

wall of gas in each shot and deposit soot-like particles onto the target, as evidenced by a blank 

contamination test where an empty sabot was fired at white foam (Figure 4.1). Ideally, the foam 

should have remained devoid of material, but instead exhibited a defined circle of dark soot 

corresponding with the entrance aperture of the range into the churn where the target was situated. 

There is an even distribution of soot in this area because of the straight run from the hole in the 

stop plate to the target. A less significant deposition occurred outside the area of the churn 

entrance aperture, which may be attributed to the gas and dust cloud expanding as it entered the 

larger volume churn, spreading particles over a larger area.   

Large particles have also been observed to make it to the target, e.g., fragments of burst disc, 

sabot, piston or stop plate, evidenced by a blank contamination test where an empty sabot was 

fired at white Artex easifix one coat plaster powder covered in silver foil (Figure 4.2). Particulate 

matter up to 0.5 cm in size was identified in the plaster powder, generating large craters that could 

be mistaken for craters produced by the projectile.  

To mitigate some of these sources of contamination, modifications have been made to the LGGs 

at ISAS/JAXA including a fast-acting metal shutter that closes the aperture into the target 
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chamber after the projectile has passed through, preventing the inflow of impurities from other 

areas of the gun (Okochi et al. 2015). Furthermore, it has been suggested that mobilisation of 

contaminants can be reduced by pumping down sections of the LGG separately and allowing for 

the target chamber to remain under vacuum, unless changes are required, whilst consumables are 

changed further up the gun (Slattery et al. 1968). Together, these controls could reduce target 

chamber exposure to atmospheric air or sources of contamination following the passage of the 

projectile. However, even a fast-acting metal shutter would not be able to prevent contaminants 

transported by the gas surge entering the target chamber simultaneously with the projectile and it 

was not feasible to make major structural changes to the AALGG at the Open University during 

this project.  

 

Figure 4.2 Blank shot (sabot but no projectile) into plaster overlain with a layer of foil. Contamination particles’ 

puncture holes in the foil (left) and crater generated by contamination particles in plaster (right).   

 

Figure 4.3 Fine layer of Phobos-1P “blown out” of target tray when vented too quickly from the top of the churn. 

Instead, one mitigation made in this study was to lengthen the venting time of the range to reduce 

the disturbance of particulates. Originally, the entire range became covered in a several hundred-
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micron layer of simulant “blown out” of the target tray (Figure 4.3), discovered during the 

feasibility tests (Section 4.6). This was stopped by implementing gradual venting using a separate 

valve on the churn to the side of the target so air would not rush onto the target surface.  

4.2.2 Contamination characterisation 

Swabs were taken from throughout the AALGG interior (Figure 4.4) using lint-free cloths that 

had been sterilised by sonicating twice in dichloromethane (DCM) and once in methanol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Extended diagram of AALGG in vertical 

configuration. Red numbers indicate where swabs 

were taken: (1) launch tube entrance, (2) within 

launch tube in the upwind; (3) walls of blast tank; (4) 

small target chamber walls; (5) large target chamber 

walls; (6) churn target chamber walls. 
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Figure 4.5 Stacked GC-FID chromatogram of average contamination swab samples (1-8) compared to solvent Prop10 

blank. Vertical axis normalised to 1 and offset for clarity. Norvaline Internal Standard (IS) peak for calibration marked 

with an arrow. Glycine peak location indicated by red vertical dashed line at 3.8 minutes. Peaks present within swab 

samples, but not in the solvent Prop10 blank are labelled A-D and discussed in the text. 

The swab locations were chosen to cover the range of areas where particulates could accumulate. 

Furthermore, samples were also taken of the WD40 (7-WD40) and Bore Tech Inc. C4 Carbon 

Remover (8-CR) used to clean the AALGG during the experiments.   

The priority was to confirm that no substance used or found in the AALGG co-eluted or masked 

glycine, the biosignature of interest in this study (Section 2.1.2), and therefore could act as false 

positives within the biosignature survivability experiments in this thesis. Swab samples were first 

washed in Prop10, then any amino acids were extracted and derivatised (Section 2.4.2.1) and 

samples analysed by GC-FID (Section 2.4.2.2). Chromatograms from seven repeated injections 
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per swab were averaged, the y-axis normalised to 1 and offset for comparison with a solvent blank 

(Prop10 – propanol 10% in water) in Figure 4.5.  

No chromatograms exhibit any peaks that would co-elute with glycine. However, several large, 

sharp peaks at later retention times (4.28, 4.33, 4.37 and 5.03 minutes) are shown in 

ContamSwab8-CR, labelled A-D. Considerably smaller peaks at 5.03 minutes are also observed 

in all other swabs. ContamSwab8-CR was compared against an amino acid standard mixture from 

the EZ:faast™ kit (Section 2.4.2.2) in Figure 4.6 to tentatively assign the unknown peaks as A 

leucine; B allo-isoleucine; C isoleucine; and D aspartic acid.  

 

Figure 4.6 Stacked GC-FID chromatogram of average ContamSwab8-CR compared to amino acid standard mixture 

(AA kit). Vertical axis normalised to 1 and offset for clarity. IS peak for calibration indicated by black vertical dashed 

line at 4.2 minutes. Glycine retention time indicated by red vertical dashed line at 3.8 minutes. Peaks in ContamSwab8-

CR identified as A leucine; B allo-isoleucine; C isoleucine; and D aspartic acid. 

Figure 4.6 shows the retention time of norvaline (internal standard, IS; black dashed line) was 

shifted 0.017 minutes earlier in ContamSwab8-CR than in the standard mixture, which is likely 

to be the result of different GC liners and septa being used as the analyses were completed on 

different days. This shift was taken into account as a calibration shift when assigning the peaks 

in Table 4.1. 

Leucine and aspartic acid especially, are some of the most likely organic compounds to be found 

in martian rocks, if any organics were to be present (Glavin and Bada 2004; dos Santos et al. 

2016; Zaia et al. 2008) (Section 2.1.2) and are potential biosignatures. Therefore, future work into 

the survivability and breakdown of a wider range of amino acids would need to acknowledge the 

potential contamination from the Bore Tech Inc. C4 Carbon Remover cleaning chemical and 

consider the need for additional cleaning to remove embedded contamination within the AALGG 
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and use a different cleaning chemical for the duration of the study. However, for this study, which 

focuses on glycine as a representative biosignature, the cleaning chemicals used, and the residue 

present within the AALGG, will not affect the detection of glycine.  

Table 4.1 Retention times of unidentified peaks compared against amino acid standards. IS indicated the 

ContamSwab8-CR chromatogram was shifted by 0.017 minutes compared to the AA kit. Retention time of unidentified 

peaks were corrected for this calibration shift and shown in right column to identify source compound. 

Amino Acid Standards 
AA kit Retention 

time / min. 

ContamSwab8-CR 
Retention time / 

min. 

Retention time 
corrected for 

calibration shift / min. 

Alanine 3.78   

Glycine 3.85   

α-Aminobutyric acid 4.01   

Valine 4.13   

β-Aminoisobutyric acid 4.17   

Norvaline 4.24   

Leucine (A) 4.34 4.28 4.30 

allo-Isoleucine (B) 4.36 4.33 4.35 

Isoleucine (C) 4.39 4.37 4.38 

Threonine 4.52   

Aspartic Acid (D) 5.10 5.03 5.05 

Methionine 5.12   

Hydroxyproline 5.42   
 

To confirm the dark residue deposited onto the surface of the target during a shot (shown in Figure 

4.1 with the blank shot into foam) also did not include contaminants that could co-elute with 

glycine, two sub-samples from the foam (centre and outside), as well as a blank foam sample, 

were washed in Prop10 solvent, any amino acids extracted and derivatised and samples analysed 

by GC-FID using the same method as the contamination samples above. Chromatograms from 

five repeated injections per foam sample were averaged, the y-axis normalised to 1 and offset for 

comparison against a solvent blank in Figure 4.7.  

Figure 4.7 shows contaminants do not result in any peaks that may coincide or mask the glycine 

peak. However, minor peaks at 5.05-5.10 minutes are again observed, which probably indicate 

the presence of aspartic acid, matching the composition of the residue swabbed within the 

structure of the AALGG. This suggests soot dislodged, mobilised and deposited by the shot is 

composed of compounds already present within the AALGG from cleaning and previous shots, 

with no additional amino acids supplied by the first stage of firing. 

 



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

172 | P a g e  

 

 

Figure 4.7 Stacked GC-FID chromatogram of samples taken from the centre, outer edge and blank of the dark residue 

deposit in the blank sabot shot into foam compared to solvent Prop10. Vertical axis is normalised to 1 and offset for 

clarity. IS peak for calibration indicated arrow 4.2 minutes. Glycine peak location indicated by red vertical dashed 

line at 3.8 minutes. 

In summary, contaminants within the AALGG may generate visible contamination on the target, 

including soot-like particles, and may induce additional unwanted impact processing if larger 

contaminant particles make it to the target. However, GC-FID analysis has not identified any 

peaks in the particulates that would interfere with detection of glycine in this project, but care 

should be taken in future experiments using amino acids leucine, allo-isoleucine, isoleucine and 

aspartic acid because they may be present in contamination. 

4.3 Bespoke Mars-like projectiles 
This section describes the motivation for, and approach to, manufacturing bespoke Mars-relevant 

basalt projectiles, doped with glycine, the biosignature of choice (Section 2.1.2.6) for use in 

AALGG experiments in this thesis (Section 4.6 and Chapter 5).  

4.3.1 Motivation 

Previously, to include organics within projectiles for use in LGG experiments, they have been 

held within water or ice covered by an acetate lid (Burchell et al. 2017a), loaded into a drilled 

hole in rock samples (Patel et al. 2019), or been intrinsic to projectile source rock material (Parnell 

et al. 2010). These methods fall short of simulating the impact-driven transfer of organics from 

Mars to Phobos for the following reasons. 
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It is unlikely that pure ice would be the medium within which organics could be expelled from 

the martian surface, because the temperature conditions during impact and subsequent 

aerodynamic heating from the atmosphere would melt or vaporise any ice projectiles (Fujita et al. 

2019; Weiss and Head 2014). Furthermore, LGG experiments (Ryan et al. 1999) and hydrocode 

simulations (Martellato et al. 2020; Bray et al. 2014) have shown that ice projectiles generate less 

collisional damage in comparison to rocky or solid materials. Therefore, the use of ice projectiles 

in this study would not only be unrealistic for the impact scenario but could also show an 

unrealistically high survival rate of organics compared to rock projectiles. However, even if ice 

is not ejected, the presence of ice layers over one third of Mars’ surface (Dundas et al. 2018) may 

increase the launch velocity and angle of ejecta (Senft and Stewart 2008). This could supply more 

Phobos-crossing ejecta, which is important for the overall delivery of martian material to Phobos 

but investigating this further goes beyond the scope of this project (Section 7.6.2). 

Patel et al., (2019) conducted impact experiments using cylindrical drilled martian analogue basalt 

projectiles, which came closer to representing the most likely material to be ejected from Mars to 

transport biosignatures. Even though that study was an investigation into the survival of 

microorganisms during impact, the biological loading strategy and how this may have affected 

the survival of the organisms is relevant to the loading of organic biosignatures. The biological 

loading strategy used by Patel et al., (2019) was to insert microorganisms into an excavated cavity 

into the centre of the rear face of the cylindrical projectile. This was similar to Mastrapa et al., 

(2001)’s strategy of loading bacteria and spores into rear cavities of 0.177 calibre lead pellets, and 

Mileikowsky et al., (1999)’s approach where multiple cavities were drilled into multiple large 

rock projectiles and filled with spores and vegetative cells and fired at low velocities. In this 

loading strategy, the doped organisms were concentrated within specific areas of the projectile, 

rather than widely and randomly distributed within. This is an important limitation to their 

approach, because the temperature and pressure conditions experienced within a projectile during 

impact are not uniform, as evidenced in Chapter 3, so biological material located in the centre of 

the projectile is more likely to survive than if it were located at the leading edge, although less 

likely than if located at the rear or periphery of the projectile (Chapter 3 and Halim et al., 2021; 

Pierazzo and Chyba, 1999). Therefore, loading organisms, or by extension biosignatures, in 

concentrated locations in the centre rear of the projectile does not reproduce the stochastic 

distribution of organics within natural samples and generates restricted survival results, 

disregarding whether organics may have survived better or worse if situated elsewhere in the 

projectile.  

An additional issue of the cavity method in Patel et al., (2019) is the cavity itself affects the 

projectile’s response to shock. Preliminary hydrocode modelling by Evans et al., (2015) in 

conjunction with Patel et al., (2019), highlighted that a hole in the front face of the projectile 



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

174 | P a g e  

 

would result in enhanced temperatures around the cavity in comparison to a case without a cavity. 

On the other hand, it was demonstrated that a hole in the rear face of the projectile generates less 

significant temperature increases in comparison to the front hole case, although still enhanced in 

comparison to a case without a cavity. These models reiterated other studies demonstrating that 

cavities, including porosity, can result in preferential heating in comparison to a non-porous case, 

as evidenced in the field as localised high-pressure phases occurring next to unshocked grains in 

impactites (Kieffer et al. 1976; Grieve et al. 1996; Güldemeister et al. 2013) and the occurrence 

of “jetting” into pore spaces (e.g., Meteor crater Coconino sandstone, Kieffer, 1971).  

Furthermore, placing organics in a cavity within the projectile rather than distributing them 

through the matrix means that organics cannot benefit from shielding by mineral structures that 

can limit the temperatures organics experience within projectiles, as introduced in Chapter 3’s 

discussion (Bland et al. 2014; Davison et al. 2016). Shielding can be particularly prevalent if the 

organic accumulations are smaller than the matrix they are held in (Derrick 2019).  

In a similar way, the polymer film-coating method used in Burchell et al., (1999) (designed 

originally for a different purpose than organic doping), and the air-dried film coating on the rear 

of air rifle pellets used by Fajardo-Cavazos et al., (2009), would be inappropriate for this study 

because the outside shell of the projectile would experience different shock conditions than the 

interior, and the leading different to the trailing hemisphere (Halim et al. 2021; Pierazzo and 

Chyba 1999). Furthermore, the coating thickness of each projectile varied by at least an order of 

magnitude introducing large uncertainties as to projectile loading.  

Finally, simply the presence of the drillhole in Patel et al., (2019)’s projectiles reduced their 

strength. The compressive strength of three of Patel et al., (2019)’s projectiles with drill holes and 

one without were measured using the method described in Section 2.4.3.2. The results showed 

the projectile without a hole was ~78% stronger (115 ± 16 MPa) than the projectiles with drill 

holes (64 ± 17 MPa), so projectiles with drilled holes were significantly weaker than the un-

drilled source rock and exhibited significant inter-projectile variation, likely caused by natural 

structural variation inherent from the source rock. A combination of the natural structural 

variation of the source rock and that each hole was drilled by hand will have resulted in unique 

mass imbalance between each projectile, and therefore an unpredictable trajectory and resultant 

impact velocity. In summary, loading biosignatures into a drill hole in the projectile does not 

represent stochastically loaded natural samples, and may result in unrepresentative organic 

survival because of variable shock conditions caused by the hole itself.  

A projectile made from an inherently organic-rich rock, e.g., shale or mudstone, that contain 

organics embedded in the lattice structures could be a realistic representation of martian 

sedimentary rocks and would allow for the investigation of lattice shielding on organic survival 
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when exposed to shock. However, they are heterogenous in organic loading and spatial 

distribution even when taken from the same location, as highlighted by Mars analogue research 

(Williams et al. 2019; Martins et al. 2011; Peeters et al. 2009), which would make quantitative 

assessments of organic species survival unreliable. In addition, natural (geological) organic 

material is not limited to a single organic molecule or functional group; therefore, other molecules 

– or macromolecule fragments – could mask modifications of a single molecule of interest. 

Furthermore, the entrapment of organics, for example within sulfates or phyllosilicates, inside 

mineral crystal lattices or as fluid inclusions, may help protect organics from the harsh surface 

environment conditions on Mars (Aubrey et al. 2006; Bowden and Parnell 2007). This has been 

shown to present challenges for detection owing to variations in volatility and oxidation and 

degradation during analysis (Reinhardt et al. 2020; François et al. 2016; Lewis et al. 2015). 

Therefore, quantitative and qualitative disparities between organic species could be caused by 

variations in inherent organic distribution or inaccuracies in detection rather than responses to 

shock conditions. As a result, the use of intact natural rock samples already rich in organics could 

introduce inconsistencies and unknowns. By definition, these irregularities are important to 

investigate, because they would be likely to be observed in samples recovered by future space 

missions, but it was not practical to consider so many uncertain variables within the experimental 

procedure presented in this thesis.  

In summary, a new method was required that avoids assuming the location of organics or 

generating heterogenous structural artefacts, whilst also having the freedom to control the organic 

loading. 

4.3.2 Approach 

To address the shortcomings of previous investigations, this section describes the design of 

solid, bespoke projectiles that are conglomerates of a Mars-relevant rock component (Section 

2.1.1) and a Mars-relevant biosignature (Section 2.1.2) homogenously mixed to a specified 

concentration and glued together into a manageable and repeatable pellet suitable for firing in 

the AALGG (Figure 4.8).  

This strategy improved upon the strength of previously manufactured pellets described above and 

was also a repeatable and adaptable process that limited inter-projectile physical variability (tested 

in Section 4.3.3 & 4.3.5). Furthermore, the strategy allowed for the whole projectile volume to be 

potential host sites for biosignatures and ensured homogeneous composition and biosignature 

doping between and within all manufactured projectiles. Also, projectile mixtures could be doped 

with organic molecules to a precise load, which allowed for investigation of impact sterilisation 

of specific organics in isolation. Finally, this strategy has the advantage of almost unlimited 

compositional combination possibilities that allows for different base rock components to be 
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doped with different substances to consider different research questions, which offers value to 

this method development beyond this thesis. 

 

Figure 4.8 Left: illustrative diagram of the bespoke aggregate cylindrical projectiles, grain size not to scale. Right: 

mould to achieve cylindrical shape of pellets. 

Below, the Mars-relevant rock type is described followed by the strategy for binding the rock 

together with a biosignature. Then the subsequent sections describe the method development for 

achieving the optimum pellet strength, incorporation of the Mars-relevant biosignature and 

AALGG feasibility testing.   

4.3.2.1 Mars-relevant rock component 

The base rock component for the projectiles in this thesis was igneous with a basaltic composition, 

because it is the most likely rock to be ejected from Mars (Section 2.1.1). Alternative martian 

rock types, e.g., sedimentary mudstones, could have been explored, but restrictions and on-going 

effects from COVID-19 (COVID statement) meant that other martian rock types could not be 

tested within the available time. Section 7.6 outlines future possible extensions to this work.  

Simulants and analogues representing Mars-like basaltic compositions are available, e.g., MGS-

1 simulant (Cannon et al. 2019), JSC Mars-1a simulant (Allen et al. 1998), Columbia River Basalt 

(Baker et al. 2000), MMS simulant (Peters et al. 2008), JMSS-1 simulant (Zeng et al. 2015) and 

OUCM-1 (Ramkissoon et al. 2019). Such simulants are generated from combinations of discrete 

components separately sourced that more closely resembles regolith. However, to more 

accurately represent martian ejecta derived from bedrock, where biosignatures could be preserved 

on Mars over longer timescales than in the regolith, a natural analogue rock, pulverised, would 

maintain original mineral configurations as the source rock, as opposed to simulants that lack 

connected grain boundaries between the discrete components. Therefore, a single basaltic rock 

was chosen, which had already been identified as being Mars-relevant as it was the basaltic 
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component of OUCM-1, a simulant designed to replicate the average global Mars regolith 

composition to within 3 wt% (Figure 2.1) (Ramkissoon et al. 2019).  

 

Figure 4.9 Total alkalis-silica diagram used for classifying volcanic rocks (Le Bas et al. 1986), repeated from Figure 

2.1. Mars basalts compared to Eifel phono-tephrite (blue square) from OUCM-1 simulant (green square) (Ramkissoon 

et al. 2019). 

The basaltic component of the simulant was available in-house at no extra monetary or time cost, 

so its use prevented the need for external procurement. It had also been extensively characterised 

mineralogically and chemically (Ramkissoon et al., 2019). The rock was an olivine-free 

pyroxene-rich leucite phono-tephrite collected from a 100-150 ka Quaternary lava flow near 

Mayen in the Eifel region, Germany (Schmincke 2007; Van den Bogaard and Schmincke 1990). 

This phono-tephrite had a greater Na2O+K2O wt% content than the majority of Mars basalts 

(Figure 2.1), although considering the broad range of igneous compositions on Mars this Eifel 

rock is sufficient to represent Mars’ igneous composition in a proof-of-concept study as a baseline 

for future investigation (Section 7.6.2). The rock was ground and sieved evenly to <280 µm ready 

for binding. 

4.3.2.2 Binding strategy 

Previous attempts have been made to create pellets of lunar simulant for microwave sintering tests 

by compacting simulant powders (Lim et al. 2017, 2018), but the resultant cohesive strength was 

impractically low. In the initial stages of their method development, addition of water to rock 

powder was attempted but this too resulted in extremely low cohesive strengths, so a standalone 

pellet was never achieved. In this thesis, the aim was for pellets to have strengths representative 

of martian sedimentary materials as well as being strong enough to withstand extreme acceleration 
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and “jerk” (acceleration/time) of 108-1010 m s-3 that comes with accelerating projectiles from rest 

to several km s-1 in ~1 m (Hibbert et al. 2017). 

Instead, in this study a tailored rock composition and biosignature component mixture were bound 

together using a geopolymer and placed in a mould to create a pellet (Figure 4.8).  

Developed originally as a sustainable alternative to ordinary Portland cement (Davidovits 1991), 

this binding method combines a dry powder mixture of solid alkali activator or liquid alkali 

activator and a solid aluminosilicate precursor with water to initiate the polymerisation reaction. 

Benefits of this method include chemical resistance, low thermal conduction and low shrinkage 

(Khale and Chaudhary 2007). Chemical resistance should mean inherent chemistry of the starting 

mixture should be reflected in the resultant bound pellet. Low thermal conductivity may aid in 

survival of organic biosignatures as heat will not spread easily through the material. Finally, low 

shrinkage is helpful to ensure manufactured projectiles fit snugly in the sabots (Section 2.3.2), to 

maximise transfer of momentum from sabot to projectile during shots.   

Effective geopolymerisation depends on the chemical composition of the raw rock components, 

their particle size distribution, surface area, Si/Al ratio, water content, alkali content and curing 

conditions (Provis and van Deventer 2007; Saraya and El-Fadaly 2017). The chosen basalt in this 

thesis has an initial Si/Al ratio of 3.08 and Na/Al ratio of 0.39 (Ramkissoon et al. 2019), similar 

to the optimum ratios for a strong geopolymer bind seen by Saraya and El-Fadaly (2017), 3.39 

and 0.27-0.78, respectively. Addition of extra Na from the binder increases the Na/Al ratio 

through charge balancing to result in a stable and dense geopolymer network. Dissolution of solid 

activators gives off heat resulting in faster setting and hardening, with a higher initial strength 

(Ma et al. 2018b; Luukkonen et al. 2018). Strength can be increased by curing at room temperature 

or higher (up to 80 °C) (Nikolov et al. 2017; Ouyang et al. 2020; Luukkonen et al. 2018). Before 

loading the projectile with biosignatures (Section 4.3.4), the effectiveness of the binding method 

was optimised and assessed in Section 4.3.3.   

4.3.3 Method development 

To find the method that generated pellets with the optimum strength, a series of trials were carried 

out testing solid or liquid binder type, mixture ratios, curing temperature and duration, binder 

particle size, dissolution and heating (Table 4.2).  

First, the dry powder ingredients (rock & binder where applicable) were weighed using a 2 

decimal place balance (i.e., resolution of +/-0.01 g, with a measurement uncertainty (3- σ) of +/-

0.03 g). Then the fluid component (either water or sodium hydroxide solution) was weighed out 

and added to the dry ingredient mixture to create a paste (Figure 4.10), which was then 

homogenised before placing into the mould wells (Figure 4.15).  
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Table 4.2 Summary of projectile manufacture trials to determine the best procedure to achieve the strongest projectiles. Binder physical form labelled solid(s), liquid(l), and dissolved in water(d). 

Trial no.  
Mould 

material  
Binder type  

Mixture mass / g  Oven curing  Additional curing  Cover 

whilst 

mixture 

loading  

Reduce 

binder 

particle 

size  

Binder 

dissolution  

Heat 

plate 

Temp / 

°C  

Rock 

powder 

(+glycine)  

Water  Binder  
Temp / 

°C  

Duration  

/ hours  

Temp / 

°C  

Duration  

/ hours  

1  Brass  Na2SiO3•5H2O(s)  

1.64  0.32  0.03  

75  0.25  50  1  - - - 

 

1.56  0.33  0.11  - 

1.47  0.33  0.20   

2  Brass  Na2SiO3•5H2O(s)  

1.64  0.32  0.03  

75  0.75  25  20  

    

1.56  0.34  0.12  - - - - 

1.47  0.32  0.20      

1.00  0.20  0.00      

3  Brass  Na2SiO3•5H2O(s)  

1.56  0.33  0.12  

75  0.75  25  46   Yes 

   

1.47  0.33  0.20  - - - 

1.39  0.33  0.28     

4  Brass  Na2SiO3•5H2O(s)  1.56  0.33  0.12  75  0.75  25  92   Yes - - - 

5  Brass  Na2SiO3•5H2O(s)  1.56  0.35  0.12  75  0.75  25  238   Yes - - - 

6  Brass  Na2SiO3•5H2O(s)  1.56  0.33  0.11  75  0.75  25  72   Yes Yes - - 

7  

Acetal, 

PTFE,  

Nylon 66  

Na2SiO3•5H2O(s)  

1.56  0.33  0.12  
75  0.75  25  22   Yes Yes - 

 

1.48  0.33  0.2  - 

8  

Acetal, 

PTFE,  

Nylon 66  

NaOH(l) 10 M  2.6  -  1.41  75  3.17  25  18   Yes - - - 

9  

Acetal, 

PTFE,  

Nylon 66  

NaOH(l) 10 M  2.6  -  1.39  75  22   -  - Yes - - - 
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Trial no.  
Mould 

material  
Binder type  

Mixture mass / g  Oven curing  Additional curing  Cover 

whilst 

mixture 

loading  

Reduce 

binder 

particle 

size  

Binder 

dissolution  

Heat 

plate 

Temp / 

°C  

Rock 

powder 

(+glycine)  

Water  Binder  
Temp / 

°C  

Duration  

/ hours  

Temp / 

°C  

Duration  

/ hours  

10  

Acetal, 

PTFE,  

Nylon 66  

NaOH(l) 10 M  1.3  - 0.72  75  70.75  - -  Yes   -  - - 

11  PTFE  NaOH(l) 10 M  0.65  - 0.35  75  94   -   - Yes   -  - - 

12  PTFE  NaOH(l) 10 M  0.65  - 0.38  75  119   -   - Yes   -  - - 

13  PTFE  NaOH(l) 10 M  0.65  -  0.41  60  119   -  - Yes   -  - - 

14  PTFE  NaOH(l) 10 M  0.65  - 0.35  70  90   -   - Yes   -  - - 

15  PTFE  NaOH(l) 10 M  0.66  -  0.36  70  96   -   - Yes   -  - - 

16  PTFE  Na2SiO3•5H2O(d)  2.05  0.34  0.07  75  70  -   - Yes  Yes  Yes  - 

17  PTFE  Na2SiO3•5H2O(d)  1.03  0.34  0.07  75  95  -   - Yes  Yes  Yes  - 

18  PTFE  Na2SiO3•5H2O(d)  1.44  0.34  0.07  75  72  -  - Yes  Yes  Yes  - 

19  PTFE  Na2SiO3•5H2O(d)  1.44  0.35  0.07  75  95  -  - Yes  Yes  Yes  - 

20  PTFE  Na2SiO3•5H2O(d)  1.44  0.34  0.07  75  74  -  - Yes  Yes  Yes  75  

21  PTFE  Na2SiO3•5H2O(d)  1.44  0.34  0.07  75  90  -   - Yes  Yes  Yes  50  

22  PTFE  Na2SiO3•5H2O(d)  2.52  0.48  0.24  75  70  -   - Yes  Yes  Yes  50  

Clean 

Blank 

Pellets  

PTFE  Na2SiO3•5H2O(d)  5.04  0.96  0.48  75  70.5  -   - Yes  Yes  Yes  75  

Glycine-

doped 

pellets 

PTFE  Na2SiO3•5H2O(d)  
2.52  

(+2.52)  
0.96  0.48  75  71   -  - Yes  Yes  Yes  75  

 

 



C h a p t e r  4  I m p a c t  e x p e r i m e n t  s t r a t e g y  a n d  m e t h o d  

d e v e l o p m e n t  

 

181 | P a g e  

 

 

Figure 4.10 Trial 1. Top: Dry mixtures of Rock powder (dark grey) and sodium metasilicate pentahydrate powder 

(white). Bottom: Water added to make a paste. Tests 1-3 from left to right. NB Test 1 (top and bottom left panels) were 

mixed in a larger glass beaker than the others other two tests. 

4.3.3.1 Binder type & mixture ratio 

The starting point for these trails was inspired by the one-part “just add water” method used in 

the simulant making process by Cannon et al., (2019), where fused “cobbles” were made using 

sodium metasilicate pentahydrate (Na2SiO3•5H2O(s)) and water to bind rock powder together. 

Na2SiO3•5H2O(s) has been widely used in chemical engineering, because it is cheaper than the 

anhydrous equivalent and is more stable than one with greater water content (Ma et al. 2018b). In 

this method, the rock component contributes the solid aluminosilicate precursor, that when mixed 

with Na2SiO3•5H2O(s) binder and water for ~30 seconds partially dissolves into a gel and 

crystalises during curing to the final hard structure, with undissolved particles acting as nuclei for 

geopolymerisation. Na2SiO3•5H2O(s) powder was purchased from Fisher Scientific (product no. 

10746111).  

Cannon et al., (2019) used a rock powder:water:binder ratio of 100:20:2, so this was trialled first 

(Trial 1; Table 4.2) alongside a range of rock powder and binder mixture ratios 85-100:20:2-17. 

It became clear from simple qualitative compressive strength tests, exerting pressure using 

tweezers (Figure 4.11), that lower proportions of rock powder and higher proportions of binder 

generally resulted in stronger pellets. Ultimately, the tweezer test showed that an intermediate 

ratio of 90:20:12 exhibited the greatest strength. 
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Figure 4.11 Trial 1: Test 3 pellets. Medium compressive force applied in the A-axis with tweezers in a qualitative 

strength test, showing reasonable strength. 

Sodium hydroxide solution (NaOH(l) 10 M) was used for a few trials (Trials 8 to 15; Table 4.2) to 

see whether this fluid activator may work better than Na2SiO3•5H2O(s) and water. This included 

varying the rock powder: NaOH(l) ratio to 65:35 and using different curing times (Section 4.3.3.3). 

The resulting mixture was very fluid and could be inserted into the wells with a pipette (Figure 

4.12).  

 

Figure 4.12 Fluid mixture of NaOH(l) and rock powder loaded into moulds roughly (left) and with pipette (right). 

Compressive strength tests were conducted according to the method stated in Section 2.4.3.2 to 

determine the strength of different manufacturing methods. Figure 4.13 compares two pellets 

derived from a Na2SiO3•5H2O(s) and water trial (Trial 7-1 and -2) against the strongest 

compressive strength from a pellet from two NaOH(l) trials (Trial 13 and 14).  

Ultimately, the pellet strength using the NaOH(l) binder method never exceeded that of the 

Na2SiO3•5H2O(s) and water trials, despite changes in oven curing temperature and time (discussed 

in Section 4.3.3.3). Therefore, the compressive strength tests revealed one-part “just add water” 

mixture produced the strongest pellets in comparison to the NaOH(l) trials, so the latter method 

was abandoned. 
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Figure 4.13 Compressive strength plot of compressive stress (MPa) against time (seconds), with the peak showing the 

maximum stress possibly endured before collapse. Top: Two pellets from the same Na2SiO3•5H2O(s) and water Trial 7 

and Bottom: A single pellet from two NaOH(l) Trials 13 and 14. 

Reverting to the Na2SiO3•5H2O(s) and water mixture, trial 16 onwards focussed on whether 

dissolving the Na2SiO3•5H2O(s) in the water prior to mixing with the rock powder would maximise 

the potential of the binder, owing to some white particles, potentially unreacted Na2SiO3•5H2O(s), 

being visible in previous trials. However, the Na2SiO3•5H2O(s) could not fully dissolve in cold 

water, so a heating plate was introduced to increase solubility (PQ Corporation 2009). Heating to 

75 °C was found to promote the most dissolution. In addition, the Na2SiO3•5H2O(s) powder was 

ground down further with a pestle and mortar prior to mixing in the water to aid dissolution, 

because water would begin to evaporate before mixing with the rock powder, changing the 

mixture proportions by an uncertain amount.  

Mixture ratios of between 87-102:17-29:3-9 were tested, and ultimately a ratio of 95:18:9, 

including the additional binder dissolution step, generated the strongest pellets after carrying out 

all trials (Figure 4.14 shows final pellets). This was supported by compressive strength tests that 

saw Trial 22 pellets endure 31.1 ± 8.5 MPa of compressive stress, which is considerably higher 

than the initial Na2SiO3•5H2O(s) + water and the NaOH(l) mixtures (Figure 4.13 and Figure 4.18).  
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Figure 4.14 Pellets from Trial 22 were the strongest out of all trials. NB the homogenous colour and lower porosity 

visible from the outside in comparison to Trial 1: Test 3 in Figure 4.11.  

4.3.3.2 Pellet moulds 

For the trials, several bespoke moulds and compression tools were machined by Robert Morland 

(Figure 4.15, Figure 4.16 and Figure 4.17). Compression tools were used to compress the mixture 

into the wells and to push the pellets out of the mould after curing.  

 

 

Figure 4.15 Brass mould clamped to baseplate during pellet mixture loading (top left); compression tool for pressing 

mixture into mould wells (top right); 3 mm wells filled with mixture (bottom left); in the oven to cure (bottom right). 

The pellet mixture stuck to the initial brass mould so some pellets were impossible to remove 

with the compression tool, so different materials were trialled. Trial 7 tested three new mould 

materials, Acetal, PTFE and Nylon 66 (Figure 4.16). It was found pellets were much easier to 

remove from Acetal, PTFE and Nylon 66 moulds than brass, but residue remained in the Acetal 
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and Nylon 66 moulds after pellet removal. This could be removed with the steel tool, but that 

risked also removing the soft mould material. It was decided to continue with the PTFE mould.  

 

Figure 4.16 New 3 mm moulds made of Acetal, PTFE and Nylon 66 filled with mixture in Trial 7. 

 

Figure 4.17 Mould design for Trial 22 to determine best well diameter for 3 mm sabot. 

Trial 22 used two PTFE moulds with a variety of well diameters to find the tightest fitting 

projectile for the 3 mm sabots (Figure 4.17) for use in the AALGG (Section 2.3.2). 3 mm diameter 

wells used in previous trials had produced projectiles too wide to fit into the sabot. 2.9 mm well 

size appeared to produce projectiles that fit most snugly in the sabots, producing pellets 

2.87 ± 0.02 mm in diameter. This is smaller than the 3 mm sabots were intended to fit, because 

they were cylinders rather than spheres. A sphere’s cross-section varies from zero to maximum 

as a function of radial position. Therefore, when inserting a spherical projectile into the sabot, it 

would progressively expand the petals of the sabot within their tolerance to fit, whereas a cylinder 

has a constant cross-section throughout its long-axis and does not fit within the un-expanded 

aperture.  

From this point, a mould of 36 × 2.9 mm wells was used to achieve the largest batch of pellets 

from a single homogenous mixture.  
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4.3.3.3 Oven curing temperature & time 

After the pellet mixture was placed in the mould wells and pressed down with the compression 

tool, they were placed in the oven to cure (Figure 4.15). Multiple curing temperatures and times 

were trialled to find combinations that generated the highest pellet strength (Table 4.2).  

For the NaOH(l) trials, the curing temperature was varied between 60 and 75 °C with lower 

temperatures (e.g., Trial 13, 60 °C) resulting in lower strength projectiles than higher 

temperatures (e.g., Trial 12, 75 °C). This is illustrated by the compressive strength test 

comparison made in Figure 4.18. So, 75 °C was concluded as the ideal curing temperature and 

temperatures higher than 75 °C were avoided, since past investigations saw no strength advantage 

(Nikolov et al. 2017; Ouyang et al. 2020; Luukkonen et al. 2018). 

 

Figure 4.18 Compressive strength plot of compressive stress (MPa) against time (seconds), with the peak showing the 

maximum stress that could be endured before collapse. Binder type was NaOH(l) 10 M. Oven curing temperature 60 

and 75 °C, for Trial 13 and 12, respectively.    

 

Figure 4.19 Compressive strength plot of compressive stress (MPa) against time (seconds), with the peak showing the 

maximum stress that could be endured before collapse. Binder type was Na2SiO3•5H2O(s). Oven curing temperature 

time 95 and 70 hours for Trial 19 and 22, respectively.    

Across all trials, curing time was varied between 1.25 and 238.75 hours, but for the 

Na2SiO3•5H2O(s) and water trials the optimum curing time was ~70 hours. Shorter curing times 
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often resulted in the pellets still being soft, and longer curing hours did not achieve any additional 

strength, as shown by the compressive strength test comparison between 70 and 90 hours made 

in Figure 4.19. So, 70 hours curing was the most efficient way to achieve the greatest strength.  

4.3.3.4 Premature curing 

Premature curing was observed to take place after the mixture was placed in the mould wells 

before all the wells had been filled. This resulted in more brittle pellets because they simply dried 

out rather than being cured and hardened. Therefore, from Trial 3 onwards the wells were covered 

with foil after being filled and before going into the oven. 

4.3.3.5 Optimised method 

The results from the trials, within the available time and resource constraints, suggested that a 

rock powder:water:binder ratio of 95:18:9 generated the strongest projectile. The 

geopolymerisation process was aided by reducing the binder particle size and dissolving it in hot 

water prior to mixing with the rock powder. Furthermore, covering the mixture whilst loading 

helped prevent premature drying of the mixture before oven curing. Optimum oven curing time 

was ~70 hours at 75 °C, and additional curing at room temperature does not make a significant 

difference to the resultant pellet strength.  

Clean, blank (without biosignature) projectiles were manufactured to use as controls for 

optimisation and testing. All apparatus used to manufacture the projectiles was washed 

beforehand in a Decon 90 detergent wash and scrubbed and left overnight. The following day, the 

apparatus was rinsed with deionised water and sonicated for 10 minutes each in 100% DCM, 1:1 

DCM:methanol and 100% methanol and then left covered in foil in a fume hood to dry over 48 

hours before manufacturing commenced. 

4.3.4 Manufacture of glycine-doped projectiles 

As described in Section 2.1.2.6, this project focussed on just one amino acid biosignature to first 

prove the impact experiment procedure concept works and has scope for future investigations. 

The simplest, but most abundant amino acid in extraterrestrial materials (Vinogradoff et al. 2020; 

Elsila et al. 2009; Martins et al. 2007; Bernstein et al. 2002; Koga and Naraoka 2017), glycine, 

was chosen for this thesis, because its simple structure should either entirely survive or be 

completely destroyed, leaving few detectable fragments. Furthermore, it is easily and reliably 

detectable with standard analytical techniques (Section 2.1.2.5). Avoiding breakdown into 

products from impact processing during a proof of concept allows for the direct detection of 

survival or lack thereof. This then provides a baseline from which to compare how larger and 

more complex molecules survive or become modified under different impact conditions. 

ReagentPlus®, ≥99% (HPLC) glycine was purchased from Sigma-Aldrich (SKU-G7126).  
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Glycine-doped projectiles were manufactured by substituting a proportion of the phono-tephrite 

rock powder for powdered standard glycine. Comparing the volume of the projectiles that can be 

manufactured (3.8 ± 0.3 × 108 m-3, Section 4.3.5) to the volume of simulant target used in the 

Phobos-1C impact experiments (1.2 × 103 m-3, Section 5.5) the proportion of projectile to simulant 

is 3.2 × 10-5. Therefore, considering limitations of analytical techniques (Section 2.4) and that 

impact processing is extremely stochastic, the decision was taken to maximise the concentration 

of glycine within the projectiles as much as possible to increase the likelihood of detecting 

glycine, if it survives, in the post-impact simulant target. It is acknowledged that this loading is 

probably multiple orders of magnitude more than likely ejected materials from Mars, although 

for the purposes of the experiment of resolving differences in survival with changing impact 

conditions, a greater concentration than what was realistic was used.  

Half of the rock powder was substituted for glycine powder, so rather than the rock powder 

(95):water (18):binder (9) ratio derived in Section 0, a ratio of glycine powder (47.5):rock powder 

(47.5):water (18):binder (9) was used. The mass of a single manufactured projectile was 

0.056 ± 0.011 g (3σ uncertainty, Section 4.3.5) and, assuming homogeneity of the mixture and 

total evaporation of the water, 46% of each projectile was pure glycine amounting to 

0.026 ± 0.001 g. Therefore, the maximum proportion by weight of glycine that could be delivered 

to the target within Phobos-1C impact experiments, if the whole target was homogenised post-

impact, would be 1.5 × 10-5. This is several orders of magnitude greater than the GC-FID detection 

limit of 2.7 × 10-8 (Section 2.4.2.3). Projectile doping less than 46% could risk limiting the scope 

of resolvable differences in glycine survival amounts with different impact conditions. 

108 projectile pellets were made using the 2.9 mm drill hole, 36 blanks and two batches of 36 

doped with glycine.  

The homogeneity of glycine within the projectile was demonstrated by Zeiss FEG-SEM analysis 

(method described in Section 2.4.3.3), shown in Figure 4.20.  

 

Figure 4.20 BSE images of glycine-doped projectile short-axis (left) and long-axis (right). Glycine grains labelled. 
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Glycine particulates are distinctively dark in the grey-scale of BSE images and Figure 4.20 shows 

their even and broad distribution viewed in the short (left) and long (right) axis cross-sections of 

the projectile. Furthermore, the glycine particulates are generally elongated in shape with semi-

rounded grain boundaries, and considerably larger (up to 0.5 mm, but generally 180-300 µm) than 

the rock & sodium metasilicate matrix (<150 µm). Further compositional characterisation of the 

manufactured projectiles to assess the geochemical detectability of the projectile in the Phobos-

1C simulant target is given in Section 5.3. 

4.3.5 Physical properties 

The physical properties of the glycine-doped projectiles are summarised in Table 4.3 and were 

established using the methods described in Sections 2.4.3.1 & 2.4.3.2. 

Table 4.3 Physical properties of glycine-doped projectiles. 3 σ uncertainties are stated. 

Diameter / mm    2.87±0.02   

Length / mm    5.8±0.5   

Volume / m3    3.8±0.3 × 10-8   

Density / kg m-3    1471±62  

Compressive strength / MPa    8.2±4.9  

 

The projectiles’ average density of 1471 ± 62 kg m-3 falls short of the range of densities of martian 

basalts 2600-3700 kg m-3, with the average being above 3100 kg m-3 (Demidov et al. 2015; 

Golombek et al. 2008; Baratoux et al. 2014). However, this is likely to be caused, in part, by the 

presence of glycine that only has a density of 1161 kg m-3. Na2SiO3•5H2O(s) binder also has a very 

low density (865-1121 kg m-3), although this forms a polymer network of an unknown density. 

As described in Section 1.3.2.2, higher temperatures can be experienced in materials with higher 

porosities and lower densities, so the glycine-doped projectiles may experience unrealistically 

high temperatures during impact compared with real martian rocks. Further method development, 

e.g., using a hand tool to compress more material into the wells, might achieve a higher pellet 

density, but this was beyond the scope of this proof-of-concept study. 

As described in Section 2.1.1.4, the shape of Mars’ ejecta is unconstrained, although an equant 

shape may be considered the most representative. However, the bespoke projectiles in this thesis 

were elongated cylinders. This prolate (polar axis > equatorial axis) shape has been shown by 

Halim et al., (2021) and Potter and Collins, (2013) to result in greater impactor survivability in 

the target and lower shock temperature during impact for the trailing hemisphere. Therefore, this 

shape may promote glycine survival, which will increase the likelihood of detection in the target 

and counteract opposing properties e.g., the low strength of the projectile pellet.    

It was expected glycine-doped projectiles would be weaker than the biosignature-free projectiles. 

This was confirmed with compressive strength tests that yielded an average of 8.2 ± 4.9 MPa 
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maximum compressive stress for the glycine-doped projectiles before collapse (Figure 4.21), just 

26% of the strength of the biosignature-free projectiles.  

 

Figure 4.21 Compressive strength plots for three glycine-doped projectiles (Gly1-3) of compressive stress (MPa) 

against time (seconds), with the peak showing the maximum stress that could be endured before collapse. 

Further method development to identify a point at which the glycine content might not affect the 

strength of the pellet could be conducted, although for this proof-of-concept study it was 

imperative to maintain the high proportion of glycine in the projectile to improve the probability 

of detecting glycine that has survived impact into the simulant.  

4.3.6 AALGG testing 

The bespoke glycine projectiles were tested in the AALGG using a 3 mm sabot, 0.5 mm 

aluminium burst disc, 7 g IMR 4831 powder cartridge (intermediate burn rate between R19 and 

R22 used for Phobos-1P and -1C shots later in this thesis, Section 2.3.2), at a pressure of 0.4 mbar 

and H2 pump tube pressure of 44 bar. The time taken to pass through the light gates of the 

intervalometer was 165.5 ms, which equated to a launch velocity of 3.02 km s-1 (Section 2.3.2).  
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Figure 4.22 AALGG test of glycine-doped bespoke projectile into (A) plaster powder covered in a layer of foil and (B) 

placed into the churn chamber. (C) Glycine-doped projectile in sabot insertor tool and (D) pre- and (E) post-impact 

stop plates. (F) Post-impact foil, (G) zoomed in section and (H) impact pockmarks in plaster powder.  
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The glycine particle was fired into a 40 × 30 × 2.5 cm tray of white Artex easifix one coat plaster 

powder (Figure 4.22) with a density of 669 kg m-3. This density is lower than that of Phobos-1P 

and Phobos-1C used in subsequent biomarker survivability experiments (976 ± 66 kg m-3 and 

1250 ± 30 kg m-3, respectively) which, as described in Section 1.3.2.2, should generate lower 

shock temperatures in the projectile upon impact, thus improving the likelihood of any projectile 

particles surviving impact.  

Furthermore, the powder was light in colour in the hope that any surviving projectile particles 

would be visible after impact. The tray was then covered with a layer of foil as a witness plate for 

any stray particles and placed in a larger 100 × 40 cm tray in the churn to be fired into vertically. 

Instead of a single puncture hole in the foil and pockmark in the plaster powder made by an intact 

projectile, there was a ~30 cm circular zone of puncture holes up to 1.5 mm in diameter in the foil 

and a compound crater 7.5 cm in diameter (Figure 4.22f-h). The circular zone of puncture holes 

suggests the projectile broke into numerous pieces before impacting the target. This is similar to 

the outcome of the drilled projectiles in Patel et al., (2019). 

A scattering of numerous pockmarks is also observed on the post-impact stop plate (Figure 

4.22e) demonstrating the projectile broke up prior to this point either within the sabot when it 

experienced the jerk during launch, or as it entered the blast tank rotating from the rifling of the 

launch tube (Section 2.3.2). It is likely the breakup of the projectile was due to the limited 

achievable strength in a projectile with high glycine content, since the stronger glycine-free 

projectiles reached the target intact (Figure 4.23).  

 

Figure 4.23 Snapshot from high-speed camera footage of a blank basalt projectile before impacting the target on the 

right of the image.  

Figure 4.23 shows the cylindrical shape of the projectile means that even if it remains intact it 

may not fly straight. Tumbling may result in greater dispersion of projectile particles if it breaks 
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up, and also it may limit the achievable launch velocity (Crozier and Hume 1957; Piekutowski 

and Poormon 2006).  

Figure 4.22f also shows that larger (up to 2 mm) isolated puncture holes in the foil were present 

outside the main impact zone, and they had corresponding craters in the plaster powder up to 4 

cm in diameter. It is likely that some of these are contamination particles (explored in Section 

4.2), but others could be projectile fragments.  

No visible projectile particles were found in the plaster target following impact. Therefore, 

additional feasibility tests were required to establish whether traces of glycine could be detected, 

even if projectile fragments cannot be visually identified (Section 4.6). However, the tests into 

the plaster did highlight that projectile deposition was widespread over the target area, which 

could jeopardise the detection of surviving projectile glycine if it is distributed within a large 

target sample area/volume.  

Therefore, to reduce the ~30 cm impact zone within the target, which would allow for a smaller 

target container to be used and reduce the demand on simulant resources, the target tray was raised 

650 mm to the top of the churn chamber closer to the entry port ( Figure 4.24).  

 
Figure 4.24 Raising the target tray within the churn reducing the impact footprint diameter allowing for a smaller tray 

and smaller volume of simulant for each shot.  

This reduced the impact footprint diameter to ~10 cm (Figure 4.25). 

As mentioned in the last section, there was insufficient time to develop a stronger projectile that 

could remain reliably intact during launch, whilst also retaining sufficient glycine for use in proof-

of-concept experiments. Therefore, instead, the volume loss at the point of the stop plate was 

estimated with a volume transfer investigation (Section 4.4), that would be used in the later impact 

campaigns to correct the detected glycine in the target to the amount of glycine that passed the 

stop plate.  



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

194 | P a g e  

 

 

Figure 4.25 Raised small target tray filled with Phobos-1P that was impacted at 3.9 km s-1 by a glycine-doped 

projectile.  

4.4 Volume transfer ratio tests 
In lieu of additional method development to generate stronger projectiles the proportion of the 

projectile lost impacting the stop plate (Figure 4.22e) needed to be constrained. In addition, the 

aim was to investigate whether the proportion of buckshot projectile that impacted outside of the 

stop plate aperture varied with launch velocity to determine a reduction factor for the proportion 

of projectile material that makes it to the target at the end of the range.  

Blank steel stop plates (i.e., without the aperture through which the projectile is allowed to travel 

down the range to the intended target), termed witness plates here, were impacted at 2.73, 3.27, 

4.00 and 4.14 km s-1 in volume transfer tests (Table 4.4).  

Table 4.4 Summary of AALGG parameters used for two-stage mass transfer shots. 

Powder 

type & 

mass / g 

Driver gas & 

pressure / 

psi 

Projectile 

mass 

/ g 

Aluminium 

burst disc 

thickness / mm 

Range 

vacuum 

pressure 

/ mbar 

Launch 

velocity 

/ km s1 

9 g R22 732 H2 0.047 0.5 0.20 4.14±0.54 

9 g R22 733 H2 0.054 0.5 0.23 4.00±0.45 

4.5 g R22 737 H2 0.045 0.5 0.20 3.27±0.18 

3 g R22 783 H2 0.047 0.12 0.17 2.73±0.22 

 

The resultant footprints for four shots at different velocities are presented in Figure 4.26. The four 

large and elongated craters in all shots represent the impact of the sabot pieces, and the large 

bright craters in shots 3.27, 4.00 and 4.14 km s-1 are impacts from the aluminium burst disc (Figure 

2.15). The sabot pieces and the burst disc arrive after the projectile buckshot and can overprint 

any pre-existing craters formed by projectile fragments. Most prominently in the shot at 

4.00 km s-1, the burst disc craters fall within the central region where the stop plate aperture would 
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have been, meaning that it overprints crucial projectile fragment craters that would have 

represented material going through the stop plate onto the target. In addition, projectile fragment 

craters that overprint one-another can only be resolved if they are visible. From these two 

phenomena there is an uncertain number of craters made by projectile fragments that may have 

been masked by subsequent craters. Therefore, the craters resolvable on these witness plates 

represent a minimum proportion of the projectile fragments that impacted. It was considered for 

the 4.00 km s-1 scenario to omit half of the stop plate and only consider the side that did not have 

interfering burst disc impacts, and mirror that to make the full impact footprint. However, this 

strategy was not pursued because it would not accurately present the distribution of projectile 

craters, discussed below.  

 

Figure 4.26 Impact footprint from four shots into blank steel witness plates. Circles label sabot segment craters (white), 

aluminium burst disc craters (yellow) and stop plate aperture size (blue). 

Using ArcGIS (Section 2.4.4), high resolution images were georeferenced and shape files were 

created to plot all the resolvable craters on each witness plate (Figure 4.27). The number of craters 

and crater areas are recorded in Table 4.5.  
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Figure 4.27 ArcGIS crater mapping results for volume transfer tests. High resolution image overlying reference image 

shows georeferencing. Craters mapped in a shape file as red circles. Mean point and 1 σ ellipse plotted with (purple) 

and without (black) weighting to crater area.  

2.73 km/s 
Stop plate aperture 

Mean point 

Mean point (wtd) 

1std ellipse 

1std ellipse (wtd) 

3.27 km/s 
Stop plate aperture 

Mean point 

Mean point (wtd) 

1std ellipse 

1std ellipse (wtd) 

4.14 km/s 
Stop plate aperture 

Mean point 

Mean point (wtd) 

1std ellipse 

1std ellipse (wtd) 

4.00 km/s 
Stop plate aperture 

Mean point 

Mean point (wtd) 

1std ellipse 

1std ellipse (wtd) 
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Figure 4.27(continued) Crater area and count plotted against distance from centre of witness plate plotted in scatter 

and histogram graphs, respectively.  
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Table 4.5 Crater statistics from witness plate shots derived from ArcGIS analysis. 

Launch velocity / km s-1 2.73±0.22 3.27±0.18 4.00±0.45 4.14±0.54 

Total no. craters identified  596 415 791 911 

Total area of craters 

identified / mm2  
97.0 114.2 240.5 177.7 

No. passed (%)  85 (14.3) 94 (22.7) 68 (8.6) 128 (14.1) 

Crater area passed / mm2 

(%)  
14.5 (14.9) 53.3 (46.7) 36.5 (15.1) 

28.9 

(16.2) 

Crater area stopped / mm2  82.6 60.9 240.5 148.9 

 

The spatial distribution of the craters recorded showed the mean point of impact, weighted (purple 

+) and unweighted (black +) to crater area, occurred within the stop plate aperture (blue circle) 

for all shots, indicating that consistently the trajectory of the buckshot impacts are focussed close 

to the direct line of sight to the target. 

A 1 σ ellipse, weighted (purple solid) and unweighted (black dashed) to crater area, was plotted 

in Figure 4.27 for each shot, and measured generally more than twice the area coverage of the 

stop plate aperture. Therefore, the spread of craters meant that most of the projectile fragments 

impacted outside of the stop plate aperture, with the exception of the 3.27 km s-1 test. For 

3.27 km s-1, the number and area of craters within the stop plate aperture is significantly larger 

than all other shots (Table 4.5). This is reflected in the crater area vs. distance from centre scatter 

graph in Figure 4.27 for 3.27 km s-1 that shows larger craters plotting close to the centre of the 

stop plate. Furthermore, it is reflected in the count vs. distance histogram for 3.27 km s-1 in Figure 

4.27 where the number of craters significantly drops off more than 9 mm from the centre of the 

witness plate. This is likely a result of the projectile in this instance responding differently to the 

firing process than the others, whereby the projectile broke into fewer larger pieces that did not 

diverge from the axis significantly, allowing the majority of the larger fragments to impact within 

stop plate aperture.  

Comparing the percentage of total craters and total crater area within the stop plate aperture 

against impact velocity (Figure 4.28) revealed there is no clear correlation between the spread of 

projectile fragment craters with launch velocity. However, there is reasonable agreement for the 

crater area percentage for the two different projectile fragmentation regimes observed (Figure 

4.28 right). For projectiles that ‘fully’ disintegrated ~15% of the crater area was within the stop 

plate aperture, compared to ~47% for only ‘partial’ disintegration.    

Considering the limited dataset for this observation, conservative uncertainties were placed on 

the concluded proportion of crater areas that fall within the stop plate aperture. For projectiles that 

“fully” disintegrated, three points plotted close together in Figure 4.28 right, so to encompass this 

spread the proportion was concluded as 15 ± 5%. Furthermore, for the “partially” disintegrated 
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projectiles only one datapoint is given so a greater uncertainty was chosen to give a concluded 

proportion of 47 ± 10%. A greater number of shots would be required to reduce the uncertainties 

and provide greater confidence, although additional shots were not feasible under time and 

COVID constraints.  

 

Figure 4.28 Percentage of total crater number (left) and total crater area (right) to impact within the stop plate aperture 

plotted against launch velocity. 

As observed in the Phobos-1P impact campaign in Section 4.6 the slowest launch velocities result 

in the whole projectile passing through the stop plate aperture (Figure 4.29). As a result, three 

projectile disintegration regimes can be resolved with the dataset available whereby the impact 

footprint on the stop plate can reveal whether the projectile remained ‘intact’, ‘partially’ 

disintegrated or ‘fully’ disintegrated, leading to either 100%, 47 ± 10% and 15 ± 5% of the impact 

crater area occurring within the stop plate aperture.  

 

Figure 4.29 Stop plate from Phobos-1P Feasibility Test no. 1 at 350 m s-1 showing no impact from projectile fragments 

around the stop plate aperture.  

To estimate the volume of the projectile material that would pass through the stop plate aperture 

from the craters observed on the stop plate, the crater diameters were passed through a scaling 

law to estimate the volume and mass of the projectile that generated the craters observed. Here 

the same procedure was followed as the web-based calculator of Melosh and Beyer (1999) to 
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compute the impactor diameter from the diameter of craters on the stop plate. It is assumed the 

MS-S275JR steel target is a competent material, with a density of 7800 kg m-3 (from MatWeb), 

ρt, and the projectile density was that of the original bespoke projectile, 1471 kg m-3, ρp (Section 

4.3.5). The impact angle is taken as 90° from horizontal, the acceleration due to gravity is 9.8 m s-2 

for Earth, g, and the launch velocity, vl, was specified for each shot.  

The transient crater diameter, Dt was estimated using: 

𝐷𝑡 = 0.64 ×  𝐷𝑓 Equation 4.1 

where Df is the final crater diameter, and then dimensionless scaling parameters Dscale and πfac 

(Melosh 1989) can be expressed as: 

𝐷𝑠𝑐𝑎𝑙𝑒 = (
6×𝜌𝑡

𝜋×𝜌𝑝
)

1

3 Equation 4.2 

𝜋𝑓𝑎𝑐 =
1.61×𝑔

𝑣𝑙
2   Equation 4.3 

Several crater scaling laws have been developed to estimate the projectile diameter from impact 

parameters, (Wünnemann and Ivanov 2003; Melosh 1989; Senft and Stewart 2007; Kadono et al. 

2022), the most widely used is pi-scaling, which relates nondimensional variables through 

empirical constants derived from experiments in a gravity-dominated regime (Holsapple and 

Schmidt 1987; Schmidt and Housen 1987).  

𝜋𝑠𝑐𝑎𝑙𝑒 =
𝐷𝑡× 𝐷𝑠𝑐𝑎𝑙𝑒×𝜋𝑓𝑎𝑐

0.22

1.6
 Equation 4.4 

𝐷𝑃(𝜋) = 𝜋𝑠𝑐𝑎𝑙𝑒

1

1−0.22  Equation 4.5 

where 1.6 and 0.22 are empirically derived constants from experimental and numerical studies 

for competent materials (Wünnemann and Ivanov 2003; Melosh 1989).  

The impact crater diameters on the four witness plates were input into the scaling law and 

individual projectile fragment diameters were estimated (noting the scaling law assumes spherical 

projectiles, which is relevant as a first order approximation). Spherical projectile volumes were 

then calculated and summed to estimate the total projectile volume that was observed with the 

crater footprint (Table 4.6).  

The pi-scaling method generated a sum projectile volume that was several orders of magnitude 

less than the volume of the original projectile (3.8 ± 0.3 × 10-8 m3). This may be a result of the 

experiments not being within the gravity-dominated regime, or the craters observed were only a 

proportion of those generated by the projectile that may have been overprinted.  
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Table 4.6 Estimated sum of projectile volume that generated the impact footprint on witness plates at four velocities, 

and the proportion of the total projectile volume that impacted within the stop plate aperture, calculated using two 

crater scaling methods. 

Launch velocity / km s1  2.73±0.22 3.27±0.18 4.00±0.45 4.14±0.54 
p

i-
sc

a
li

n
g

[1
]  Projectile volume sum   

/ m3  

8.36±1.03 

× 10-16 

2.02±0.17 

× 10-15 

1.81±0.30 

× 10-15 

7.16±1.34 

× 10-16 

Proportion of projectile volume to 

impact within stop plate aperture   

/ %  

11.9 73.9 17.9 17.2 

G
a

u
lt

-s
ca

li
n

g
[2

]  

Projectile volume sum   

/ m3  

4.67±0.67 

× 10-8 

5.36±0.54 

× 10-8 

5.93±1.14 

× 10-8 

2.62±0.57 

× 10-8 

Proportion of projectile volume to 

impact within stop plate aperture   

/ %  

14.2 56.9 19.0 24.2 

 

[1] (Holsapple and Schmidt 1987) 

[2] (Gault et al. 1974) 

An alternative semi-empirical scaling method from Gault et al., (1974) was investigated for 

comparison that relied more upon density factors. This resulted in sum projectile volumes almost 

within the uncertainty of the original projectile volume and so this method may better take into 

account the physical properties of the materials concerned.  

The total projectile volume estimated to have impacted within the stop plate aperture, and 

therefore continued on to impact the target, is shown in Table 4.6. Similar to Table 4.5, there is a 

significant difference in the proportion of projectile that will travel on to the target for the shot at 

3.27 ± 0.18 km s-1 compared to the other three, in-line with the projectile disintegration regimes 

designated above. Therefore, from the dataset available, there are three distinct projectile 

disintegration regimes that result in different proportions of the projectile continuing past the stop 

plate onto the target (Figure 4.30).  

The estimated proportion of projectile volume that will pass through the stop plate aperture is 

100+0/-5%, 65 ± 10%, and 17 ± 10% for intact, ‘partially’ disintegrated and ‘fully’ disintegrated 

projectiles, respectively. It is likely the level of projectile disintegration is a combined effect of 

the inter-projectile strength variability observed in Section 4.3.5, and whether the jerk forces from 

acceleration to different velocities surpass the cohesive strength threshold of each projectile.  

The impact campaigns conducted later in this chapter (Section 4.6) and in Chapter 5 will now 

undergo a categorisation process, with an assessment of the projectile crater saturation and spread 

upon each shot’s stop plate, before the amount of glycine in the target is interpreted. This will 

ensure the amount of glycine interpreted to have survived impact is corrected as far as possible 

for the amount that will have been lost upon capture by the stop plate. As a result of the projectile 

disintegration and subsequent loss impacting the stop plate, the proportion of glycine in the target, 

if all of it survived and was detected by post-impact analytical techniques, could range between 
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3.0-3.2 × 105 (intact, 100+0/5% passed through the stop plate) and 2.7 ± 0.3 × 105 (total 

disintegration, 17 ± 10% passed through the stop plate). Therefore, there is a stronger requirement 

for a systematic post-impact sampling system to ensure the proportion of projectile collected in 

samples is maximised to increase the likelihood of glycine being present above detection limits 

of analytical techniques (Section 2.4).   

 

Figure 4.30 Proportion of projectile volume that passes the stop plate derived from ArcGIS analysis and crater-scaling 

calculation, plotted against impact velocity. The three coloured regions represent the three projectile disintegration 

regimes, whereby the projectile proportion that passes through the stop plate aperture is 100+0/-5%, 65 ± 10%, and 

17 ± 10% for ‘intact’, ‘partially’ disintegrated and ‘fully’ disintegrated projectiles, respectively.   

4.5 Post-impact target sampling system 
To determine whether glycine within the impacting projectile can survive the impact process, 

systematic sampling strategies were investigated to collect as much projectile material as possible 

from the target, to provide concentrations above the detection limit of analytical techniques 

(Section 2.4).  

A previous strategy adopted by Patel et al., (2019) saw them dope 100 g target pots, homogenise 

them and sub-sample five 10 g portions from each of three replicate homogenised mixtures to 

analyse for microorganisms transported during impact. They concluded there was no significant 

difference between the organism recovery from the sub-sampled portions and the whole target 

pots. However, the same assumptions cannot be made in this thesis because the total target mass 

in the experiments is considerably greater, at 1171 ± 80 g and 1500 ± 31 g for Phobos-1P and -1C, 

respectively. Therefore, any surviving glycine would be at such low concentrations that resolvable 

differences in glycine detection, and therefore inferences of survival, would be restricted.  
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Therefore, four alternative strategies were considered:  

1) systematically removing successive 1 cm layers from the target  

2) isolating the impact zone and collecting its full depth  

3) manually collecting particles from the impact zone with a sterile spoon 

4) isolating the impact zone and sampling its top layer.  

4.5.1 Layer sampling strategy 

The first strategy provided a mechanism for resolving differences in glycine detection, and 

therefore survival, at different depths within the target (Figure 4.31).  

 

Figure 4.31 Illustrative figure of the layer sampling strategy (plan view at top left and cross-section view at bottom 

left). The excavator plate (bottom right) is used to remove a layer of material from the target at specific depths. The 

material is collected ahead of the excavator plate and expelled outside the target tray into a catchment tray. 
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An excavator plate was machined by Robert Morland with grooves to fit the tray and a blade that 

would penetrate to a specific depth in the target (Figure 4.31 bottom right). The target tray was 

filled to 3 cm deep, and three excavator tools were machined to remove the top 1, 2 and 3 cm 

depth of material, leaving the remaining 1 cm at the bottom. The excavator plate would scrape 

the top layer of material, gathering material in front of the plate and expelling it into a catchment 

tray.  

 

Figure 4.32 Layer sampling strategy test with powder paints. 1 cm depth layers of purple, orange and green powder 

paint was laid in the tray and levelled with the excavator tools. The layers were then successively excavated with the 

tools and the material investigated to assess layer mixing from the strategy. A small amount of top layer was visible 

within the middle layer sample.  

This strategy was tested for a 3 cm depth target using coloured powder paints (Figure 4.32). The 

different coloured layers were laid down 1 cm thick and the excavator tools used to level the tops 

of each layer before depositing the next layer on top. The excavator tools were then used to 

remove the layers in turn. The distinct colours helped assess the mixing that took place between 

layers during excavation, but this was minimal, with just a small amount of the top layer (green) 

material being visible in the middle layer (orange) (Figure 4.32 bottom). This was likely because 

the powder settled as the layers were laid, so each layer was slightly deeper upon excavation. This 

is not an issue because in this thesis the target would be homogeneously laid down, it is just the 



C h a p t e r  4  I m p a c t  e x p e r i m e n t  s t r a t e g y  a n d  m e t h o d  

d e v e l o p m e n t  

 

205 | P a g e  

 

excavation that needed to remain in distinct layers. The test did confirm the top 1 cm thick layer 

did not contain contamination from the bottom 1 cm thick layer, and that no mixing was observed 

beyond 0.2 cm. Therefore, this would be an effective strategy for stratifying the target post-impact 

to ascertain whether greater glycine survivability is observed at shallower or deeper depths.  

Three trial AALGG shots were carried out at ~4 km s-1 (Table 4.7) and the layer sampling strategy 

was used to sample the target. However, GC-FID analysis did not confidently detect glycine in 

any of the samples taken from the targets. Figure 4.33; test [1-5]a1c may have been glycine where 

the peak was offset, although this could not be confirmed. The likely cause of a clear glycine peak 

not being observed was that if glycine had survived impact into the target it was diluted below 

the detection limit of the GC-FID analysis (2.76 ng µL-1 Section 2.4.2).   

Table 4.7 Summary of AALGG parameters used for Phobos-1P layer sampling strategy trial shots. The aim was for the 

set-up conditions to be the same for all three shots, but variability comes from parameters that are challenging to set 

precisely. The HSC did not work for shot 3, so the launch velocity was estimated from the previous two shots with 

similar AALGG parameters.  

 

 

Figure 4.33 Stacked chromatogram of a selection of samples from FT 1-3. Peaks from IS, Prop10 solvent and an 

unidentified source are labelled. No confident peak at known retention time for glycine.   

Therefore, sprinkle tests were conducted whereby a projectile was gently ground up using a pestle 

and mortar and sprinkled over the restricted impact area of Phobos-1P simulant (Figure 4.34). 

These tests simulated a 0 km s-1 impact where approximately 100% of the projectile survives 

Shot 

no. 

Powder type 

& mass / g 

Driver gas & 

pressure / psi 

Aluminium 

Burst disc 

thickness / mm 

Range vacuum 

pressure 

/ mbar 

Launch 

velocity 

/ km s-1 

1 9.0 g R22 734 H2 0.5  0.3 3.9 

2 9.0 g R22 728 H2 0.5  0.23 4.2 

3 9.0 g R22 726 H2 0.5  0.28 4.0 
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deposition onto the target. 82.45 g of Phobos-1P simulant was collected using the layer sampling 

strategy and homogenised. Two 1 g sub-samples were taken, mixed with 1 mL of Prop10 solvent, 

and glycine was extracted, derivatised and analysed with GC-FID following the procedure in 

Section 2.4.2. 

 

Figure 4.34 Sprinkle test where a glycine-doped projectile was ground (top left), sprinkled onto the surface of Phobos-

1P simulant within a 10 cm impact zone (bottom left) and then samples were collected using the layer sampling strategy 

(right top and bottom).  

For each of the two sub-samples, five repeated injections into the GC-FID yielded an average of 

0.131 ± 0.002 mg (± 1 σ) of glycine per 1 g of simulant. Assuming the sub-samples are 

representative of the whole collected mass, this equated to 11.02 ± 0.18 mg of glycine collected 

from the test. This is just less than half of the estimated 25.3 mg of glycine expected to be 

deposited onto the target within the sprinkled projectile. It is possible that this projectile had a 

lower proportion of glycine within it, but it is more likely the dilution from the sampling strategy 

gave an unrepresentatively low concentration of glycine. Furthermore, it was evident from these 

tests that repeatability of the strategy was limited because of uncertainty about where material 

losses may have occurred during separation of sub-samples from the rest of the target and transfer 

to the sample container.  

In conclusion, the layer sampling strategy did not yield any glycine from an AALGG impact test, 

which may or may not be because of the sampling strategy or the true lack of survival of glycine 

upon impact. Evidence to the former was revealed by the sprinkle tests that yielded significantly 

less glycine than that estimated to be present. Furthermore, the practicalities of the method had 
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limited reliability. Therefore, it was decided to not pursue this sampling strategy further in this 

thesis.  

4.5.2 Impact zone isolation and full depth collection 

Considering the limited reliability of the layer sampling strategy to collect all the material (all 

surviving projectile particles) from the impact zone, the next strategy concentrated on isolating 

the impact zone, covering the full depth of the target to the bottom of the target tray. This method 

removed the high-risk unrepeatable stage of the previous strategy where material from a top layer 

was separated from a lower layer by scraping, which may have caused some mixing and loss of 

material.  

This strategy was tested with a sprinkle test like in Section 4.5.1 (Figure 4.35). 885 g of Phobos-

1P simulant was collected. 

 

Figure 4.35 Sprinkle test like Figure 4.34, but this time the full depth of the impact zone was isolated and collected. 

Three 1 g sub-samples (sub-samples 1-3 in Table 4.8) were taken from the collected target mass 

and mixed with 1 mL of Prop10 solvent. From each sub-sample, two 100 µL replicate aliquots 

(aliquots 1 and 2 in Table 4.8) were taken for extraction and derivatisation, creating six derivatised 

samples (2 per target sub-sample) following the procedure in Section 2.4.2. Each derivatised 

sample was then injected into the GC-FID, eight times, giving a total of 48 GC-FID analyses. 

These analyses were averaged to yield a glycine concentration of 0.050 ± 0.024 mg g-1 within the 

target simulant across the target three sub-samples. The breakdown of the sub-sample, replicate 

aliquot and repeat injection results are presented in Table 4.8.  

Table 4.8 indicates there was a resolvable variation between the three sub-samples (rows) 

whereby values were not within 1 or even 3 σ of each other. Therefore, homogenising and sub-

sampling after impact zone isolation and full depth sampling did not give repeatable results. 

However, the two replicate aliquots for each sub-sample (columns on Table 4.8) fell within 1 σ 

for sub-samples 2 and 3, and 3 σ for sub-sample 1. Furthermore, the standard deviations for each 
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aliquot was low meaning the GC-FID repeat injections agreed well with each other. This 

suggested GC-FID analysis was repeatable even if the sampling method was not.  

Table 4.8 Summary of GC-FID glycine detection results from sprinkle test with impact zone isolation and full depth 

collection sampling strategy. Presented is the amount of glycine detected in 1 g of simulant from three sub-samples 

(rows), split into two aliquots each (columns) and averaged over the eight repeat GC-FID injections (± 1 σ).  

 

It is worth noting that the average concentration of glycine detected (0.050 ± 0.024 mg g-1), 

extrapolated to the whole simulant mass collected, suggests as much as 43.78 ± 21.35 mg (±1 σ) 

of glycine could be present. This is significantly greater than the estimated maximum amount of 

glycine that could be delivered by a projectile (25.3 mg), although the lower end of the uncertainty 

does coincide. Therefore, it is likely that one or more of the sub-samples analysed in this strategy 

had an atypically high concentration of glycine in comparison with the remainder of the mass 

collected, suggesting the mass was not homogenised fully before sub-sampling.    

Despite the continued lack of repeatability, this strategy does return significantly more glycine 

than the previous sampling strategy, and therefore has a higher likelihood of returning glycine 

measurements higher than the GC-FID detection limit, if glycine survives impact. Therefore, as 

a proof-of-concept study, this strategy may return more scientific value than the previous, 

although the reliability of the results should be critically analysed if the method was to be adopted.  

4.5.3 Manual sample collection with sterile spoon 

To maximise the concentration of glycine in the collected target mass, in preparation for impact 

tests where glycine survival is at or close to the GC-FID detection limit, a manual sampling 

strategy was considered. Here the impact sites were directly manually sampled with a sterile 

spoon. This did run the risk that projectile material could be missed, although it does ensure that 

any glycine collected will be at the highest concentration for detection because it will be diluted 

in a smaller amount of target simulant.  

This strategy was also investigated with a sprinkle test (Figure 4.36). The spoon was sterilised by 

sonicating for 10 minutes in 100% DCM, 1:1 DCM:methanol and 100% methanol and wiped with 

IPA wipes. The spoon was then used to collect projectile material alongside some Phobos-1P 

target until it looked like all the impact sites had been sampled. 7.16 g of material was collected. 

Sub-

sample no. 

Glycine concentration within target simulant analysed 

/ mg g-1 (±1 σ) 

Aliquot 1 Aliquot 2 Average 

1 0.0781±0.0005 0.0804±0.0010 0.0793±0.0014 

2 0.0210±0.0015 0.0210±0.0020 0.0210±0.0017 

3 0.0486±0.0008 0.0484±0.0007 0.0482±0.0009 
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Figure 4.36 Sprinkle test where a sterile spoon is used to collect projectile material directly from impact sites without 

excess Phobos-1P simulant.  

Two 1 g sub-samples were taken from the collected target mass and mixed with 1 mL of Prop10 

solvent. From each sub-sample only one 100 µL aliquot was taken for extraction and 

derivatisation following the procedure in Section 2.4.2, because it was concluded in the previous 

section that a single aliquot was representative of the whole sub-sample. Therefore, two 

derivatised samples were created, one per target sub-sample. Each derivatised sample was 

injected into the GC-FID four times giving a total of eight GC-FID analyses, six times fewer than 

the previous sampling strategy because the total collected mass was smaller and fewer replicate 

aliquots were required to be representative of the total target mass collected. These analyses were 

averaged to yield a glycine concentration of 2.81 ± 0.86 mg g-1 (±1 σ) within the target simulant 

across the two sub-samples. This result was orders of magnitude greater in concentration than the 

previous sampling strategies. Upon extrapolation to the remainder of the mass collected, this 

equated to collecting 20.1 ± 6.2 mg of glycine, which falls closely to the estimated glycine content 

in each projectile (25.3 mg). Therefore, this sampling strategy appeared to have collected almost 

all of the projectile’s glycine whilst also yielding a high potential glycine concentration within 

processed samples. This provides scope for higher resolution when distinguishing differences in 

glycine content with different impact conditions.  

However, similar to the previous sampling strategy, a significant difference in glycine 

concentration was measured between the two sub-samples, 1.90 ± 0.03 and 3.51 ± 0.03 mg g-1, 

respectively. This highlights again the collected mass was not fully homogenised and that, 

regardless of sampling strategy used, multiple sub-samples are important to gain a full 

understanding of the glycine content within the target.  

This strategy may not be as repeatable as the impact zone isolation and full depth collection 

strategies; however, it does reduce the chance of false-negative results where the concentration 

of glycine in collected samples is lower than the GC-FID detection limit, crucial for a proof-of-

concept study.     
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4.5.4 Impact zone corer and top layer isolation 

The last sampling strategy considered was a combination of the layer sampling (Section 4.5.1) 

and impact zone isolation and full depth collection (Section 4.5.2) strategies. It isolated the impact 

zone completely but allowed the removal of the top layer of target without ploughing and 

disturbing the crucial material where glycine could be present.  

Here, a sterilised tube corer was used to isolate the impact zone (Figure 4.37). Excess material 

outside of the impact zone was removed and an isolator plate slid within slits in the tube to isolate 

the top 1 cm of the impact zone. The corer was removed from the target tray and the desired 

material poured into a sample container.  

 

Figure 4.37 Illustrative figure of impact zone isolation and sampling top layer strategy. A corer tube isolates the impact 

zone and excess target is removed. An isolator plate is then slid between two slits to isolate the top 1 cm of the impact 

zone. The corer is removed, and the desired material is decanted into a sample container.  

In comparison to the impact zone isolation and full depth collection samples (Section 4.5.2), the 

sampling strategy presented here (Figure 4.37) reduces the amount of excess target material 

collected. This amplifies the potential glycine concentration in the collected target samples, 

although not to the extent of the manual sample collection strategy (Section 4.5.3), which provides 

the maximum possible glycine to target simulant ratio. However, the sampling strategy presented 

here improves upon the reliability of the manual sample collection strategy (Section 4.5.3) by 

providing a systematic and repeatable process. Therefore, this strategy offers a compromise 

between the impact zone isolation and full depth collection (Section 4.5.2) and manual sample 

collection (Section 4.5.3) strategies.   

A benefit of this strategy is the top surface of the impact zone remains intact, which provides the 

opportunity to spatially separate the sample in plan-view for additional impact processing 

information. However, because of the limitations on the number of samples that can be analysed 

using the GC-FID, owing to consumable supply issues and time constraints (COVID statement), 

this was not explored in this thesis, but is an important advantage for future applications of this 

sampling strategy. Instead, in this thesis the collected target simulant was homogenised and sub-

sampled similarly to the previous sampling strategies. 
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This strategy was not tested with a sprinkle test because it was developed after the Phobos-1P 

shot campaign (Section 4.6) and time constraints meant it was tested directly in the Phobos-1C 

campaign (Section 5.5).   

4.5.5 Summary 

In summary, for this proof-of-concept study, the manual sampling strategy offers the highest 

chance of detecting glycine that has survived impact above GC-FID detection limits, and allows 

for greater scope to investigate variations in glycine survival under different impact conditions. 

However, its drawbacks include unconstrained reliability, and projectile material could be missed. 

Nevertheless, after the initial AALGG tests in Section 4.5.1 using the layer sampling strategy 

returned no glycine, the priority was to provide the greatest chance of detecting glycine above 

GC-FID detection limits, so the manual sampling strategy was adopted for the Phobos-1P 

simulant campaign.  

4.6 Phobos-1P impact campaign 
This section outlines a feasibility test (FT) campaign where the methods of projectile manufacture 

(Section 4.3), post-impact target sampling (Section 4.5) and post-impact organic analysis (Section 

2.4.2) were tested for their applicability towards investigating the survival of glycine within a 

Mars-like projectile impacting a Phobos-like target. Here, glycine-doped projectiles were fired at 

a range of launch velocities 0.35-4.53 km s-1 (Table 4.9) to first determine whether surviving 

glycine can be detected above GC-FID limits of detection, and secondly investigate whether 

practical experiments exhibit a similar trend in amino acid survival according to impact velocity 

as suggested by the numerical modelling (Chapter 3).  

Table 4.9 Summary of AALGG parameters used for eight Phobos-1P FTs. 

FT 

no. 

Powder 

mass & 

type 

Driver gas 

& pressure 

/ psi 

Burst disc material & 

thickness 

Projectile 

mass / g 

Range 

vacuum 

pressure 

/ mbar 

Launch 

velocity 

/ km s-1 

1 N/A 480 N2 Kapton tape x1 layer 0.055 0.34 0.35 

2 4.5 g R22 728 H2 0.5 mm Aluminium 0.057 0.30 2.22±0.16 

3 6.0 g R22 722 H2 0.5 mm Aluminium 0.058 0.25 2.91±0.23 

4 7.5 g R22 731 H2 0.5 mm Aluminium 0.058 0.31 3.02±0.28 

5 8.0 g R22 725 H2 0.5 mm Aluminium 0.058 0.24 3.95±0.72 

6 7.5 g R22 731 H2 0.5 mm Aluminium 0.060 0.29 4.06±0.55 

7 7.5 g R22 734 H2 0.5 mm Aluminium 0.054 0.30 4.53±0.74 

8 9.0 g R22 481 H2 0.5 mm Aluminium 0.056 0.21 4.31±0.72 
 

It is important to note that that there was a significant gap in tested launch velocities between 0.35 

and 2.22 km s-1, which was a result of this velocity falling between single- and two-stage AALGG 

operation. Further method development to test different AALGG parameters was required to 
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bridge this gap. This was improved upon in the Phobos-1C impact experiment in Chapter 5, but 

not fully closed.  

The manual sampling method (Section 4.5.3) was used to collect the impact zone of the post-

impact target. Between 41-100% of the post-impact target mass collected was analysed using the 

GC-FID method outlined in Section 2.4.2 using at least two sub-samples per FT. Each sub-sample 

was mixed with solvent Prop10 (1 mL:1 g sub-sample mass:solvent volume ratio) and with 

reference to findings from Section 4.5.3, one aliquot of each, assumed to be representative of the 

sub-sample, was taken for amino acid extraction and derivatisation. Each derivatised sample was 

then injected into the GC-FID at least six times to generate at least six GC-FID analyses per sub-

sample. In contrast to the Phobos-1P layer sampling strategy trial shots conducted in Section 

4.5.1, glycine was detected in all FT sample chromatograms. This was possibly as a result of using 

the manual sampling technique (Section 4.5.3) that ensured any glycine present would be diluted 

by a minimal amount of excess target simulant to optimise the detection of glycine in very low 

concentrations.  

The integrated peaks of glycine were averaged for each different launch velocity (vl), and the 

amount of glycine detected within the post-impact target analysed was calculated using the 

calibration curve defined in Section 2.4.2.3. The average glycine concentration over all target sub-

samples analysed (Glyav), and the extrapolated concentration for the total simulant mass analysed 

(Glytotal) are shown in Table 4.10.  

Table 4.10 Glycine detection results from eight Phobos-1P FTs at different launch velocities (vl). Sub-sample average 

glycine concentration (Glyav), mg g-1; extrapolated glycine concentration for the whole target analysed (Glytotal), 

mg g-1; projectile disintegration regime proportion of projectile that passes the stop plate (Pd), %; and the proportion 

of the original projectile detected, corrected for loss at stop plate (Glyproj-det), %, are listed. 

 

The projectile disintegration regime (Pd in Table 4.10) was defined from visual inspection of the 

stop plates for each shot; if time had allowed, the stop plates would have all been digitised using 

the ArcGIS method in Section 4.4. The chosen regime was then used to correct the proportion of 

the original projectile that was detected in the target to the proportion of projectile that made it 

past the stop plate. The uncertainties on the glycine measurement were 1 σ of the scatter between 

sub-samples.   

FT 

no. 

vl 

/ km s-1 
Glyav / mg g-1 Glytotal / mg g-1 Pd / % 

Glyproj-det / 

% 

1 0.35 1.44±1.1 23.1±10.8 100+0/-5 91.2±42.7 

2 2.23±0.16 0.12±0.06 1.5±0.8 17±10 35.4±18.4 

3 2.91±0.23 0.10±0.05 1.4±0.7 17±10 31.4±16.4 

4 3.02±0.28 0.075±0.002 0.7±0.0 17±10 16.8±0.4 

5 3.95±0.72 0.049±0.006 1.3±0.2 17±10 29.1±3.7 

6 4.06±0.55 0.012±0.003 0.3±0.0 17±10 6.3±1.3 

7 4.53±0.74 0.014±0.004 0.4±0.1 17±10 9.8±2.8 

8 4.31±0.72 0.012±0.008 0.4±0.2 65±10 2.2±1.4 
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A Glyproj-det against vl plot (Figure 4.38) with wide uncertainties for glycine detected (generated 

from 1 σ of sub-sample GC-FID analysis) and launch velocity (3 σ of launch velocity, measured 

with method described in Section 2.3.3), can be described by a negative linear trend: 

𝐺𝑙𝑦𝑝𝑟𝑜𝑗−𝑑𝑒𝑡(𝑙𝑖𝑛𝑒𝑎𝑟) = −19.076𝑣𝑙 + 88.254  R2 = 0.8667 Equation 4.1 

 

Figure 4.38 Proportion of original projectile glycine detected in the target, corrected for loss at stop plate from Table 

4.10 (Glyproj-det), %, plotted against launch velocity (vl) from Phobos-1P feasibility tests 1-8. A fitted negative linear 

trendline is drawn through the points showing that with increasing impact velocity the detected proportion of glycine 

reduces.   

However, a better fit (indicated by the higher R2 value) to the dataset is given by an inverse 

exponential function: 

𝐺𝑙𝑦𝑝𝑟𝑜𝑗−𝑑𝑒𝑡(𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙) = 144.89𝑒−0.677 𝑣𝑙  R2 = 0.9087 Equation 4.2 

This exhibits a linear fit when Log(Glyproj-det) is plotted against vl (Figure 4.39). 

Both functions indicate that increasing launch velocity is met with a reduction in the amount of 

glycine that would be detected from the projectile, at either a constant or exponential rate. Because 

of the limited dataset as well as the large uncertainties, one single function cannot be decisively 

derived. Furthermore, a linear function would imply a hard cut-off with no glycine survival above 

~4.7 km s-1, which cannot be assumed in this investigation as it was not tested. However, an 

exponential decrease in glycine detection with velocity is in agreement with survival rates of 

microbes with increasing shock pressure exposure from other studies (Horneck et al. 2008; 

Burchell et al. 2004; Stöffler et al. 2007). It is likely that this is linked to kinetic energy per unit 

mass within impacting materials being equal to 0.5vi
2, whereby additional kinetic energy is 

supplied to the system with increasing impact velocity. Kinetic energy partly transforms into heat 

y = -19.076x + 88.254
R² = 0.8667
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energy during impact, which would make conditions less favourable for biosignature survival. 

Therefore, an increase in impact velocity results in greater shock temperatures within impacting 

materials, and then a reduction in survival of impacting biosignatures. However, the linear or 

exponential relationship, rather than a power law relationship, agrees with the modelling results 

from Chapter 3 and with experimental studies (e.g., Burchell, 2007; Kurosawa et al., 2019) that 

suggest that other factors may have affected the detection of glycine in the target, for example 

crater superposition (highlighted below), or the dataset was too small to reveal a true power law 

relationship.  

 

Figure 4.39 Repeat presentation of Figure 4.38, data from Table 4.10, with a logarithmic y-axis to display an inverse 

exponential function that manifests as a linear trend on this plot. Exponential function and R2 value are shown.   

The number, size and distribution of craters within the impact footprint varied between different 

FTs (Figure 4.40). FT1 impacted at the lowest velocity and generated a single simple crater, which 

suggested the projectile remained almost entirely ‘intact’ upon impact. However, FT2-5 that 

impacted at 2.22-3.95 km s-1 exhibited crater zones with numerous impact sites. Furthermore, in 

the centre of FT2-5, especially FT3, craters were superimposed generating compound crater 

morphologies, likely owing to multiple projectile fragments impacting the same site.  

In summary, the results from these FTs have suggested that, over the impact velocity range of the 

FTs, glycine could be detected without dropping below the detection limit of the GC-FID, 

meaning that glycine may be capable of surviving impacts into Phobos-like targets at least up to 

4.53 ± 0.74 km s-1, coinciding with the most likely impact velocity of martian material into 

Phobos of 4-5 km s-1 (Section 2.1.1.5). Furthermore, the relationship between glycine detected in 

the post-impact target and launch velocity of the glycine-doped projectiles may follow a negative 

linear or inverse exponential relationship.  
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Figure 4.40 Impact zones created by glycine-doped projectile impact into Phobos-1P simulant in five of the eight FTs.  

4.7 Discussion 
It was concluded that the level of disintegration of the projectile during launch was the main factor 

that would control the proportion of projectile that would pass through the stop plate aperture onto 

the target. It is likely that this was a combined effect of the inter-projectile strength variability 

observed in Section 4.3.5, and the projectile’s response to jerk forces from acceleration to 

different launch velocities. The launch velocity was not the controlling factor in the dataset 

observed, because slower shots resulted in similar projectile dispersion to faster shots, and an 

intermediate velocity shot exhibited significantly more material impacting within the stop plate 

aperture because of it breaking up differently to the others. However, further investigation with a 

significantly larger dataset would be required to refine the projectile disintegration regimes and 

confirm that projectile velocity was not the controlling factor. This is important because past 

studies have shown that projectile dispersion directly increased with launch velocity at velocities 

<1.7 km s-1 (e.g., Deng et al., 2022; Dursun, 2020), but it is unknown how disintegration of the 

projectile and subsequent dispersion scales to hypervelocity impacts and the effect of it being a 

pseudo-buckshot whereby the projectile begins as a solid and disintegrates upon launch.  

Feasibility test shots into Phobos-1P simulant displayed a stark transition between the projectile 

remaining reasonably ‘intact’ and significant breakup before impact between 0.35 and 
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2.22 km s-1, which may have influenced the survival of glycine during impact, and therefore its 

detection in the target. As explored in Section 3.4.1.4, smaller projectiles experienced higher peak 

temperatures during impact likely owing to a higher surface area exposed as the leading surface; 

this agreed with previous numerical studies (Fujita et al. 2019; Davison 2010). This impact 

experiment campaign may have demonstrated this transition between exposed surface area. 

Furthermore, this could mean that a simple negative linear or inverse exponential relationship 

may not represent glycine behaviour within this impact velocity range, and that data within this 

velocity gap may reveal an alternative better fitting trend. Therefore, behaviour of the projectile 

within this untested launch velocity range of 0.35 and 2.22 km s-1 would need to be constrained 

to conclude this with more confidence. This is important because it may result instead in a 

turnover point when the strength of the projectile is surpassed, which may initiate the start of the 

negative linear or inverse exponential relationship. This would agree with microbial survival 

investigations that defined a critical shock pressure threshold, specific to the organism and its 

stage of growth, whereby exposure to lower shock pressures would result in minimal microbial 

destruction, but higher shock pressures would result in significant microbial destruction with 

increasing shock pressure (Meyer et al. 2011; Burchell et al. 2014b, 2014a, 2017b). Therefore, 

the results for glycine may indicate that amino acids may respond to shock conditions in a similar 

way to microbes, which broadens the relevance of the survival interpretations in this thesis. 

However, it is acknowledged that physical properties, especially strength, vary between each 

projectile (Section 4.3.5), so the turnover point may not be consistent between shots, and a specific 

turnover point for glycine may be challenging to define. Data for more launch velocities will be 

given in Chapter 5, as well as a numerical modelling investigation in Chapter 6 into the conditions 

within projectiles to address some of these knowledge gaps. 

Furthermore, within this untested impact velocity range, a transition in crater morphologies from 

large, single, simple craters to small, superimposed compound impact zones also took place. 

Subsequent or simultaneous impacts into the same site could have acted to destroy glycine that 

had survived initial impact, and therefore result in an underrepresentation of the glycine survival 

in these compound cratering events. The effect on glycine survival within the target following 

subsequent or simultaneous bombardment remains a knowledge gap.  

Considering the glycine concentrations detected within the post-impact samples as a proportion 

of the estimated original glycine content of the projectiles, the results from the FTs can be 

compared against the large-scale numerical modelling results from the best basalt projectile 

impacting the best Phobos-like target from Table 3.5, Section 3.5. Figure 4.41 reveals the glycine 

detected during the FTs is significantly less than the proportion of projectile material that was 

suggested to exhibit conditions tolerable for amino acid survival, according to large-scale iSALE-

2D modelling. Furthermore, the trends of the two datasets are significantly different with the 
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large-scale modelling exhibiting a gradual drop off with increasing impact velocity, whereas a 

significant drop off is observed in the practical experiments between 0.35 and 2.22 km s-1.  

 

Figure 4.41 Comparison between the proportion of original projectile glycine that was detected in AALGG FT impacts 

into Phobos-1P simulant, with the proportion of the projectile in the endmember large-scale modelling simulations for 

best basalt projectile impacting the best Phobos-like target that exhibited conditions tolerable for amino acid 

biosignature survival.   

The disparity between the results may be a consequence of the large-scale modelling 

overestimating the potential survival of amino acids in impacting projectiles. This could either 

have been because the modelling underestimated the temperatures that would be experienced 

within the projectile during impact, and therefore suggests more of the projectile could remain 

feasible for biosignature survival than would in reality. Alternatively, it could be the BST in the 

modelling overestimated the temperatures at which biosignatures could survive, because the data 

taken from the literature was not specific to shock conditions of the correct temporal scale.  

Using the PIA described in Section 2.3.4 and inputting the physical properties of the bespoke 

projectiles and Phobos-1P simulant and the launch velocity, a first order approximation of the 

peak-shock pressures experienced in the impacting projectiles is derived for each FT (Table 4.11). 

In comparison to the BST (18 GPa) defined in Section 3.3, the conditions within the impacting 

materials could generally experience shock pressures tolerable by biosignatures.  

 

 

 

Table 4.11 Estimated peak-shock pressures experienced by the impacting materials for each FT, derived from the PIA. 
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However, there are significant differences between the simple first order approximation and large-

scale numerical simulations, and the practical impact experiments that mean they may not be 

directly comparable and may indicate different levels of biosignature survivability:  

• Three orders of magnitude difference in spatial scale between the large-scale numerical 

modelling and the impact experiments. 

• There is no guarantee that 100% of the surviving projectile glycine is sampled in the 

impact experiments.  

• The amount of glycine in the initial projectile may vary. 

• Projectile fragmentation prior to impact occurs stochastically during the impact 

experiments.  

• The physical properties of the projectile and target differ between the numerical 

simulation and the impact experiments, which may have resulted in different shock 

conditions within the practical projectiles in comparison to the modelled ones.  

Chapter 5 will consider whether the amount of glycine detected varies between impacts into 

Phobos-1P and -1C simulants and also Chapter 5 will consider whether AALGG-scale numerical 

simulations better reproduce the behaviour exhibited by the practical impact experiments than the 

large-scale modelling in Chapter 3.     

4.8 Summary 
In summary, the main results from this chapter are: 

Organic contamination within the AALGG does not interfere with the detection of glycine within 

post-impact materials, but could interfere with different amino acids if they were tested. 

The geopolymer method of manufacturing bespoke projectiles succeeds in creating projectiles 

that can accommodate desired lithology requirements, can be homogeneously doped with a 

controlled concentration of powdered organic compounds, and can be used in hypervelocity 

impact experiments with the AALGG. 

FT no. Launch velocity / km s-1 Estimated peak-shock Pressure / GPa 

1 0.35 0.5 

2 2.22±0.16 4.8±0.5 

3 2.91±0.23 7.2±0.9 

4 3.02±0.28 7.6±1.1 

5 3.95±0.72 11.5±3.5 

6 4.06±0.55 12.0±2.7 

7 4.53±0.74 14.3±4.0 

8 4.31±0.72 13.2±3.8 
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Three projectile disintegration regimes were defined that resulted in 100+0/-5%, 65 ± 10%, and 

17 ± 10% of the projectile volume passing through the stop plate onto the target for intact, 

‘partially’ disintegrated and ‘fully’ disintegrated projectiles, respectively. 

The manual sample collection strategy using a sterile spoon proposed in Section 4.5.3 provides 

the greatest opportunity to detect glycine within post-impact materials by collecting projectile 

material in a minimal amount of additional target.  

However, there is limited sampling reproducibility with this strategy and a more systematic 

strategy, e.g., the impact zone corer and top layer isolation strategy proposed in Section 4.5.4, 

may be more appropriate for the Phobos-1C impact experiment campaign in Chapter 5. 

AALGG FTs using the Phobos-1P simulant as a target have demonstrated the method 

development in this chapter is appropriate to investigate the survival of glycine during impact 

conditions relevant for martian ejecta impacting Phobos. 

The FTs have revealed glycine can survive impact velocities between 0.35 and 4.53 km s-1 and 

the relationship between glycine detected and launch velocity, within the range considered, can 

be summarised by a negative linear or an inverse exponential trend. 

The amount of glycine detected in post-impact materials in the FTs is less and follows a different 

trend with impact velocity than the results of the large-scale numerical modelling in Chapter 3. 

In conclusion, the results from this chapter have proved the impact experiment strategy presented 

in this thesis is appropriate for use in investigating the survival of organic biosignatures during a 

range of impact conditions and that glycine can survive impact velocities between 0.35 and 4.53 

km s-1, which coincides with the likely impact velocity of martian ejecta onto Phobos (Ramsley 

and Head 2013a; Chappaz et al. 2013; Artemieva and Ivanov 2004). This provides practical 

evidence that impact-driven transport of glycine from Mars to Phobos is possible. 





C h a p t e r  5  I m p a c t  e x p e r i m e n t  r e s u l t s  

 

221 | P a g e  

 

 

Chapter 5                

Impact experiment 

results 

5.1 Introduction 
The outcome of Chapter 4 was the impact experiment strategy presented was appropriate for 

investigating the survival of organic biosignatures during a range of impact conditions. Lessons 

from the feasibility impact campaign in Chapter 4 were adopted in this chapter, e.g., using the 

most reproducible and systematic strategy for target sampling, the ‘impact zone and top layer 

isolation’ strategy, to ensure that as much surviving projectile material is sampled as possible 

whilst minimising its dilution in the simulant. In addition, the projectile disintegration variability 

could be summarised in three regimes based on the spread of craters on the stop plate, irrespective 

of velocity; therefore, the amount of projectile reaching the target could be estimated.  

Chapter 4 also indicated that glycine can survive impact velocities of between 0.35 and 4.53 km s-1 

into the Phobos-1P simulant, which coincides with the likely impact velocity of martian ejecta 

onto Phobos (Ramsley and Head 2013a; Chappaz et al. 2013; Artemieva and Ivanov 2004). 

Detection of glycine following impact over this velocity range provides a baseline from which to 

apply this impact experiment strategy to a more compositionally relevant target. Therefore, this 

chapter focuses on the survival of glycine, impacting at different velocities, into the compositional 

simulant Phobos-1C, to determine whether the survivability of glycine varies with target 

composition (Section 5.5). A summary table of the Phobos-1C campaign set-up parameters and 

resultant launch velocities is given in Table 5.2 Section 5.5.1.  
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A particular emphasis is given in this chapter to an attempt to narrow the gap in launch velocities 

between 0.35 and 2.22 km s-1, not tested in Chapter 4, where there may be a turnover point in 

glycine survivability. Before this turnover, biosignature survival may be high, but after the 

turnover a significant reduction in biosignature survivability may be observed. This may suggest 

that significant biosignature survival could be possible, irrespective of velocity, below a certain 

impact velocity threshold, conceivable within the Mars-Phobos system. However, at the velocity 

most likely for martian ejecta impacts on Phobos (~4 km s-1; Chappaz et al., (2013); Ramsley and 

Head, (2013a)) biosignature survival may be considerably reduced. 

Before the survival of glycine within Phobos-1C is reviewed, this chapter first considers whether 

the projectile is geochemically resolvable in the Phobos-1C target and whether textural or 

compositional shock modifications of the target material are discernible following impact 

(Sections 5.3 & 5.4).  

The results from this chapter will therefore provide insight into the feasibility of biosignature 

survival from impact-driven transfer from Mars to Phobos, and the likelihood of detection by 

future sample return missions to Phobos.  

5.2 Compositional and textural analysis 

of target materials 
As described in Section 2.3.5, in lieu of direct sampling or analysis of Phobos’ surface, regolith 

simulants were required for this project to represent Phobos’ regolith. To test the feasibility of the 

impact experiment strategy, a physical simulant, Phobos-1P, was used in Chapter 4. However, as 

described in Sections 1.2.5 & 2.1.3.2, Phobos’ regolith can be best matched by a D-type asteroid 

composition, so to better understand the behaviour of biosignatures upon impact with Phobos and 

consider how Phobos’ regolith may be modified by these impacts, a more accurate Phobos target 

composition is required. Phobos-1C was designed to represent Phobos’ D-type asteroid 

composition (Section 2.3.5), although neither Phobos-1P or Phobos-1C simulants were originally 

designed to study regolith modification from impact processing and therefore had not been 

texturally and compositionally analysed sufficiently for these modifications to be resolved. These 

analyses were therefore conducted pre-impact using the analytical techniques described in Section 

2.4. 

Using the FEI Quanta FIB-SEM, pre-impact samples of Phobos-1P and Phobos-1C were 

compositionally and texturally analysed. Secondary Electron (SE, described in Section 2.4.3.3) 

images show Phobos-1P grains (Figure 5.1 top left) have rough grain surfaces covered in a layer 

of fine particles.  
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BSE images (described in Section 2.4.3.3) show that Phobos-1P grains (Figure 5.1 bottom left) 

are predominantly rounded and equant in shape, in line with a limited compositional variation. 

The small grey-scale variation within the BSE images shows Phobos-1P is reasonably 

homogenous grain to grain, yet the interior of each grain represents an aggregate of components 

with different compositions. This reflects the fact the simulant was originally a block of concrete, 

with sand bound together with cement, that was crushed separating sand grains from the cement 

binding.  

 

Figure 5.1 Top: Secondary Electron (SE) images of Phobos-1P (left) and Phobos-1C (right); Bottom: Backscatter 

Electron (BSE) images of Phobos-1P (left) and Phobos-1C (right). 

 

Figure 5.2 SEM-EDS composite maps of Phobos-1C (left) and Phobos-1P (right). Colour scale: Fe = Red, Si = Blue, 

Al = Green, Mg = Cyan and Ca = Yellow. 
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X-ray maps (method described in Section 2.4.3.3) provide more compositional detail and reveal 

Phobos-1P (Figure 5.2 left) is composed mostly of quartz sand (blue) and calcite (yellow) grains 

and some larger aggregates of quartz with a calcite matrix, typical of concrete.  

In contrast, Phobos-1C has fewer rough grain surfaces than Phobos-1P, with less extensive finer 

particle coverage on larger grains (Figure 5.1 top right). This is likely because Phobos-1C is a 

mixture of different source materials (Table 2.2), individually crushed and combined, whereas 

Phobos-1P was a single material set from a mixture that was crushed leaving behind remnants of 

the cement binder on grain boundaries.  

Phobos-1C exhibits a wide range of grain shapes (Figure 5.1 bottom right), which is likely 

inherent because of the heterogeneous composition and crushing process. Phyllosilicates 

preferentially exhibit platy or regular grain shapes (Brown 1990), whereas the agglutinate grains 

are conglomerates with irregular boundaries (Rickman et al. 2016; Elliot 2022), and enstatite 

pyroxene and olivine grains are more equant but angular in shape (Klein and Philpotts 2013). This 

heterogeneous composition is qualitatively exhibited by the large brightness contrast across 

different grains in Figure 5.1 bottom right, as expected from a multi-component simulant. The X-

ray map (Figure 5.2 right) reveals Phobos-1C exhibits both monomineralic and aggregate grains, 

similar to Phobos-1P, but there is a broader range of compositions between grains. The major 

phases that can be identified are plagioclase, pyroxene, olivine and quartz. The pseudo-

agglutinates, which manifest as glassy aggregates, show a wide range of compositions, being 

dominant in Si, Mg or Al. The components within Phobos-1C had not been characterised prior to 

simulant manufacture, so these were analysed and presented in Section 2.3.5. 

Examination of the compositional and textural characteristics of the pristine Phobos-1P and 

Phobos-1C simulants will allow for any modifications from impact processing to be identified. 

This provides insight into a secondary knowledge gap, whereby even if biosignatures are not 

included with martian material impacting Phobos, Phobos’ regolith could have been modified 

over its history by martian impacts (Section 1.2.4). This would have crucial implications for future 

in situ and sample return missions to Phobos with the aim of discerning its origin formation 

mechanism based on its composition (Section 1.2.2).  

5.3 Detection of Mars-relevant material 

within Phobos-1C 

5.3.1 SEM analysis 

Following the textural and compositional characterisation of Phobos-1C in the previous section, 

this section considers the detectability of the Mars-relevant projectile in the simulant following 
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each of the seven shots conducted for the Phobos-1C impact campaign (Phobos-1C-1 to -7; Table 

5.2) described in Section 5.5. This is important because, even if biosignatures are not included 

within impacting martian material or do not survive, recognising martian material is still of 

scientific value. Here a 50:50 mixture by mass of pristine projectile material and pristine Phobos-

1C is analysed to simulate ideal conditions for detection. Post-impact samples of Phobos-1C 

simulant, pristine projectile material and the 50:50 projectile:simulant control mixture were 

analysed with the Zeiss Crossbeam FIB-SEM according to the methodology in Section 2.4.3.3 to 

collect EDS spectra to determine composition.  

Figure 5.3 shows that the variation between the projectile and Phobos-1C simulant is generally 

less than ~2 wt% for each element and so resolving projectile material within the simulant is not 

viable. Only an enrichment in K for the projectile was observed, although its error bar covers the 

data from the other samples so this is not considered a definitive feature of the projectile 

composition.  

 

Figure 5.3 Average elemental composition (wt%) of the projectile, un-impacted Phobos-1C simulant, 50-50 mixture of 

projectile and Phobos-1C, and impacted Phobos-1C simulant that could contain surviving projectile material.  

EDS spectra were taken of a variety of mineral grains within each of the samples and their 

elemental weight% composition is presented in Figure 5.4.  

Figure 5.4 demonstrates how internally heterogeneous the composition of projectile (▲) and 

Phobos-1C simulant (+) are, shown by the wide spread of datapoints for each material as well as 

the combined mixture (♦). Yet it does show that datapoints for two different projectiles, one within 

the simulant:projectile mixture (♦) and one as the pristine projectile (▲), are consistent with one 

another. However, because of the closely plotted datapoints for the pristine Phobos-1C (+) and 

projectile (▲) compositions, the projectile composition cannot be reliably distinguished from the 

simulant with this method. The derived compositions of all samples were passed through a 

stoichiometry calculation to determine the mineralogy. A comparison between the pyroxene 

compositions is made in the ternary diagram in Figure 5.5. 
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Figure 5.4 Ternary diagram of the major cation elements where the composition of point analyses for a variety of 

minerals within the projectile (▲), un-impacted Phobos-1C simulant (+), 50-50 mixture of projectile and Phobos-1C 

(♦), and post-impact samples from Phobos-1C impact campaign (Phobos-1C-1 to -7,×), that could contain surviving 

projectile material, are plotted. Locations where major basaltic minerals should plot are shown in red. 

 

Figure 5.5 Pyroxene ternary diagram comparing the chemical composition of pyroxene minerals within the projectile 

(▲), 50-50 Phobos-1C and Projectile mixture (♦) and post-impact Phobos-1C target (×) following impact of projectile 

at 3.18 ± 0.66 km s-1 (Phobos-1C-3), 0.388 km s-1 (Phobos-1C-4) and 1.31 ± 0.11 km s-1 (Phobos-1C-7).    

The majority of compositions, for all samples, fall within a tight region within the diopside 

composition where the Fe content is <50% but Ca content is between 45 and 50%, with some 

stretching into the augite composition with lower Ca contents. Two datapoints that plot outside 
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of this region are discussed in the next section regarding shock modification of Phobos-1C. The 

generally restricted pyroxene composition, in common between both projectile and target material 

in these experiments, shows that minerals from the projectile cannot be compositionally 

distinguished. Therefore, more definitive compositional distinctions between Mars and Phobos 

need to be investigated depending on whether Phobos is a captured asteroid or martian in origin. 

Texturally, projectile material could be distinguished from the Phobos-1C simulant within the 

controlled mixture, because the projectile material manifested as aggregates of finer-grained 

crystals rich in silica derived from the sodium metasilicate pentahydrate geopolymer binder, with 

larger crystals rich in carbon (glycine), that could be distinguished in BSE images as dark grains 

(Figure 5.6). The glycine distribution is clear from the carbon dominated EDS spectra.  

 

Figure 5.6 BSE images of 50:50 mixture of Phobos-1C and projectile. Projectile fragments are highlighted in yellow 

rings and two example EDS spectra 31 and 33 of glycine are highlighted in red.  

The aggregate textures and glycine minerals were not identified in the post-impact Phobos-1C 

samples. This may be because the projectile broke apart so the grains were no longer recognisable 

aggregates. Alternatively, owing to the use of the impact zone corer and top layer isolation 

sampling strategy, projectile material may have become mixed within a sample of the target 

regolith. Therefore, the glycine particles may have become too diluted within the simulant to be 

picked out at a micron scale within a small sub-sample. Further reconnaissance may have 

identified glycine grains, if present, but time was not available to image each grain during the 

analysis of post-impact simulant samples. If present, they may have exhibited morphological 

modification in response to shock, e.g., needle-like crystals observed by Singh et al., (2022) 
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within ejecta from a target of pure glycine in water ice impacted at 5 km s-1. However, their 

incorporation within a rock projectile and impact into a loose granular regolith may have resulted 

in alternative morphologies (discussed further in discussion Section 5.6). 

In summary, results from the 50:50 mixture indicated it was possible to identify glycine texturally 

and compositionally within Phobos-1C using SEM, although the threshold of detection was not 

surpassed in the post-impact samples analysed. This was either because glycine grains were too 

small to recognise or more likely that any glycine happened to not be present within the small 

number of Phobos-1C grains that were analysed in the sub-sample. Further, the rock making up 

the matrix of the projectile fragments was compositionally indistinguishable from the Phobos-1C 

simulant. 

5.3.2 XRD analysis 

Post-impact simulant samples from Phobos-1C-1-4 were also geochemically analysed using XRD 

using the method described in Section 2.4.3.4. A comparative plot of spectra comparing the 50-

50 mixture control of glycine-doped projectile and Phobos-1C simulant is presented in Figure 5.7.  

 

Figure 5.7 Stacked XRD spectra comparing a control 50-50 mixture of Phobos-1C and glycine-doped projectile with 

post-impact target samples from Phobos-1C-1-4. Vertical axis offset for clarity. This shows projectile-simulant mixture 

exhibits peaks unique to the presence of projectile material (black dashed lines), although these peaks are not reflected 

in the post-impact samples.  
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It was observed that there were unique peaks within the Phobos-1C + projectile mixture possibly 

associated with the projectile composition. Therefore, using XRD the projectile can be 

geochemically distinguished from the simulant. However, these diagnostic peaks were not 

reflected in any of the post-impact simulant samples. Therefore, similar to the SEM results, the 

glycine-doped projectile is only detectable within Phobos-1C when in concentrations significantly 

higher than those observed within the post-impact targets.  

5.4 Geochemical modification of Phobos 

regolith by impacts 
In Figure 5.4 within Section 5.3.1, the impacted Phobos-1C composition was unresolvable from 

the pristine projectile and simulant material. Therefore, on a broad scale there was no evidence of 

compositional changes as a result of any shock conditions from impact.  

Two post-impact simulant data points from Phobos-1C-4 and Phobos-1C-7 plot separately from 

the main cluster of pyroxene compositions in Figure 5.5 with compositions of Wo2En80Fe18 and 

Wo25En44Fe31, respectively (EDS spot spectra locations highlighted in Figure 5.8). The 

composition alone could indicate the presence of high-pressure clinoenstatite, as an important 

high-pressure polymorph of pyroxene (Guo et al. 2020; Yoshiasa et al. 2013). However, this 

hypothesis was discarded for multiple reasons.  

Firstly, the impact velocities for Phobos-1C-4 and -7 of 0.388 and 1.31 km s-1 (listed in Table 5.1) 

were not sufficient to generate the peak-shock pressures required for the high-pressure phase 

change, ~6-15 GPa (French 1998; Stöffler et al. 2018).  

Table 5.1 Estimated peak-shock pressures experienced by the impacting materials for each shot into Phobos-1C, 

derived from the PIA. Table ordered by increasing launch velocity, whereas as shot no. reflects chronological order of 

shots. 

 

Furthermore, the texture of the grains within the sample indicated no additional evidence of shock 

within Phobos-1C-4 or -7 (Figure 5.8). Textural shock metamorphism features within pyroxene 

would be mechanical twinning (~5-70 GPa), mosaicism (~20-70 GPa), planar deformation 

features (~30-70 GPa) and signs of melting (⪆70 GPa) (French 1998; Stöffler et al. 2018; Stoffler 

and Langenhorst 1994; Langenhorst 2002). None of these features were observed within post-

impact samples, even if Phobos-1C-1-3 & 5-6 may have experienced high enough peak-shock 

Shot no. Launch velocity / km s-1 Estimated peak-shock Pressure / GPa 

4 0.39 0.6 

7 1.31±0.11 2.7±0.4 

6 2.03±0.21 4.9±0.8 

1 2.36±0.14 6.0±0.7 

2 2.94±0.22 8.4±1.1 

3 3.18±0.66 9.4±3.4 

5 3.44±0.54 10.6±3.0 
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pressures to induce mechanical twinning. Therefore, it is concluded that there are no resolvable 

compositional or textural modifications to Phobos-1C following impact by the bespoke projectile 

at velocities up to 3.44 ± 0.54 km s-1. 

 

Figure 5.8 BSE images of Phobos-1C-4 and Phobos-1C-7 post-impact simulant samples. Spectrum that returned 

irregular pyroxene compositions highlighted in red. No evidence of shock is visible on the pyroxene grains.  

Similar to the lack of observed post-impact compositional variations, the absence of evidence of 

shock modification may be a result of the sub-samples not capturing or representing the grains 
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within the target that experienced the most severe shock conditions, because the sampling strategy 

homogenised the target samples. Higher resolution imagery and better sample polishing may have 

enabled recognition of shock features in the small grain size of these samples. However, the 

chance of identifying individual grains that experienced the highest peak-shock pressures in a 

sample of millions of loose particles may still be critically low and would require considerably 

greater sample analysis times to find. Therefore, the results presented here cannot confidently 

discount that compositional and/or textural modification occurred because of shock. Numerical 

modelling on the spatial scale of the AALGG impact experiments in Chapter 6 will estimate the 

shock conditions present within materials during these impacts in more detail and determine the 

shock effects that may have been present within the experimental materials (Section 6.4).   

5.5 Phobos-1C impact campaign 
The results from the Phobos-1P impact campaign in Chapter 4 demonstrated the experimental 

strategy, and impact conditions that can be simulated using the AALGG, are appropriate for 

resolving a difference in glycine survival with impact velocity. In this section, the investigation 

is extended to use the compositional simulant Phobos-1C as the target to assess whether glycine 

responds differently to impact with Phobos-1C compared to Phobos-1P. Furthermore, variation 

in crater morphology within the simulant target is evaluated with regards to impact velocity and 

projectile disintegration prior to impact. 

5.5.1 Approach 

Here, glycine-doped projectiles were fired at a range of launch velocities 0.39-3.44 km s-1 (Table 

5.2), a similar range to that achieved into Phobos-1P (Section 4.6).  

Launch velocities >3.44 km s-1 were not achievable within the timeframe available, despite using 

firing parameters equivalent to higher velocities in Chapter 4 (Table 4.9, Section 4.6), because of 

shot-to-shot variability. As described in Section 2.3.2, there are multiple parameters that lead to 

the resultant launch velocity achieved, although within each of these parameters there are 

disparities. For example, the pistons and sabots are machined by hand, so even if they have narrow 

manufacturing tolerances there is still small shot-to-shot variation in fit, mass and balance that 

can reduce the launch velocity achieved. The mass and the cross-sectional area along the long-

axis of each piston and sabot could have been measured but this would still not quantify any minor 

imperfections they may have, nor other variables within a shot e.g., the grain size, compression 

and actual burn rate of the gun powder, and the actual rupture threshold of the burst disc.  

A major variable that would also contribute to the resultant launch velocity is the mass of the 

projectile, that varied between projectiles because of the bespoke production process. In the 

Phobos-1P campaign in Section 4.6, FT6 and FT7 had almost identical AALGG parameters 

although the FT7 projectile was 0.006 g lighter, which could have contributed to the additional 
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0.47 km s-1 observed in FT7. However, shots 1-3 in the Phobos-1C campaign (Table 5.2) were all 

lighter than FT6 and FT7 yet launched at least 0.88 km s-1 slower, despite a lower starting pump 

tube gas pressure that should contribute to a faster shot because it can be compressed more 

(Section 2.3.2). Therefore, the ways in which a greater velocity could have been achieved would 

have been either to repeat the shots until the numerous unpredictable parameters aligned to 

generate a faster shot, or create another batch of projectiles with a smaller mass, although this was 

not possible within the timescale available.  

Table 5.2 Summary of AALGG parameters used for seven Phobos-1C shots. 

Shot 

no. 

Powder 

type & 

mass / g 

Driver gas 

& pressure 

/ psi 

Projectile 

mass 

/ g 

Burst disc material 

& thickness 

Range 

vacuum 

pressure 

/ mbar 

Launch 

velocity 

/ km s1 

1 
9.0 g 
R22 

587 H2 0.051 0.5 mm Aluminium 0.23 2.36±0.14 

2 
9.0 g 
R19 

509 H2 0.045 0.5 mm Aluminium 0.24 2.94±0.22 

3 
9.0 g 
R22 

733 H2 0.056 0.5 mm Aluminium 0.24 3.18±0.66 

4 N/A 480 N2 0.047 Kapton tape x1 layer 0.26 0.388 

5 
5.0 g 
R19 

551 H2 0.055 0.12 mm Aluminium 0.23 3.44±0.54 

6 
2.0 g 
R19 

750 H2 0.053 0.12 mm Aluminium 0.23 2.03±0.21 

7 
2.0 g 
R19 

1018 N2 0.049 0.12 mm Aluminium 0.23 1.31±0.11 

 

Despite the above, the launch velocities achieved into Phobos-1C included three shots with 

velocities within the range of greatest change in glycine detection observed in Phobos-1P (0.35-

2.22 km s-1) in Chapter 4. However, there is still a gap in launch velocities between 0.39 and 

1.31 km s-1 so it may again prove challenging to make confident conclusions as to the behaviour 

of glycine within this zone. The reasoning for this gap is that it bridges the gap between single- 

and two-stage operation (Section 2.3.2). The high-pressure parts of the AALGG and the source 

lecture bottle have a maximum safe operating pressure, so the pressure behind the burst disc in 

single-stage mode is limited, which then limits the velocities that can be achieved in single-stage 

mode (~<0.4 km s-1 for the glycine-doped projectiles). Furthermore, in two-stage mode there is a 

minimum powder mass required to propel the piston down the pump tube, and a minimum 

pressure threshold to rupture the burst disc, so there is a minimum velocity that can be achieved 

in two-stage mode (~>1.3 km s-1 for the glycine-doped projectiles). Alternative materials with 

different rupture thresholds could have been used for the burst disc to achieve a slower launch 

velocity in two-stage mode, although these materials were not available within the timescale of 

this project. Therefore, within the time available, the Phobos-1C campaign widened the range of 

launch velocities for glycine survival as best as possible. 
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The impact zone corer and top layer isolation sampling strategy proposed in Section 4.5.4 was 

used in the Phobos-1C impact campaign, in contrast to the Phobos-1P campaign, because this was 

a more systematic method whereby the top surface of the impact zone remained intact and the 

whole impact area was collected. This method provided greater certainty that all surviving 

projectile material would be collected and not diluted below the detection limit of analytical 

techniques. Up to 62% of the post-impact target material collected was analysed by GC-FID, in 

at least three sub-samples per shot, using the method outlined in Section 2.4.2. Like in the Phobos-

1P impact campaign, only one aliquot per sub-sample was extracted and derivatised and assumed 

to be representative of the sub-sample. Each of these derivatised samples was injected at least 

four times into the GC-FID, amounting to four GC-FID analyses per target sub-sample.   

5.5.2 Survivability of glycine following impact 

Following GC-FID analysis, glycine peaks were identified in the chromatograms from all of the 

samples analysed (example chromatograms for three samples given in  

Figure 5.9), which indicated that glycine could survive in detectable amounts after impacting at 

velocities ≤3.44 ± 0.54 km s-1, which is consistent with the Phobos-1P campaign in Section 4.6.  

  

Figure 5.9 Comparative chromatogram of three example GC-FID analyses of three Phobos-1C post-impact samples: 

Phobos-1C-4 388 m s-1, Phobos-1C-6 2.0 km s-1 and Phobos-1C-5 3.44 km s-1. Glycine peak at ~3.88 minutes and 

Norvaline Internal Standard (IS) peak at ~4.2 minutes are labelled. 

The integrated peaks of glycine from each chromatogram (following the method described in 

Section 2.4.2) were averaged over all target sub-samples for each launch velocity (vl), and the 

average glycine concentration within the post-impact target was calculated (Table 5.3) using the 

calibration curve defined in Section 2.4.2.3. This concentration was then extrapolated to the total 

simulant mass analysed (Glytotal). Using the method described in Section 4.4 the distribution of 

impacts onto each stop plate by the projectile was assessed and assigned a projectile disintegration 

regime level (Pd).   
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Table 5.3 Glycine detection results from seven Phobos-1C impacts by bespoke glycine-doped projectiles at different 

launch velocities (vl). The sub-sample average glycine mass (Glyav) per 1 g simulant analysed, in mg, projectile 

disintegration regime proportion of projectile that passes the stop plate (Pd), %, and the proportion of the original 

projectile detected, corrected for loss at stop plate (Glyproj-det), %, are listed. 

 

In a similar way to Phobos-1P in Section 4.6, Glyproj-det against vl is shown in Figure 5.10. 

 

Figure 5.10 Proportion of original projectile glycine detected in the target, corrected for loss at stop plate from Table 

5.3 (Glyproj-det), %, plotted against launch velocity (vl) of bespoke glycine-doped projectiles into Phobos-1C simulant. 

A negative linear trendline is drawn through the points showing that with increasing impact velocity the detected 

proportion of glycine reduces. A non-linear least squares fit trendline is plotted in blue for comparison.   

The data points are colour coded according to the projectile disintegration regime (Pd listed in 

Table 5.3) assigned to each shot, which provides the projectile disintegration multiplier 

(100+0-5%, 65 ± 10% and 17 ± 10% of projectile making it past the stop plate), which corrects 

the measured glycine abundance in the target to the estimated proportion of the projectile that 

passed the stop plate and impacted the target.  

In qualitative terms, more glycine was generally detected from projectiles that remained ‘intact’, 

whereas less was detected from partially or completely disintegrated projectiles. This trend is not 

an effect of the disintegration regime multiplier because, if the multiplier was not used, or if 

projectiles were incorrectly categorised as ‘intact’ rather than ‘fully’ disintegrated, then the 
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Shot 

no. 

vl 

/ km s-1 

Glyav  

/ mg g-1 

Glytotal 

/ mg g-1 

Pd 

/ % 

Glyproj-det 

/ % 

1 0.388 0.387±0.231 19.34±11.57 100+0/-5 89.5±53.5 

2 1.31±0.11 0.015±0.001 3.12±1.72 65±10 21.3±11.8 

3 2.03±0.21 0.021±0.004 1.17±0.21 17±10 28.2±5.1 

4 2.36±0.14 0.043±0.021 14.19±6.78 100+0/-5 60.5±28.9 

5 2.94±0.22 0.043±0.035 1.37±0.11 17±10 38.9±3.2 

6 3.18±0.66 0.011±0.008 3.77±2.65 65±10 22.5±15.8 

7 3.44±0.54 0.005±0.001 0.26±0.01 17±10 5.9±2.2 



C h a p t e r  5  I m p a c t  e x p e r i m e n t  r e s u l t s  

 

235 | P a g e  

 

resultant glycine detected would be significantly less than presented here. Therefore, high 

concentrations of glycine detected from ‘intact’ projectiles have not been overexaggerated to give 

a false impression that more glycine survives from them than disintegrated projectiles. This is 

consistent with the results from the Phobos-1P impact campaign (Section 4.6), whereby the only 

fully ‘intact’ projectile impact (Phobos-1P-FT1, 350 m s-1) resulted in significantly greater glycine 

survival than the partially and completely disintegrated projectiles. This is also consistent with 

the modelling results from Section 3.4.1.4 and previous numerical studies (Fujita et al. 2019; 

Davison 2010), whereby smaller projectiles experienced higher peak temperatures during impact, 

likely owing to their higher relative surface areas.  

However, the role of impact velocity on the detection of glycine in the target is significant, shown 

by impacts at higher velocities resulting in less glycine detected, even if the projectile only 

partially disintegrated rather than completely disintegrated, as shown by Phobos-1P-FT6, 

4.06 km s-1 and Phobos-1P-FT8, 4.31 km s-1 in the Phobos-1P campaign (Section 4.6).  

The Glyproj-det data plotted against vl in Figure 5.10 with wide uncertainties for detected glycine 

(generated from 1 σ of sub-sample GC-FID) and launch velocity (3 standard deviation of launch 

velocity, measured with method described in Section 2.3.3), can be described by a negative linear 

trend: 

𝐺𝑙𝑦
𝑝𝑟𝑜𝑗−𝑑𝑒𝑡 

(𝑙𝑖𝑛𝑒𝑎𝑟) = −17.78𝑣𝑙 + 77.87 R2 = 0.4726 Equation 5.1 

The trendline had a shallower gradient than that for the Phobos-1P impact campaign (Figure 3.39, 

Section 4.6) suggesting the survival of glycine could decrease less with launch velocity into 

Phobos-1C than into Phobos-1P. However, the confidence of the trendline fit to the data, given 

by the R2 value of 0.47 is significantly less than the 0.87 for Phobos-1P. Therefore, this function 

may not be a reliable fit for the data.  

An uncertainty weighted trendline was plotted using non-linear least squares analysis (shown in 

blue in Figure 5.10 for comparison). This had only a slightly steeper slope and lower intercept 

than the unweighted trendline, probably because it was significantly weighted by the small 

uncertainty for the 3.44 km s-1 shot. Therefore, the weighted trend does not represent a better fit 

of the data spread than the unweighted function.  

However, a slightly better fit (indicated by the higher R2 value) to the dataset available is given 

by an inverse exponential function (Figure 5.11): 

𝐺𝑙𝑦
𝑝𝑟𝑜𝑗−𝑑𝑒𝑡

(𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙) = 90.061𝑒−0.508 𝑣𝑙   R2 = 0.5217 Equation 5.2 
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Figure 5.11 Repeat of Figure 5.10, data from Table 5.3, with a logarithmic y-axis to display an inverse exponential 

function that manifests as a linear trend on this plot. Exponential function and R2 value are shown. 

This exhibits a linear fit when Log(Glyproj-det) is plotted against vl (Figure 5.11). However, the R2 

value is still significantly lower than the 0.91 for Phobos-1P. It is possible that this is because of 

the Phobos-1C-2 datapoint (launch velocity of 1.31 km s-1) that qualitatively on Figure 5.10 and 

Figure 5.11 looks like less glycine was detected in the target than the general trend in the data 

would suggest, especially as the projectile only partially disintegrated, so a larger proportion of 

the original projectile should have made it to the target, and it impacted at a low velocity. 

Therefore, it could be viewed as an outlier, resulting from an inconsistently low amount of glycine 

in the projectile before impact, or inefficient sampling of the target. It is perhaps more likely the 

multitude of variables that control the survival of glycine (velocity – energy in the system, and 

projectile disintegration prior to impact) on this occasion combined into conditions less 

favourable for biosignature survival than typical. However, an order of magnitude more impacts 

would be required to confidently categorise this data point as an outlier, so the datapoint is 

included within the scatter.  

In summary, the results from the Phobos-1C impact campaign have suggested that over the impact 

velocity range tested, glycine could be detected above the detection limit of the GC-FID. This 

means that glycine is capable of surviving impacts of at least 3.44 km s-1 into Phobos-like targets, 

just slower than the most likely impact velocity of martian material impacting Phobos of ~4 km s-1 

(Section 2.1.1.5). Furthermore, similar to the Phobos-1P campaign, the relationship between 

glycine detected in the post-impact target and launch velocity of the glycine-doped projectiles 

may follow a negative linear or inverse exponential relationship. A comparison between the 

detection of glycine in Phobos-1C and Phobos-1P is given in the discussion (Section 5.6). In 
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addition, it was revealed in this study that there may be a trend between the survival of glycine 

and the level of disintegration of the projectile prior to impact. This will be investigated further 

in Chapter 6. 

5.5.3 Phobos-1C and Phobos-1P crater morphologies 

In this section, variation in crater morphology is evaluated with regards to simulant type, impact 

velocity and projectile disintegration prior to impact, to consider whether crater formation 

transitions could influence the detectability of martian projectiles within Phobos regolith.  

A correlation between crater morphology and the projectile disintegration regime for the Phobos-

1C impact campaign is shown in Figure 5.12.  

Phobos-1C-1 generated a single simple crater consistent with a single ‘intact’ projectile. Phobos-

1C-2, 4 & 6 all generated deeper, single simple craters with stepped crater walls, which indicated 

the majority of the projectile impacted in a single location. This supported the interpretation that 

only partial disintegrated occurred before impact for Phobos-1C-2 & 6 and remained ‘intact’ for 

Phobos-1C-4. This is consistent with findings from Schultz and Gault, (1985), where greater 

lateral dispersion of a cluster impact resulted in larger and shallower impact zones. Furthermore, 

this correlation reveals a crater morphology transition from a simple bowl-shaped crater to a 

simple crater with stepped walls occurred between impact velocities 0.388 and 1.31 km s-1, which 

is consistent with low velocity (up to 410 m s-1) laboratory experiments and numerical simulations 

(1.0-12.7 km s-1) with granular materials (e.g., Ormö et al., 2015; Prieur et al., 2018; Yamamoto 

et al., 2006).  

Laboratory experiments and numerical simulations (e.g., Ormö et al., 2015; Prieur et al., 2018; 

Yamamoto et al., 2006) have also shown that a lower cohesive strength and lower coefficient of 

friction results in more significant crater wall slumping. Phobos-1P is less cohesive and has a 

lower coefficient of friction than Phobos-1C (Section 2.3.5), and therefore would be expected to 

show more crater wall slumping, but this was only observed in Phobos-1P-FT8 at 

4.31 ± 0.72 km s-1 (Figure 5.13); all other impact zones were a collection of smaller impacts from 

more significant projectile disintegration and dispersion. Crater morphologies from Phobos-1P-

FT8 and Phobos-1C-6 can be compared because the uncertainties of their launch velocities 

coincide. Figure 5.13 shows slumping is significantly more pronounced in Phobos-1P-FT8 than 

in Phobos-1C-6, which resulted in a significantly greater rim-to-rim diameter for Phobos-1P-FT8 

of 8.15 cm compared with 6.58 cm for Phobos-1C-3, which was consistent with findings by Ormö 

et al., (2015) and Prieur et al., (2018). 
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Figure 5.13 Crater wall slumping comparison between Phobos-1P-FT8 and Phobos-1C-3. Rim-to-rim crater diameter 

was 8.15 cm and 6.58 cm for Phobos-1P-FT8 and Phobos-1C-3, respectively.  

In summary, the crater morphologies observed in the Phobos-1C impact campaign exhibit a crater 

morphology transition from simple bowl-shaped crater to a simple crater with stepped walls 

between 0.388 and 1.31 km s-1. Furthermore, it was observed that crater morphologies were 

significantly affected by cluster projectile dispersion and target cohesive strength so a greater 

lateral dispersion led to wider shallower impact zones. More substantial crater wall slumping 

could be associated with the lower cohesive strength of Phobos-1P compared with Phobos-1C.  

Figure 5.12 Impact zones created by impact of glycine-doped projectile into 

Phobos-1C simulant. Phobos-1C-1 generated a single simple crater. Phobos-

1C-2,4&6 generated deeper single simple craters with stepped crater walls. 

Phobos-1C-3&5 generated superimposed craters with one deep cavity 

accompanied by smaller pockmarks within and surrounding the main cavity. 

Phobos-1C-7 generated a significantly smaller simple crater off-centre with 

a scattering of accompanying smaller pockmarks within the impact zone.  
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The results from this evaluation could suggest burial of martian projectiles impacting Phobos 

would differ depending on the impact velocity and the cohesiveness of Phobos’ surface, as these 

have been shown to influence the extent of crater wall slumping that could act to bury surviving 

projectile material beneath the surface. Furthermore, cluster projectiles, especially those that 

disperse widely, generate completely different crater morphologies that manifest as wider and 

shallower impact zones than more ‘intact’ projectiles, that may mean projectile material is buried 

less deep within the target. Therefore, different variables within the impact process can have 

conflicting responses as to the depth of burial of projectile material within a target, which 

highlights the stochastic nature of the impact process and how variable the deposition of martian 

projectiles on Phobos could be.    

5.6 Discussion 
Geochemical analysis of post-impact simulant samples performed in this study indicated 

projectile could not be geochemically resolved from post-impact Phobos-1C material using bulk 

SEM and XRD analysis. Therefore, this study highlighted the need for more definitive 

compositional indicators of origin e.g., isotopes, volatiles and trace elements that will be vital for 

distinguishing any martian material within future returned Phobos regolith samples.  

If Phobos was a captured asteroid then compositional differences e.g., Mn/Fe ratio in olivine and 

pyroxene minerals, would distinguish between martian and Phobos material owing to Mn being 

significantly more volatile than Fe during igneous processes that leads to it being present in 

different amounts depending on the world in which it was formed (Papike 1998; Papike et al. 

2003; Drake et al. 1989; Dymek et al. 1976; Papike et al. 2009). This method could still be used 

if Phobos was a giant impact product, because Phobos’ endogenous material would be a mixture 

of martian and impactor composition that would be distinctive from only martian materials 

(Fujiya et al. 2021). Furthermore, alteration materials e.g., carbonate globules and carbonate clay 

veins could be distinctive to Mars, although care would need to be taken as carbonaceous 

chondrites, Tagish Lake especially (Zolensky et al. 2002; Brearley 2006), could include similar 

phases that could pose an issue if Phobos was a captured asteroid. Therefore, close comparison 

to martian meteorites (Bridges et al. 2019), with an assessment of the in situ morphological and 

compositional distinction to the rest of the sample, would be required to support identification of 

Mars-derived alteration materials. Volatile elements (e.g., H, C, N, O, and S) from the martian 

atmosphere and hydrosphere would unambiguously indicate material of martian origin and are 

detectable in situ using X-ray absorption fine structure and secondary ion mass spectroscopy 

(Fujiya et al. 2021). Finally, oxygen isotope ratios would also provide unambiguous evidence of 

martian material being included within a captured asteroid Phobos regolith sample.  
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If glycine crystals had been observed within post-impact samples they may have exhibited similar 

changes in morphology following shock as those observed by (Sivakumar et al. 2023a, 2023c), 

where glycine crystal grain surfaces became smoother from shock re-crystallisation when 

exposed to up to 200 shock pulses 2 MPa. This would occur more prevalently in samples of 

smaller grain size that are more susceptible to re-crystallisation with a larger surface area to mass 

ratio. Furthermore, other amino acid biosignature morphologies could respond differently to 

shock, e.g., the increase in grain size exhibited by L-leucine when exposed to up to 150 shock 

pulses of 2 MPa and then the breakage observed at 200 shock pulses of 2 MPa (Sivakumar et al. 

2023b). Sampling using the spoon method (Section 4.5.3) could have increased the likelihood 

that surviving glycine grains could have been visible with the SEM for morphological analysis, 

although a sample with resolvable glycine was not found in this study. 

However, amino acids included in martian ejecta impacting Phobos are more likely to be bound 

to and within minerals through adsorption at solid-liquid interfaces (Sowerby and Heckl 1998; 

Fornaro et al. 2013). Therefore, shock modifications would more likely manifest as chemical 

changes such as, racemisation of enantiomers (Furukawa et al. 2018; Bertrand et al. 2009b; 

Peterson et al. 1997), or the formation of secondary amino acids (Peterson et al. 1997), rather than 

morphological changes observed for the crystalline amino acid standard used in this study. Amino 

acids have long since been recognised to decompose over time, with L-enantiomers slowly 

concerting to D-enantiomers, such that they have been used for dating (Goodfriend 1991). The 

more substituted carbons in the hydrocarbon side chain of the amino acid structure, the greater 

resistance to racemisation (Bertrand et al. 2009b). Furthermore, the rate of racemisation has been 

shown to accelerate with increasing temperatures that come with impacts at greater velocities 

(Peterson et al. 1997; Goldman and Tamblyn 2013). In addition, secondary amino acids have been 

observed in greater abundances with increasing shock pressures (Peterson et al. 1997). However, 

neither of these natural modifications are applicable to glycine, because it is achiral and does not 

have unambiguous organic breakdown products, and these modifications would not be observable 

in the current study. Therefore, more complex amino acids that could exhibit shock modification 

would be required to further this investigation. This is discussed further in Section 7.3.  

Nevertheless, direct comparison between the glycine detected following the Phobos-1P and 

Phobos-1C impact campaigns is made in Figure 5.14, which reveals there was agreement with no 

resolvable difference between targets. This means the difference in target composition, cohesive 

strength and coefficient of friction were not significant enough to affect the survival of glycine 

upon impact at the range of hypervelocities tested.  
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Figure 5.14 Proportion of original projectile glycine detected in the target, corrected for loss at stop plate, (Glyproj-det), 

%, plotted against launch velocity (vl) of bespoke glycine-doped projectiles into Phobos-1C (green) and Phobos-1P 

(orange) simulants. Linear trendlines for Phobos-1C (green) and Phobos-1P (orange) individually and combined 

(black) are shown. 

As a result, a general negative linear function can be drawn from the Phobos-1C and Phobos-1P 

glycine detection results to estimate the proportion of glycine from the projectile that could 

survive depending on launch velocity: 

𝐺𝑙𝑦
𝑝𝑟𝑜𝑗−𝑑𝑒𝑡

(𝑙𝑖𝑛𝑒𝑎𝑟𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑) = −17.595𝑣𝑙 + 80.709  R2 = 0.6819 Equation 5.3 

However, an inverse exponential function could also be used to describe the relationship for the 

Phobos-1C and Phobos-1P results (Figure 5.15), which generates a higher R2 value:  

𝐺𝑙𝑦
𝑝𝑟𝑜𝑗−𝑑𝑒𝑡

(𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙
𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑

) = 115.96𝑒−0.612 𝑣𝑙  R2 = 0.7391 Equation 5.4 

Of the functions stated above, the inverse exponential function appears to be the best fit for the 

dataset available with the higher R2 value. However, combining the Phobos-1C and Phobos-1P 

datasets together highlights further the glycine results from the 1.31 km s-1 impact into Phobos-

1C could be an outlier. In fact, removing this datapoint from the dataset would result in the linear 

and exponential trends for the combined Phobos-1C and Phobos-1P dataset having higher, and 

negligibly different, R2 values: 

𝐺𝑙𝑦
𝑝𝑟𝑜𝑗−𝑑𝑒𝑡

(𝑙𝑖𝑛𝑒𝑎𝑟𝑟𝑒𝑑𝑢𝑐𝑒𝑑) = −20.146𝑣𝑙 + 90.538  R2 = 0.8231 Equation 5.5 

𝐺𝑙𝑦
𝑝𝑟𝑜𝑗−𝑑𝑒𝑡

(𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙
𝑟𝑒𝑑𝑢𝑐𝑒𝑑

) = 147.57𝑒−0.675 𝑣𝑙  R2 =0.8234 Equation 5.6 
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Figure 5.15 Repeat presentation of Figure 5.14 with a logarithmic y-axis to display an inverse exponential function 

that manifests as a linear trend on this plot. Exponential trendlines for Phobos-1C (green) and Phobos-1P (orange) 

individually and combined (black) are shown. 

The fact that a negative linear function provides a similar fit to the combined dataset, without the 

1.31 km s-1 Phobos-1C datapoint, as an inverse exponential function, suggests the dataset is not 

comprehensive enough to derive a definitive relationship for the survival of glycine with 

increasing impact velocity. To further constrain the appropriate function for the process, an order 

of magnitude more shots may be required. Alternatively, the key to defining the most well-fitting 

function may still lie within the untested velocity range between 0.388 and 1.31 km s-1 that could 

contain a turnover point in glycine survivability. However, insufficient time was available to 

develop a method to consider these velocities within this thesis. The relevance of the glycine 

survivability function with impact velocity defined in this thesis for velocities outside of the range 

considered is discussed in Section 7.1.  

Furthermore, the glycine results from the Phobos-1C and Phobos-1P impact campaigns have 

revealed the impact process is very stochastic whereby significantly different concentrations of 

glycine were detected from shots at similar launch velocities. The stochastic nature of the impact 

process was supported by the evaluation of the crater morphologies formed in both simulant 

impact campaigns. It was revealed that projectile and target variables could initiate conflicting 

responses during crater formation that could influence the burial of projectile material following 

impact. Post-impact crater slumping and the impact of a dispersed cluster of projectiles were two 

variables that may have acted against one another to either bury projectile material deeper in the 

target or keep it closer to the surface. Therefore, even if target composition has been shown to 

have minimal direct effect on the survival of glycine in the impact experiments, it may have a 

significant effect on the final deposition location, and possibly preservation, of impacted material. 
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If Phobos were to resemble Phobos-1P, with low cohesive strength and a low coefficient of 

friction, impacting martian ejecta could have been buried deeper within the regolith than if Phobos 

had a more cohesive surface like Phobos-1C. This has major implications for the collection and 

detection of this martian material on Phobos by sample return missions, because this burial could 

be out of reach of MMX’s C-sampler that will only go ~2 cm deep (Sawada et al. 2021; Usui et 

al. 2018; Kuramoto et al. 2018a).  

Whether the projectile impacts as an ‘intact’ solid or as a cluster of smaller projectiles may also 

have a significant effect on burial of projectile material. It was shown that wider and shallower 

impact zones were created by cluster impacts of smaller particles, which may suggest any 

surviving projectile material would deposit closer to the surface than singular craters that may 

have experienced wall slumping. Furthermore, the impact experiment results have indicated the 

survival of glycine may differ depending on whether the projectile was more ‘intact’ or had 

disintegrated prior to impact in that less glycine was detected from Phobos-1C-5 (3.44 km s-1) 

that impacted as a cluster compared to Phobos-1C-3 (3.18 km s-1) that remained more intact prior 

to impact. However, not enough evidence is provided by these impact experiments to support this 

hypothesis, and it is acknowledged regimes observed in the impact experiments may be different 

from those on Phobos, where it is unlikely that impacts will occur in rapid succession (within 

<<1 s) for clustering to affect the cratering process. Therefore, the influence that impacts in 

clusters have on the burial and survival of biosignatures impacting Phobos is investigated further 

in Chapter 6 using numerical modelling on the spatial-scale of the AALGG experiments. 

5.7 Summary 
In summary, the main results from this chapter are: 

Projectile material and/or glycine was not geochemically resolvable within post-impact simulant 

samples using SEM and XRD. 

Glycine was resolvable with GC-FID analysis across the launch velocity range tested for the 

Phobos-1C simulant target (0.388 to 3.44 km s-1) and the relationship between detected glycine 

and launch velocity, within the range considered, can be summarised by a negative linear or an 

inverse exponential trend. However, significantly more impact experiments at a variety of 

velocities, especially within the untested range between 0.388 and 1.31 km s-1, would be required 

to constrain this relationship and resolve a potential turnover shoulder in glycine survival with 

impact velocity.  

The difference in detection, and by extension survival, of glycine following impact into the two 

Phobos regolith simulants was negligible, which suggests that variations in target properties on 

Phobos’ surface like composition, density and cohesive strength, may have a negligible influence 

on the survival of impacting organic biosignatures from Mars.  



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

244 | P a g e  

 

Finally, the scatter in glycine concentrations at similar launch velocities, and the wide variety of 

crater morphologies exhibited by the impacts within both simulant impact campaigns, indicated 

the impact process of biosignatures onto Phobos could be extremely stochastic. Furthermore, 

projectile and target variables could produce contradictory crater morphologies and projectile 

burial, with the most significant unknown being how the 3D nature of a cluster of projectiles 

impacting could influence the survival and burial of projectile material. This knowledge gap 

forms the focus of Chapter 6 that presents a numerical simulation of cluster impacts on the spatial-

scale of the AALGG experiments conducted in this chapter and Chapter 4.  
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Chapter 6            

AALGG-scale hydrocode 

modelling 

6.1 Introduction 
One conclusion from the laboratory impact experiment campaigns in Chapters 4 and 5 was that 

there was a negligible difference in the concentration of glycine detected between the Phobos-1P 

and Phobos-1C impact campaigns, although in the combined dataset (all impact campaigns 

regardless of target), a variation was evident between shots of similar impact velocities (Figure 

5.14, Section 5.6). This revealed the process through which biosignatures survive impact with 

Phobos, held within martian ejecta, and are subsequently detected within the Phobos regolith 

could be extremely stochastic.  

The glycine concentration detected in the post-impact target simulant is a combination of both the 

survival of glycine during impact and also the efficiency of detection in the target post-impact. 

Therefore, either or both factors were highly variable, irrespective of changes in impact velocity, 

to generate the broad scatter in glycine concentrations detected in the experiments. It was 

hypothesised the uncontrollable factor of projectile disintegration prior to impact may have played 

a significant role in the impact cratering process. However, this could not be resolved in the impact 

experiments, because the resultant glycine concentration reflects the bulk survival and detection 

of glycine from all projectile fragments in each shot.  

Therefore, this chapter aims to provide further insight into the impact process on the spatial-scale 

of the AALGG impact experiments, to consider how aspects of the process that could not be 

quantified in the impact experiments influence survival and detection of glycine within the target. 
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iSALE-2D, the same hydrocode used for the large-scale numerical simulations in Chapter 3, was 

used to consider several scenarios of cluster projectile impacts to assess how spatial and temporal 

variations in cluster impacts influence the pressure and temperature conditions within different 

projectile fragments and the spatial deposition of projectile fragments following impact. The 

results from these simulations then provide insight into how biosignature survival and detection 

may be influenced by cluster impacts and what this could mean for martian material impacting 

Phobos. 

In addition, a comparison is made between the glycine concentrations detected in the Phobos-1P 

and Phobos-1C impact campaigns (Chapter 4 and Chapter 5, respectively) and the results of the 

AALGG-scale modelling to assess the agreement or lack thereof between simulations and the 

experiments on the same spatial scale. The results of this comparison will be crucial for assessing 

how confidently the scaled-up simulations from Chapter 3 can be used to estimate the likelihood 

of martian biosignatures surviving impact into Phobos.  

6.2 AALGG-scale impact simulation 

approach 
In this chapter, iSALE-2D impact simulations are conducted on the spatial-scale of the AALGG 

impact experiments, with projectiles and target that match, as closely as possible, the bespoke 

projectiles and Phobos-1C regolith simulant used in the laboratory impact experiment campaign 

in Chapter 5 (Table 6.1). As described in Section 2.2.2, the simulations for this thesis were 

conducted by Samuel Halim, but the input parameters and interpretations of the results were 

completed independently. 

Table 6.1 Summary of input parameters for AALGG-scale iSALE simulations. 

 Projectile Target 

   Phobos-1C 

Material ANEOS Basalt ANEOS Basalt 

Strength model -  Drucker – Prager[1-2] 

Dimensions / mm 
1×1 / 2×2 / 4×2 / 

2×3  - 

Depth / mm  - 30 

Bulk Density / kg m-3 1471 1250 

Macroporosity / % 49 56 

Cohesive Strength / kPa 100[2-4] 2.8[5] 

Limiting strength at High Pressure / MPa 8.2[6] 1000[1-3,7] 

Coefficient of internal friction 1.2[8] 0.8[6] 

 

[1] Wünnemann et al., 2016, [2] Raducan et al., 2019, [3] Luther et al., 2018, [4] Raducan et al., 2022, [5] Section 

2.4.3.2, [6] Table 4.3, [7] Ormö et al., 2015, [8] same as large-scale numerical simulations in Chapter 3.  
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Of the materials available within the iSALE-2D material library, basalt was the best material to 

represent the shock properties of the bespoke projectiles, because they are mostly composed of 

igneous material (Section 4.3). Basalt is also the best material available as a proxy for Phobos-1C 

simulant, because the basalt Equation of State (EoS) is the closest compositional and physical 

match to JSC-1A basaltic simulant (Section 2.3.5.2), the major constituent of Phobos-1C. 

Furthermore, the basalt EoS can be tailored to reflect Phobos-1C’s bulk density, porosity and 

strength, without conducting shock experiments to generate an EoS specific to the simulant’s 

exact response to shock.  

The Drucker-Prager strength model was used in these simulations because it provided a 

description of the shear response of granular materials that allowed for the shear properties of the 

impacting materials (Wünnemann et al. 2016; Raducan et al. 2019), defined by shear box tests 

(Section 2.4.3.2), to be considered.  

The impact experiments conducted in Section 4.6 and Section 5.5 showed bespoke projectiles 

fragmented during the LGG firing process; therefore, the projectile fragments that impacted the 

target were significantly smaller than the initial solid bespoke projectile (2.87 ± 0.02 × 

5.8 ± 0.5 mm). Hence, the simulations in this chapter aim to consider projectile fragment post-

disintegration, prior to impact. However, there were limitations on how small the projectile could 

be in the numerical simulation without sacrificing resolution and therefore reliability of the 

temperature and pressure conditions derived, so the smallest dimensions possible were 1 × 1 mm 

(3.14 mm3, 8% of the starting projectile volume).  

The bulk densities of the projectile and Phobos-1C target were based upon the averages for the 

impact experiments within this thesis. The average projectile mass divided by its volume gave an 

average density of 1471 kg m-3. To achieve this bulk density from the particle density of the basalt 

ANEOS of 2874 kg m-3 (Table 3.1; Ahrens and Gregson, 1964; Jones et al., 1968; Nakazawa et 

al., 1997; Pierazzo et al., 2005; van Thiel et al., 1977) a macroporosity of 49% was required. From 

the mass of Phobos-1C simulant used to fill the target tray, the bulk density was measured at 1250 

kg m-3.  

Owing to the limited time available for the long processing required for smaller spatial scale 

impact simulations, only simulations at 4 km s-1 were conducted, capturing only a snapshot of the 

possible conditions experienced by projectiles impacting Phobos. It is acknowledged that 

variation in impact velocity would have a significant effect on whether conditions within the 

projectile were favourable for biosignature survival. However, the velocity considered is the most 

likely impact velocity of martian material impacting Phobos ~4 km s-1 (Ramsley and Head 2013a; 

Chappaz et al. 2013; Artemieva and Ivanov 2004), so is the most important for delivering 

biosignatures to Phobos. A slower impact velocity would have also required significantly longer 

processing time owing to the added timesteps for the peak-shock stage to complete with lower 
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particle velocity. Simulations at 4 km s-1 are comparable to the combined dataset of Phobos-1C 

and Phobos-1P, because it was concluded in Chapter 5 that there was negligible difference in 

glycine detected between the Phobos-1C and Phobos-1P impact campaigns at velocities of 

between 0.35 and 4.53 km s-1. 

Four scenarios are considered in this study (Figure 6.1).  

 

Figure 6.1 Timestep 0 for the four LGG-scale impact scenarios considered with iSALE-2D labelled A-D indicating the 

variety of volume, and vertical and lateral offset of the impacting projectiles. 

Firstly, three projectiles, (1 × 1 mm) vertically aligned, and vertically offset 0.5 mm between 

each, impact the same impact site one after another (Section 6.3.1). Secondly, two projectiles, (1st 

2 × 2 mm, 2nd 4 × 2 mm), vertically centred, and vertically offset by 0 mm so they are directly on 



C h a p t e r  6  A A L G G - s c a l e  h y d r o c o d e  m o d e l l i n g  

 

249 | P a g e  

 

top of one another, impact the same impact site (Section 6.3.2). Then there are two additional 

simulations whereby two 2 × 3 mm projectiles are vertically offset by 2 mm, but laterally offset 

by 2 and 8 mm, respectively (Section 6.3.3). To consider volume in iSALE 2D, the model projects 

the 2D frame in a cylindrical geometry, which created a sphere from the half-space in Chapter 3 

and in in this chapter a cylinder for projectiles touching the half-space boundary. However, 

offsetting the projectile from the axis of symmetry in the last two scenarios generates a donut 

shaped projectile volume because the model still projects round in a cylinder. Specific 3D 

simulations would be required to accurately simulate laterally separated projectiles impacting, but 

this was not feasible within this project. Therefore, the last two scenarios are only considered 

qualitatively in terms of the spatial deposition of the projectile in the target because temperature 

and pressure conditions within the donuts cannot be reliably analysed and are not representative. 

6.3 AALGG-scale impact simulation 

results 
Here the peak-shock pressure and temperature results for the simulation scenarios A and B are 

described and compared to assess how spatial and temporal variations in cluster impacts influence 

the conditions within the projectile fragments during impact, and therefore potential biosignature 

survivability within each projectile fragment. Furthermore, variation in the spatial deposition of 

the projectile fragments following impact is evaluated.  

Simulation scenarios C and D, which have more dispersed impacting fragments (Figure 6.1), are 

considered qualitatively to assess spatial deposition of the projectile fragments following impact. 

As described in the last section, pressure and temperature conditions for scenarios C and D are 

inaccurate because the projectiles impacting second for each scenario are distanced from the axis 

of symmetry of the half-space, which generate large donut volumes in cylindrical geometry.    

6.3.1 Three 1×1 mm sequential projectiles (scenario A) 

In scenario A, three of the smallest 1×1 mm cylindrical projectiles impact sequentially into the 

same impact site, without any lateral offset (Figure 6.1). This simulates a fine-grained buckshot 

cloud where initial craters are overprinted by subsequent impacts from the remainder of the cloud. 

The peak-shock pressure and temperature conditions within the three projectiles are presented in 

Figure 6.2. For both peak-shock pressure and temperature, impactor 1 to arrive at the target 

(impactor 1) experiences the most extreme conditions, whereby 6.4% and 64.0% of the projectile 

volume exceeds conditions above the BST (Section 3.3) for pressure (18 GPa) and temperature 

(773 K), respectively (orange vertical dashed lines on Figure 6.1). This aligns with the large-scale 

numerical simulations in Chapter 3, because the temperature conditions are significantly less 

favourable for biosignature survival than the pressure. Furthermore, the volume of impactor 1 to 
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experience conditions favourable for biosignature survival (36.0%) falls between the endmember 

basalt projectile results presented in Table 3.5.   

Impactors 2 and 3 experienced lower peak-shock pressures so the average peak-shock pressure 

across the three impactors was 8.24, 6.38 and 5.28 GPa, respectively. The smaller difference 

between the average peak-shock pressures of impactors 2 and 3 agrees with their volume-pressure 

profiles (Figure 6.2 top) that converge and plateau above 16 GPa so similar volumes (1.2% and 

1.6%, respectively) of impactors 2 and 3 experience peak-shock pressures above the BST 

(18 GPa).  

 

Figure 6.2 Volume profiles of impactor 1, 2 and 3 in scenario A reaching individual peak-shock pressures (top) and 

temperatures (bottom). The BST from Chapter 3 is marked by an orange vertical dashed line.  
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In contrast, the peak-shock temperatures do not exhibit a simple decrease in temperature from 

impactor 1 through to 3, like for the peak-shock pressures. Instead, the volume of each impactor 

that exceeds the BST temperature (773 K) is 64.0%, 44.0% and 41.6%, respectively for impactors 

1-3. However, above 1000 K the volume-temperature profiles of impactor 2 and 3 cross (Figure 

6.2 bottom), so a greater volume of impactor 2 experiences peak-shock temperatures up to 1400 K 

than impactor 3. 

This is important if the threshold for biosignature survival is higher than the 773 K defined, 

because a larger proportion of impactor 3 could exhibit conditions favourable for biosignature 

survival relative to impactor 2. Nevertheless, the average peak-shock temperature across the three 

impactors of 966.7, 504.4 and 794.3 K, respectively, indicates that generally the lowest peak-

shock temperatures are experienced by impactor 2. The lower peak-shock temperatures 

experienced by successive impactors is likely caused by the target becoming more disrupted and 

damaged as each impactor comes into contact, because the model reduces the target material 

strength with increasing plastic strain after a yield strength has been surpassed (Kurosawa and 

Genda 2018; Collins et al. 2004). This results in less shear heating (Section 1.3.2.3) in the 

projectile, because more kinetic energy is transferred into compacting the target rather than shock 

heating the impactor.  

However, impactor 3 experiencing higher temperatures than impactor 2 may be a consequence of 

the deposition of projectile material in the crater. Examining the crater formation snapshots after 

the first and last timestep (Figure 6.3) revealed that a single crater is generated and there is a 

transition from the majority of impactor 1 being re-ejected to impactor 3 that remains, for the 

most part, within the crater.  

Material ejection likely contributed to 94.8% of impactor 1 becoming unphysical, because it 

would be ejected and dispersed to a low enough density to register as unphysical. The proportion 

that registers as unphysical then decreases between impactors 2 and 3 to 50.0% and 21.6%, in line 

with having successively less projectile material re-ejected after impact.  

The higher proportion of impactor 3 that stays physical and within the crater in timestep 33 may 

have resulted in it retaining more heat from the system in a similar way thicker projectile layers 

did in the large-scale modelling (Section 3.4.1.2). However, in this simulation, 100% of all three 

impactors cool to below 400 K by the 33rd timestep, so the projectile deposition is not likely to be 

concentrated enough that an insulated layer could be formed in a similar way to the large-scale 

modelling (Section 3.4.1.2). Consequently, for the smallest projectiles impacting successively, 

post-shock temperatures do not have any influence on biosignature survivability. 

 

 



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

252 | P a g e  

 

 

Figure 6.3 Crater formation snapshots after the 1st and 33rd timesteps in scenario A showing the placement of each 

impactor within the developing single crater. 

In summary, scenario A highlights relative arrival times for successive impacts from components 

of a cluster projectile significantly affect the conditions within each projectile, and therefore could 
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influence biosignature survivability. For both the peak-shock pressure and temperature 

conditions, impactor 1 experiences the least favourable conditions for biosignature survival and 

results in re-ejection and loss of a significant proportion of the projectile volume. Lower shock 

pressures and temperatures are experienced by successive impactors, but impactor 2 experiences 

the lowest temperatures; therefore, biosignatures within the middle of a cluster of projectiles may 

have the greatest chance of surviving. This means that for the impact experiment campaigns 

conducted in Chapter 4 and Chapter 5, projectile fragments that arrived in the middle and towards 

the back of the impact cluster may have supplied the glycine that survived and was observed.  

Post-shock temperatures consistently dropped for all impactors, suggesting that in scenario A the 

subsequent impacts into the same location did not result in later heating of the initial projectile, 

although this may be because impactor 1 was mostly ejected so material did not remain in the 

crater to be impacted into. This may have been a key factor in the laboratory impact experiments, 

because if projectile material had remained in the impact crater to be subsequently bombarded, 

even less of impactor 1 may have experienced conditions favourable for biosignature survival 

than indicated by this simulation. Subsequent bombardment of just-deposited projectile material 

is explored in the next section. 

Alternatively, if material does eject in the way suggested by this simulation, then any surviving 

projectile material may have deposited more than 60 mm away from the impact centre, beyond 

the half-space mesh considered in this simulation. In the impact experiments, ejecta was 

indistinguishable; it was likely that there was only a minimal contribution to the detected glycine 

post-impact from projectile material that arrived early in a projectile cluster that may have been 

ejected and deposited further away from the impact site. As a result, an uneven distribution of 

biosignatures within an impacting projectile that breaks up before impact, could have a significant 

effect on the resultant survival of any biosignatures delivered. This is considered further in 

Chapter 7.4.   

6.3.2 2×2 & 4×2 mm sequential projectiles (scenario B) 

In scenario B, a 2×2 mm projectile is immediately followed by a 4×2 mm projectile, without a 

gap between the impactors, impacting at 4 km s-1. A 4 mm diameter projectile is likely to be larger 

than most projectile fragments from a disintegrated 2.87 ± 0.02 × 5.8 ± 0.5 mm initial projectile 

size, because this would require the initial projectile to remain mostly intact only with a small 

section breaking off. However, the purpose of scenario B was to consider how offsetting a 

subsequent projectile laterally from the initial projectile would affect shock conditions during 

impact for both impactors. The same diameter projectile offset laterally is not possible within this 

simulation because it considers a half-space (Section 2.2.2) with cylindrical geometry, so the 

results mirror the half-space and extend it as a cylinder generating a projectile double the 

diameter. However, the boundary between the half-space is a free-slip, meaning that material 
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cannot pass through it, so it is effectively two 2×2 mm halves added together without true 

connection. Therefore, the size of the projectile across both half-spaces is not significant in this 

study, especially because only the proportion of the projectile that reaches temperature and 

pressure conditions is considered.  

The peak-shock pressure and temperature conditions within the two projectiles are presented in 

Figure 6.4. 

 

Figure 6.4 Volume profiles of impactor 1 and 2 in scenario B reaching individual peak-shock pressures (top) and 

temperatures (bottom). The BST of 18 GPa and 773 K from Chapter 3 are marked by orange vertical dashed lines. 

Similar to scenario A, a greater volume of impactor 1 experiences higher peak-shock pressures 

and temperatures than impactor 2. However, for both impactors the pressures and temperatures 
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are significantly higher than in scenario A, so the volume of impactor 1 that exceeds the BST 

pressure and temperature is 43.2% and 100.0%, respectively, compared to 2.99% and 96.35% for 

impactor 2. This highlights that firstly there is a greater jump in pressure conditions between 

impactors 1 and 2 than temperature, and secondly it is a greater jump than in scenario A. The 

reasoning for this may be that with impactors so close together impactor 1 is compressed between 

the target and impactor 2, inducing greater shock pressures, whereas in scenario A the gap 

between impactors may have allowed impactor 1 to eject and de-pressurise before the impact of 

the next one. Compression of impactor 1 between the target and impactor 2 in scenario B may be 

amplified by impactor 2 being significantly larger, so the disruption and cratering topography 

generated by impactor 1 is insignificant compared to impactor 2.  

The peak-shock temperatures in scenario B (Figure 6.4 bottom) across both impactors are 

significantly hotter than in scenario A and hotter than most scenarios considered in the large-scale 

modelling (Chapter 3). The temperatures in impactor 1 may have been enhanced because it is 

being effectively compressed and shocked from two directions, with compression and distortion 

from impact with the target and almost simultaneous compression by impactor 2 colliding from 

above. It is likely that a shockwave would propagate upwards through impactor 1 from contact 

with the target and would meet a shockwave propagating downwards through impactor 1 from 

impactor 2’s contact with its top surface. The convergence of these shockwaves could have 

generated localised spikes in temperature from rapid changes in material density as multiple wave 

fronts pass through the same projectile material (Muftakhetdinova et al. 2018, 2015).  

The high temperatures experienced by impactor 2 may be a result of the lateral offset of the 

projectile because it would have impacted into less disrupted target, than if it impacted into 

already fully disrupted material in a vertically aligned impact, like scenario A. Therefore, the 

partly undisrupted target in scenario B would resist projectile penetration more than in scenario 

A, so more kinetic energy would be converted into compression of the projectile than the target, 

resulting in higher shock temperatures in impactor 2 in scenario B than in scenario A. 

Examination of the crater formation snapshots after the first timestep (Figure 6.5) revealed that a 

single crater was generated ~4 mm deeper in scenario B than the crater generated in scenario A 

(Figure 6.3), which is consistent with a combined impactor volume an order of magnitude larger 

than scenario A. The crater depth/radius ratio was lower for scenario B (0.73) than scenario A 

(0.88), likely because the offset of the projectiles generated a wider crater than the vertically 

aligned projectiles in scenario A that concentrated penetration into a narrow zone to generate a 

deeper narrower crater.  

It was observed that more material was ejected in scenario B than scenario A, which may have 

been caused by the lack of spacing between the two impactors in scenario B compared to scenario 

A, so scenario B effectively impacted as a single projectile compared to three projectiles spaced 
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vertically. This agrees with previous, similar experiments that saw orders of magnitude less 

cratering efficiency (ratio between displaced mass and projectile mass) for cluster impacts than 

single projectiles (Schultz and Gault 1985; Stickle and Roberts 2018). 

 

Figure 6.5 Crater formation snapshots at timesteps 0 and 1 in scenario B showing the placement of each impactor 

within the developing single crater. 

Despite scenario B generating a greater amount of ejected material than scenario A, projectile 

material constituted a smaller proportion of the ejecta in scenario B than scenario A. This is 

evidenced by the similarly low proportion of the two impactors in scenario B becoming 

unphysical (27.3% and 26.4%, for impactors 1 and 2, respectively). These values are significantly 

less than impactors 1 and 2 in scenario A, which means the circumstances of the impact resulted 

in more of the projectile material in scenario B remaining dense enough to register as physical. In 

scenario B the majority of impactor 1 material remained within the crater, whereas a reasonable 

proportion of impactor 2 was re-ejected. It is likely that this was a result of impactor 2 being larger 

than impactor 1, which would restrict the rebound movement of impactor 1 material. This 
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highlights the importance of relative projectile size and timing within a cluster impact in 

controlling the post-impact deposition of projectile material.  

In summary, a projectile immediately followed by a larger, laterally offset projectile resulted in 

significantly higher pressures and temperatures in the projectiles than the vertically dispersed 

projectiles in scenario A. Furthermore, vertically dispersed cluster impacts (scenario A) eject 

significantly less material than a single impact, although the immediate impact by a larger laterally 

offset projectile (scenario B) may supress the re-ejection of material from impactor 1 more than 

if the projectiles were vertically dispersed. Therefore, the lateral and vertical offset as well as the 

relative size and timing of multiple impactors all have significant effect on the temperature and 

pressure conditions within the projectile as well as post-impact deposition.  

6.3.3 Laterally offset projectiles – scenarios C & D 

Scenarios C and D investigated further the effect that laterally offsetting subsequent impacting 

projectiles by a greater distance has on the projectile distribution within the target. However, 

owing to the cylindrical geometry, as described in Section 6.2, separating the projectiles from the 

axis of symmetry generates a donut volume that makes quantitative assessments of shock pressure 

and temperature inaccurate. Therefore, this is only a qualitative assessment of projectile 

distribution in 2D.  

The crater formation snapshots shown in Figure 6.6 demonstrate for both scenario C and D that 

any surviving material from impactor 1 becomes concentrated within a small region beneath the 

centre of the developing impact crater, whereas impactor 2 distributes within the central uplift, 

crater floor and ejecta. This follows on from scenario B, whereby the earlier impacting projectile 

is generally retained within or beneath the crater, in comparison to later arriving projectiles that 

partially re-eject. However, scenario C generated a deeper but narrower diameter crater than 

scenario D, burying projectile material deeper into the target than scenario D. This is consistent 

with the findings of Schultz and Gault, (1985) that saw smaller crater floor areas for less dispersed 

projectile clusters. Therefore, the depth at which projectile material is buried within the target 

following impact is significantly influenced by the lateral dispersion of impacting projectiles.  

A notable difference between scenarios C and D is that they result in a significant central uplift 

as target and projectile material rebound, which was not observed in scenario A and B. This is in 

contrast to the results from Schultz and Gault, (1985) that saw a central mound form when lateral 

dispersion was reduced. This may suggest that scenarios C and D are a transition towards two 

nearby impacts rather than a compound impact into the same location, because this could generate 

a central uplift artefact in the simulation. Moving impactor 2 away from the axis of symmetry 

may have initiated material movement towards the axis of symmetry, which is a free-slip 

boundary that does not allow material to pass through it, so material would flow up the centre 
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boundary like the side of a bath, whereas in reality it may have just continued to the left without 

obstruction. To consider this further, a larger spatial scale simulation would be required where 

the crater would take longer to form, so timesteps between each projectile impact could be 

resolved and material movement from impactors 1 and 2 could be tracked. However, this was 

beyond the scope of this thesis. Furthermore, a 3D model would also remove the issue of the 

projectile’s cylindrical geometry and allow the temperatures and pressures within the projectiles, 

even when offset from the axis of symmetry, to be analysed. However, iSALE-3D would require 

significantly longer computational time and is not yet developed to consider different properties 

in the projectile and target, which would be vital for application to martian ejecta projectiles and 

a Phobos target.  

 

Figure 6.6 Crater formation snapshots at timesteps 0 and 1 for scenarios C and D showing the difference in placement 

of each impactor within the developing single crater. 

In summary, scenario C and D simulations reinforced that lateral as well as vertical dispersion 

has a significant effect on the deposition of projectile material in the target following impact, so 

earlier projectiles are more likely to be retained in the target than peripheral later projectiles.  

6.4 Consequences for shock modification 
The AALGG-scale simulations in this chapter have suggested that a considerable proportion of 

any projectile fragment impacting within the buckshot cloud at 4 km s-1 could experience peak-

shock pressures in excess of 10-20 GPa. These values are slightly higher than those estimated for 

the impact experiment campaigns (Phobos-1P, Table 4.11; Phobos-1C Table 5.1), probably 

because the estimates were first order approximations that did not consider spatial scale. At these 

shock pressures, mineral fracturing and the formation of planar deformation features would be 

expected (French 1998; Stöffler et al. 2018; Stoffler and Langenhorst 1994; Langenhorst 2002). 
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However, these features were not observed in the post-impact materials (Section 5.4), but this 

may have been because the grain sizes of the regolith simulant were too small and the sample of 

particles analysed may not have included those that experienced the significant shock conditions 

since the target was homogenised before sampling. Alternative analytical strategies might also be 

employed, e.g., higher resolution SEM analysis, that might reveal fractures on the surface of 

grains, or Transmission Electron Microscopy or Electron Backscatter Diffraction analysis 

techniques that could reveal the internal lattice structure of grains and shock modification features 

(e. g., Langenhorst et al., 2014; Ma et al., 2018; Mikouchi et al., 2014; Pittarello et al., 2020; 

Zolenksy et al., 2012). However, these methods were outside the scope of this thesis.  

As described in Section 2.1.2.5, past investigations exposing amino acids to extreme shock 

pressures (5-21 GPa (Blank et al. 2001) and 12-28.9 GPa (Bertrand et al. 2009b)), and shock 

temperatures, (e.g., 500-600 °C (Basiuk and Douda 1999, 2001)), indicated that they, especially 

glycine, could survive shock conditions in the range of those exhibited by the cluster projectile 

fragments simulated in this chapter, and in the impact experiment campaigns presented in 

Chapters 4 and 5. However, Peterson et al., (1997) investigated the role of impact pressures, 

within the range of those modelled here, and identified amino acid decomposition. The amino 

acids aminobutyric acid, aspartic acid, glutamic acid, proline and norleucine were all observed to 

reduce in abundance by several orders of magnitude up to ~20 GPa, but secondary amino acids 

like amino-isobutyric acid and alanine were observed to form by decarboxylation above 19 GPa, 

surpassing the abundance of parent amino acids at 30-32 GPa. Further discussion into shock 

modification of biosignatures is considered in Section 7.3.  

6.5 Discussion 
The results of the simulations conducted in this chapter showed that at impact velocities of 

4 km s-1 up to 58% of the volume of a projectile arriving at any time in a projectile cluster could 

experience conditions favourable for biosignature survival. Figure 6.7 shows that this maximum 

value (orange ▲) is significantly higher than the glycine detected in the AALGG impact 

experiments (blue and orange ⨯). However, the results for the earliest impacting projectile from 

scenario A (blue ▲) and later and larger impacting projectile from scenario B (red ♦) overlap the 

top and bottom of the AALGG impact experiment data scatter, so the conditions in these 

simulated projectile fragments may be most representative of the bulk conditions experienced 

within the impact experiment projectiles. Since the survival of biosignatures within different 

projectile fragments cannot be resolved in the impact experiments, their results represent the bulk 

survival response from the whole projectile irrespective of projectile disintegration. Nevertheless, 

because the AALGG-scale numerical simulation results partly coincide with the impact 

experiment results, it is conceivable that the extreme conditions experienced by early more 

central, and conversely later more laterally dispersed, projectile fragments could have occurred 
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within the impact experiments to result in an intermediate bulk response. Therefore, for just the 

single impact velocity simulated in this chapter, the AALGG-scale numerical simulations provide 

good agreement with the AALGG impact experiments. Additional faster and slower impact 

velocities would be required to add confidence to this agreement, although further computation 

time was not available within the timeframe of this study. Further assessment of the alignment 

between the numerical simulations and impact experiments in this thesis is included within 

Chapter 7.  

 

 

Figure 6.7 Proportion of the projectile glycine detected in post-impact target samples, or the projectile volume 

estimated to experience conditions favourable for biosignature survival (%) vs. Velocity (km s-1) comparing the results 

from the impact experiment campaigns Phobos-1P and Phobos-1C (crosses) against the results from the AALGG-scale 

(triangles and diamonds) numerical modelling.  

Given the similarity between the biosignature survival results of the AALGG-scale modelling 

results and the AALGG impact experiments, further interpretations from the numerical 

simulations and impact experiments can be made for the crater morphology and spatial 

distribution of projectile deposition within the target. The simulations showed the narrower the 

impacting cluster of projectiles, the more likely projectile material will be deposited near the 

impact site, rather than re-ejected, although in general the more laterally and vertically dispersed 

the impacting cluster, the less material is ejected overall. Furthermore, it was observed that a 

larger impactor following a smaller one could contribute to retaining more of the first arriving 

projectile in the crater rather than re-ejecting. Therefore, these factors could have controlled the 
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survival and deposition of glycine from different areas spatially within the disintegrated projectile 

cluster in the impact experiments in Chapter 4 and 5. However, the relevance to impacts on 

Phobos is discussed in Chapter 7.  

6.6 Summary 
In summary, the main results from this chapter are: 

The morphology of craters in the AALGG-scale numerical simulations largely reproduced the 

crater morphologies observed in the Phobos-1C impact campaign, which were significantly 

influenced by cluster projectile dispersion and target cohesive strength, as well as velocity. 

Vertical and lateral dispersion of cluster projectiles, as well as relative projectile size, had a 

significant effect on the deposition of projectile material within the target. Impacting projectiles 

that were more laterally dispersed prior to impact caused the first impactor to deposit in more 

concentrated zones within the crater floor, whereas vertically aligned projectiles resulted in the 

last impactor depositing in a focused zone within the crater floor and earlier projectile material to 

be ejected. As a result, the simulations reinforced the stochastic nature of impact delivery, 

especially in the scenario of cluster impacts.  

Furthermore, the vertical and lateral dispersion of cluster projectiles, as well as relative projectile 

size had a significant effect on the temperature and pressure conditions within each projectile 

during impact, and therefore on the potential survivability of biosignatures. 

The suggested survivability of biosignatures from the numerical simulations was similar to the 

bulk glycine detected post-impact in Chapters 4 and 5, suggesting the cluster impact simulations 

were a reasonable reproduction of the experiment results. However, it is acknowledged that the 

simulations in this chapter represent only a small proportion of the possible variations in lateral 

and vertical dispersion and inter-projectile interactions that could occur within an impact cluster. 

A greater number of simulations that include more impacting particles, would be required to get 

a more detailed and holistic picture of the conditions experienced within the buckshot AALGG 

impact experiments.   
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Chapter 7          

Discussion, Conclusions 

& Future Work 

The aim of this thesis was to consider the feasibility of organic biosignature survival during 

impact-driven transport from Mars to Phobos and its potential identification within Phobos’ 

regolith, with implications for future Phobos sample return missions.  

The preceding chapters approached this aim through the following objectives: 

• Undertake large-scale hydrocode modelling to simulate the impact of martian-like material 

into a Phobos-like target, under realistic conditions (Chapter 3). 

• Undertake laboratory hypervelocity impact experiments to simulate shock processing of a 

martian-like material, containing a biosignature, during impact with two Phobos-like targets 

(Chapter 4 and Chapter 5):  

o Undertake pre- and post-experiment organic analyses to quantify the survival of the 

biosignature after impact processing. 

o Undertake pre- and post-experiment geochemical analyses to quantify changes in 

chemistry of the Phobos-like material following impact processing.  

• Undertake small-scale hydrocode modelling (on the scale of laboratory hypervelocity impact 

experiments) to simulate the laboratory hypervelocity impact experiments, to assess the 

scalability of conditions within the projectile from small- to large-scale in preparation for 

ground-truthing laboratory experiments (Chapter 6).   
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Figure 1.9 (repeated) Illustrative diagram of a Solar System impactor ejecting material that could impact Phobos. 
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The differences in impact process, and spatial and temporal scales between the numerical and 

laboratory analyses means that the following research questions must be addressed in this 

discussion chapter: 

1. How accurately can AALGG impact experiments simulate the impact of martian ejecta 

material, possibly containing biosignatures, on Phobos? (Section 7.1) 

2. How well do the results from the hydrocode modelling align with the laboratory hypervelocity 

impact experiments, and therefore how confidently can the numerical simulations inform the 

feasibility of biosignature survival within martian ejecta impacting Phobos? (Section 7.2) 

3. How could different biosignature types exhibit shock modification and influence survival? 

(Section 7.3) 

4. How could spatial distribution of biosignatures within martian ejecta influence survival 

(Section 7.4)? 

With these evaluated, the results from the numerical and laboratory experiments in this thesis can 

then be used to conclude:  

1. To what extent can biosignatures survive within martian ejecta impacting Phobos, under 

realistic conditions?  

2. If biosignatures are suggested to be able to survive impact with Phobos, are they likely to exist 

within the detection limits of current analytical techniques? 

7.1 Relevance of cluster impacts to 

martian ejecta impacts on Phobos 
One effect of the low strength of the bespoke Mars-relevant projectiles used in the impact 

experiments in Chapter 4 and Chapter 5 was that they exhibited stochastic disintegration prior to 

impact. Within those impact experiments and the AALGG-scale numerical modelling that 

followed (Chapter 6), the distance between impact sites never exceeded 8 mm and they impacted 

within a 0.002 s window, representing – in effect – a simultaneous impact into the same location 

by multiple projectiles.  

From a single large impact event on Mars, material is ejected on ballistic trajectories in an 

expanding plume towards the orbit of Phobos (Figure 1.9). Since Phobos orbits uniquely close to 

Mars, its surface is exposed to multiple intersection opportunities on several faces. Past 

investigations have suggested that the likelihood of impacts into the same location on Phobos 

from the same Mars ejection event is high, especially for the leading hemisphere that can sweep 

up material from the ejecta plume as it orbits through (Ramsley and Head 2013b; Chappaz et al. 



A n  e x p e r i m e n t a l  a n d  n u m e r i c a l  a s s e s s m e n t  o f  e j e c t e d  

m a r t i a n  b i o s i g n a t u r e s  i m p a c t i n g  P h o b o s  

 

266 | P a g e  

 

2013). However, even if multiple impacts into the same location on Phobos are likely from a 

single impact event, they will be distributed over several hours, a timescale significantly greater 

than the cluster impact timeframe considered in the impact experiments and simulations in this 

thesis, whereby successive impacts occurred before crater formation of the first impact had 

finished (<<0.001 s). The temperature and pressure results from the numerical simulations and 

the interpreted glycine survivability from the concentrations of glycine detected in the impact 

experiments relied upon both the spatial and temporal proximity of impacting projectiles, so 

cannot be directly relevant to impacts on Phobos over several hours.  

Nevertheless, inferences of how conditions within impacting projectiles may vary over the 

delivery window to Phobos can still be drawn from the results of the impact experiments and 

numerical simulations, because the effect the first impactor has on disrupting and damaging the 

target before the subsequent impact of later projectiles can be relevant on longer temporal scales. 

Following impact from early arriving martian ejecta (likely from directly outbound ejecta Figure 

1.9c), the surface of Phobos will have reduced in strength with increasing plastic strain after a 

yield strength has been surpassed (Kurosawa and Genda 2018; Collins et al. 2004), similar to the 

physical evolution of regolith from space weathering (Xie et al. 2019; O’Brien and Byrne 2021). 

This would be exacerbated by the initial impacting projectiles having higher velocities. As a 

result, subsequent impacts (potentially swept up on Phobos’ leading hemisphere, Figure 1.9d, or 

from ejecta inbound back to Mars, Figure 1.9f) into the damaged surface would experience less 

shear heating (Section 1.3.2.3) because more kinetic energy would be transferred into compacting 

the target rather than shock heating the impactor. In fact, scenario A from Section 6.3.1 

demonstrated that greater vertical dispersion of impacting projectiles meant conditions in later 

projectiles were even more favourable for biosignature survival than if impacting in quicker 

succession. Even though the timescale of scenario A is still significantly less than those 

realistically experienced by impacts onto Phobos, a preliminary inference can still be drawn that 

more dispersed martian ejecta, and ejecta arriving at Phobos later in the plume of ejecta, may be 

more likely to experience lower shock pressures and temperatures than initial single impactors.  

In addition to the potentially more tolerable temperature and pressure conditions for biosignatures 

experienced by later impacting martian ejecta, the AALGG-scale numerical simulation crater 

formation snapshots and the crater morphologies observed in the impact experiments also 

indicated that impactors into the same location can significantly affect the final deposition of 

martian ejecta on Phobos.  

Simulation scenario B in Section 6.3.2 revealed that an impact followed immediately by a larger 

projectile can supress the re-ejection of material from the first impactor, retaining more projectile 

material from the earlier impacts within the target. However, even if it is realistic that larger ejecta 

fragments will generally impact Phobos later at lower velocities (Chappaz et al. 2013), the 
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timescale used in simulation scenario B is not appropriate for Phobos. In fact, because the crater 

forming process is likely to be over before another martian projectile impacts, later arriving 

impacts could instead preferentially re-eject any earlier martian projectile material retained in the 

regolith. However, it is hypothesised that most re-ejected material from Phobos enters Mars orbit 

to re-impact Phobos on the opposite hemisphere from which it was ejected. This would act to re-

distribute and homogenise martian ejecta across Phobos’ surface (Ramsley and Head 2013b; Patel 

et al. 2019; Kurosawa et al. 2019) (Section 1.4.4). Observations by Thomas (1998) and Thomas 

et al., (2000) suggest that there is a net gain of ejecta fragments on Phobos rather than erosion, 

suggesting that even if material only needs to eject from Phobos as low as ~0.8 km s-1 from the 

trailing hemisphere to de-orbit and ~0.9 km s-1 from the leading hemisphere to escape the martian 

system (Ramsley and Head 2013b), material from Mars still accumulates on the surface. 

Therefore, the numerical simulations in this context do not provide additional insight into the re-

distribution of ejecta material onto Phobos; instead, simulations considering multiple impacts 

over significantly longer timescales would be required (Section 7.6.4).  

The laboratory impact experiments revealed how differences in target cohesive strength between 

the two regolith simulants affected the burial of projectile material within the target. More 

dispersed cluster impacts resulted in shallow deposition, whereas more narrowly concentrated 

impacts generated craters large enough to experience crater wall slumping that buried the 

projectile material deeper. This suggests that the more likely single ‘intact’ martian ejecta 

fragments may penetrate deep into Phobos’ regolith, especially if the regolith cohesive strength 

is low, and become buried by crater slumping. This could put the material out of reach of future 

sample return mission MMX’s C-sampler, that will only penetrate ~2 cm deep (Sawada et al. 

2021; Usui et al. 2018; Kuramoto et al. 2018a), which could benefit primary mission goals as the 

sampler may only collect indigenous Phobos regolith material rather than transported martian 

material. However, this would hinder secondary mission science opportunities to detect martian 

ejecta and provide insights into Mars’ geological, atmospheric and astrobiological history. 

Nonetheless, the burial of martian material deeper in Phobos’ regolith could help protect 

biosignatures from gradual degradation in the harsh radiation environment of the Phobos surface 

(Ertem et al. 2021, 2017; Noblet et al. 2012; Kminek and Bada 2006; Poch et al. 2015). If this 

material happened to become exposed soon before a sample return mission, preserved 

biosignatures could be collected.    

7.2 Numerical simulation and laboratory 

experiment comparison  
Even though some inferences could be drawn in the previous section from the cluster impact 

process, it is fundamentally different to the likely impact of a single intact martian ejecta fragment 
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with Phobos. Therefore, the results from the impact experiments can only be used as an indication 

of biosignature survival for the cluster impact process because the influence that cluster impacts 

have on biosignature survival, in comparison to single impactors, is unconstrained. Therefore, 

here the AALGG-scale modelling results are critically compared with the impact experiment 

results to assess their agreement, and hence determine whether the numerical simulations are 

suitable for application to biosignature survival on the spatial and temporal scale relevant for 

martian ejecta impacting Phobos.   

As discussed in Section 6.5, the fraction of the projectile estimated to be tolerable for 

biosignatures for scenarios A and B of the AALGG-scale numerical simulations (▲ and ♦) plot 

above and below the impact experiment data (⨯) in Figure 7.1.  

 

 

Figure 7.1 Proportion of the projectile glycine detected in post-impact target samples, or the projectile volume 

estimated to experience conditions favourable for biosignature survival (%) vs. impact velocity (km s-1) comparing the 

results from the impact experiment campaigns Phobos-1P and Phobos-1C (crosses) against the results from the 

AALGG-scale (triangles, diamonds and square). 

Firstly, the variation between the AALGG-scale simulation results for the same impact velocity 

displayed in Figure 7.1 shows how modifying parameters of the cluster impact process can 

significantly vary the resultant conditions experienced within projectile fragments. This variation 

is reflected in the broad scatter of projectile glycine abundance detected following impact 
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experiments at similar velocities, which may too have been controlled by differences in the cluster 

impact process. Where the numerical simulation results plot closely to the experiment results, this 

indicates that some numerical scenarios may have reproduced the conditions generated in the 

experiments. However, a greater number of cluster impact scenarios would need to be considered 

numerically before they could confidently provide additional insight towards variable 

biosignature survival during a cluster impact process, although this was not feasible within the 

timescale of this project.   

Assuming that the AALGG-scale numerical simulations could reproduce some of the results from 

the impact experiments based on the available datasets, it is hypothesized that the large-scale 

numerical simulations are as accurate a representation as possible for the realistic spatial and 

temporal scale of martian ejecta impacts onto Phobos. To consider how different the realistic 

spatial and temporal numerical simulations are to the impact experiments and AALGG-scale 

numerical simulations, which in theory are not truly representative of martian ejecta impacts on 

Phobos, the basalt projectile simulations from the large-scale modelling (sim#1-10) conducted in 

Chapter 3 (○) are compared with the AALGG-scale modelling (▲ and ♦) and laboratory impact 

experiment results (⨯) in Figure 7.2. Only the basalt projectiles from the large-scale simulations 

are comparable to keep the projectile material similar for all compared tests.   

As expected for projectiles of a larger size, a higher biosignature survivability is suggested by the 

large-scale numerical simulations than the smaller-scale laboratory impact experiments, for 

impact velocities of 0.5 and 2.5 km s-1, whereby >98.4% of the basalt projectiles could remain 

tolerable for biosignatures. This is significantly greater than the amount of glycine detected from 

the laboratory impact experiments that dropped from 89-91% at impact velocities 0.35-0.39 km s-1 

down to 28-60% between velocities of 2.0-2.5 km s-1. Therefore, even for the worst (red ○) Phobos 

target parameters, biosignature survival on a realistic scale for martian ejecta impacting Phobos 

is suggested to be highly likely at impact velocities up to 2.5 km s-1. Nevertheless, a plateau in 

estimated projectile volume tolerable for biosignatures in the large-scale simulations is present 

between 0.35 and 2.22 km s-1. This happens to be the velocity range that was poorly constrained 

in the impact experiments and may also cover a transition in the impact experiments between 

‘intact’ and ‘partial’ or ‘full’ projectile disintegration prior to impact, which could explain the 

significant difference in glycine detected within this range. If this region of impact velocity was 

explored with stronger projectiles, a similar plateau might be exhibited that could instead support 

agreement between the trends exhibited by the numerical simulations and the impact experiments.   

At the higher velocity of 4.5 km s-1 the large-scale numerical simulation with the worst (red ○) 

target configuration plots within the results for laboratory impact experiments with 8.6% of the 

projectile experiencing conditions tolerable for biosignatures. This is despite the worst target 

being composed of serpentine overlain with basalt, a scenario significantly denser and stronger 
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than the Phobos-1C and Phobos-1P simulants. Conversely, the large-scale simulation with the 

best (blue ○) target configuration, which was more comparable physically to Phobos-1C and 

Phobos-1P, with two layers of relatively weaker tuff of similar densities, consistently exhibits 

significantly greater biosignature survival than observed in the impact experiments. This exposes 

a significant disparity between the results of the large-scale numerical simulations and the impact 

experiments, whereby a significant reduction in spatial scale in the impact experiments (greater 

surface area to mass ratio) mimics the results from a worse target parameter configuration on a 

larger scale. This further supports that biosignature survival on the realistic spatial scale for 

martian ejecta impacting Phobos may be significantly better than that suggested by the impact 

experiments on a smaller spatial scale.  

 

 

Figure 7.2 Proportion of the projectile glycine detected in post-impact target samples, or the projectile volume 

estimated to experience conditions favourable for biosignature survival (%) vs. impact velocity (km s-1) comparing the 

results from the impact experiment campaigns Phobos-1P and Phobos-1C (crosses) against the results from the 

AALGG-scale (triangles and diamonds) and large-scale (circles) numerical modelling. 

However, a comparison is made here between the estimated glycine survival from the worst target 

simulation with the impact experiment results to consider whether the large-scale numerical 

simulations can still generate similar functions of biosignature survivability with impact velocity 

to the experiments, irrespective of input parameters.  
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The large-scale simulation with the worst (red ○) target parameters exhibits a plateau in estimated 

volume of the projectile to remain tolerable for biosignatures at low (≤2.5 km s-1) and high 

velocities (≥6.5 km s-1). This reveals that a logistic function sigmoid curve may be a better fit to 

the datasets than the linear and exponential functions derived in Section 5.6 (Figure 7.3). A 

sigmoid function would not allow biosignature survival rates to exceed a maximum of 100% at 

slower velocities, an issue that occurred with a linear or exponential function. Furthermore, it 

would reflect the change in trend between biosignature survival and impact velocity at different 

impact velocity ranges, exhibited by both laboratory and numerical simulation data. 

 

 

Figure 7.3 Repeated Figure 7.2 with logistic sigmoid functions displayed given by Equation 7.1 and Table 7.1.  

The logistic function sigmoid curve is given by: 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛(%) = 𝑦 =  𝐿 × (1 − (
1

(1+𝑒(−𝑘(𝑥−𝑥0)))
))   Equation 7.1 

Where, L is the maximum proportion of the projectile that can be tolerable for biosignatures for 

the numerical simulations, or the maximum proportion of original projectile glycine that can be 

detected in the post-impact target following AALGG shot, which for both cases is 100%, x0 is 
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the mid-point of the sigmoid curve function where the curve is at maximum gradient and k is the 

steepness of the curve close to the midpoint, which also controls how wide the steep gradient zone 

of the curve is in between the two plateau zones. 

Fitting a logistic function sigmoid curve using the solver function in excel to the best (blue ○) and 

worst (red ○) target large-scale simulation, and the combined Phobos-1P and Phobos-1C impact 

experiment data (omitting the 1.31 km s-1 Phobos-1C datapoint as a possible outlier, Section 

5.5.2), resulted in function constant values listed in Table 7.1.  

Table 7.1 Values for logistic function constants for three comparable datasets. The R2 for each function fit is stated to 

indicate closeness of fit.  

Dataset L / % k x0 / km s-1 R2 

Best target large-scale simulation 97.99 1.39 7.03 0.996 

Worst target large-scale simulation 100.00 3.23 3.77 0.999 

Combined impact experiment 100.00 1.06 1.99 0.840 

 

The R2 value that indicates how far the datapoints vary from the function was calculated by: 

𝑅2 = 1 −
𝑆𝑆𝑅

𝑆𝑆𝑇
  Equation 7.2 

Where SSR is the sum squared regression, which is a sum of the difference between each true y 

value and the modelled y value, squared, and SST is the total sum of squares, which is the sum of 

the difference between the true y value and the average y value, squared.  

Even though the R2 value for the combined impact experiment data (0.840) is slightly less than 

the linear function fit given in Figure 5.14 (0.867), it is hypothesised that this is a reflection of the 

restricted impact velocity range tested in the laboratory. The extent of the sigmoid curve is only 

clear in the worst target large-scale simulation because the dataset covers evenly a larger impact 

velocity range. Therefore, if the impact experiment campaign was extended to faster impact 

velocities it would be expected that the glycine would still be detected in small abundances at 

higher velocities, creating a longer plateau than observed in the current dataset that would be 

poorly fit by a linear function that suggests an immediate cut off in glycine survival. Unlike a 

standard sigmoid function that extends to infinity approaching but not reaching 0% survival, it is 

expected that, at a certain impact velocity, conditions within the projectile would surpass a 

definitive limit of survival slower than the point where the whole projectile vaporises upon 

impact.  

Comparing the sigmoid functions fitted to the three datasets reveals significant variability, seen 

mostly in a shift of the midpoint (x0) towards lower impact velocities with worsening target 

parameters and decreasing projectile size. There is a wide difference in midpoint between the 

large-scale simulation datasets that only differ in target parameters, which suggests that worse 
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target parameters result in significant shift of the midpoint to lower velocities. However, the 

impact experiment results, where the projectile size was considerably smaller than the large-scale 

simulations, also had a midpoint significantly shifted to lower impact velocities. Therefore, worse 

target parameters and smaller projectiles may result in a midpoint at lower velocities.  

Furthermore, there is a variation in the steepness of the curve (k) close to the midpoint, whereby 

the best target large-scale simulation dataset exhibits a similar steepness to the combined impact 

experiment dataset, in contrast to the steeper curve for the worse target large-scale simulation 

dataset. This may demonstrate that the target material parameters are also a controlling factor of 

the steepness of the curve, because the best target large-scale simulation is a close match to the 

properties of the Phobos simulants in the impact experiments. Therefore, worse target parameters 

may result in a steeper curve.   

Given how the midpoint and the steepness of the sigmoid function varies with projectile and target 

properties, inferences from the experimental and simulation data presented can be made:  

1) Smaller diameter particles, that are more common in the size distribution of martian 

ejecta, could experience less tolerable conditions for biosignature survival (Artemieva 

and Ivanov 2004).  

2) Small martian ejecta sizes are more likely to impact Phobos at higher velocities, which 

combine to make conditions in the projectile even less tolerable for biosignatures.  

However, the large diameter martian ejecta contributes the most mass (Artemieva and Ivanov 

2004), so smaller martian ejecta projectiles experiencing less tolerable conditions may not 

significantly influence the overall delivery of biosignatures to Phobos. 

3) If impacting martian ejecta projectiles are close to 10 m in diameter, which constitutes 

the majority of ejecta mass delivered to Phobos (Artemieva and Ivanov 2004), and 

Phobos’ surface resembled the best target parameters in the large-scale simulations, then 

the conditions within impacting martian ejecta projectiles could be almost completely 

tolerable for biosignatures up to ~6 km s-1, which exceeds the most likely impact velocity. 

Therefore, impacts below that threshold could consistently deliver biosignatures safely 

although, above this threshold, biosignature survival would be significantly less. 

4) Alternatively, if Phobos’ surface resembles that of the worst target parameters in the 

large-scale simulations, then there could be a narrower impact velocity window (up to 

~3.5 km s-1) where the biosignature survivability could be consistently high before 

dropping rapidly. 
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7.3 Evidence of biosignature shock 

modification and survival 
Timescales and ongoing COVID restrictions meant that inferences of biosignature survival during 

impact-driven transport from Mars to Phobos made in this thesis are based on results from impact 

experiments that only considered the simplest and smallest amino acid glycine. However, 

different biosignatures and spatial distributions may respond differently to shock and survive to 

different shock thresholds either intact or as modified products or fragments. Here, consideration 

is given to how different biosignatures and distributions in the martian ejecta projectiles may 

change how they respond to shock conditions and therefore survive impact, in comparison to 

glycine tested in this thesis.  

As described in Section 2.1.2 there is a broad variety of biosignatures that could have formed on 

Mars and become incorporated into martian ejecta delivered to Phobos. In comparison to the 

results from past investigations, glycine has been observed to survive higher shock pressures and 

temperatures than more complex amino acids (Pierazzo and Melosh 1999; Blank et al. 2001; 

Basiuk and Douda 2001, 1999; Peterson et al. 1997), especially those with functional side chains 

(Bertrand et al. 2009b). Therefore, the glycine results of this thesis could be an overestimate of 

the potential survival of more complex amino acids ejected from Mars to impact Phobos.  

Nonetheless, more complex amino acids could exhibit shock modifications. Past studies have 

demonstrated that racemisation (Mimura and Okada 2022; Bertrand et al. 2009a, 2009b), 

fragmentation into achiral compounds (Jaramillo-Botero et al. 2021), and secondary amino acid 

formation (Peterson et al. 1997) could occur within the shock conditions expected from martian 

ejecta impacting Phobos indicated in this thesis. Therefore, the experiments in this thesis could 

be repeated with projectiles doped with an enantiomeric excess to test whether racemisation or 

secondary amino acid formation was to occur within impact conditions specifically tailored to 

martian ejecta impacting Phobos. If either of these shock modifications was observed, this would 

have significant implications for the interpretations of any amino acids collected in future Phobos 

sample return missions, whereby racemic mixtures or secondary amino acids could be traced back 

to their original compositions potentially more indicative of past life on Mars than what is 

observed on Phobos. However, as found in the contamination testing of the AALGG (Section 

4.2.2) amino acids possibly relevant to Mars, e.g., leucine and aspartic acid, could be present 

within the AALGG as contaminants from solvents and cleaning materials. This would require 

more rigorous cleaning if these compounds were the focus of future investigations with the 

AALGG. 
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As well as being modified by shock conditions, amino acids can also be synthesised at higher 

impact velocities (~7 km s-1) and shock pressures (~50 GPa) (Martins et al. 2013; Goldman et al. 

2010; Spathis et al. 2021). Even if this is not relevant for martian material impacting Phobos, it 

could occur from Solar System projectile bombardment, so it is important to consider whether 

any detected amino acids in future returned samples may have derived abiotically on the surface 

of Phobos. To assess this, the context material should be critically analysed for shock conditions 

that would far exceed those suggested for martian ejecta impacting Phobos. 

In addition, other organic molecules could exhibit different shock modifications. For example, 

extraterrestrial macromolecular organic material has been shown to break down into aromatic and 

aliphatic hydrocarbons and functionalised molecules (Sephton et al. 1998, 2000, 2002). This 

fragmentation implies the potential breakdown of other complex biomolecules during an impact 

event, the fragments of which might be detectable and used to resolve primary structures. For 

example, alkylthiophenes detected on Mars (Eigenbrode et al. 2018), which could have formed 

either biotically (Kenig and Huc 1990; Simoneit 2005) or abiotically (Heinz and Schulze-Makuch 

2020; Sephton et al. 2006) (Section 2.1.2.4) have stable thermal degradation products that could 

retain information about the original positions of functional groups (Koopmans et al. 1995, 1996) 

to enable shock modification products to be traced back to original compositions. Further work 

to consider more complex organic molecules is discussed in Section 7.6.3. 

7.4 Influence spatial distribution of 

biosignatures within martian ejecta has 

on survival 
Regardless of the composition of biosignatures possibly transported from Mars to Phobos, the 

results of this thesis indicate the spatial distribution and incorporation mechanism of biosignatures 

within martian ejecta projectiles may have a significant influence over the survival of the 

biosignatures during impact. 

The results of the large-scale numerical simulations in Chapter 3 indicated that the sides and 

trailing hemisphere of single projectiles experience the lowest shock pressures and temperatures 

compared to the leading hemisphere. Therefore, if biosignatures happened to preferentially be in 

the sides and back of martian ejecta projectiles then they would stand a better chance of surviving. 

In addition, the results of the AALGG-scale numerical simulations in Chapter 6 indicated that 

martian ejecta projectiles that arrive at Phobos later in an ejecta plume, from a single impact on 

Mars, could experience lower shock temperatures and pressures than those arriving earlier. 

Martian ejecta material that arrives at Phobos later in the ejecta plume will likely have a lower 

velocity and have originated from greater depth, which aligns with where biosignatures are most 
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likely to be less degraded over geological time on Mars under the harsh radiation conditions 

(Carrier et al. 2019; Pavlov et al. 2012; Hassler et al. 2014; ten Kate et al. 2005; dos Santos et al. 

2016; Kminek and Bada 2006). Therefore, the martian ejecta projectiles that are most likely to 

contain biosignatures derived beneath the surface of Mars, may then experience the most tolerable 

conditions for biosignature survival on impact with Phobos when arriving later in the ejecta 

plume, together supporting the possible successful delivery of martian biosignatures to Phobos.  

The impact experiments in this thesis incorporated glycine into the projectiles in crystalline form 

to ensure their homogenous distribution throughout the projectile, although neither this form nor 

incorporation mechanism are likely in reality. Labile biosignatures, e.g., amino acids and fatty 

acids, could be preserved in martian rocks within fluid inclusions or occluded within minerals in 

pore spaces (Eigenbrode et al. 2018; Westall et al. 2015), within mineral interlayers (dos Santos 

et al. 2016; Ertem et al. 2017; Poch et al. 2015; Ertem et al. 2021), or adsorbed at solid-liquid 

interfaces (Sowerby and Heckl 1998; Fornaro et al. 2013). Therefore, they may experience more 

or less protection from shock processes than the crystalline glycine tested in this thesis. For 

example, biosignatures present on grain boundaries adjacent to pore spaces within martian rocks 

may be preserved over a longer period of time, although upon impact they will experience 

preferential shock heating from pore collapse (Wünnemann et al. 2008; Jutzi et al. 2008; 

Güldemeister et al. 2013) and may be preferentially destroyed even if the average conditions 

within the bulk projectile remained tolerable for biosignatures. Similarly, biosignatures could be 

preserved for longer timescales on Mars within clay mineral layers in sedimentary martian rocks 

(dos Santos et al. 2016; Ertem et al. 2017; Poch et al. 2015; Ertem et al. 2021), but upon impact 

the interlayers could experience greater damage and shock heating as a result of their low strength 

(Robbins et al. 2004). In contrast, if biosignatures were surrounded by a denser matrix than the 

grain hosts, perhaps within fluid inclusions (Winters et al. 2013), then they could experience lower 

shock temperatures and pressures in a similar way to how chondrules experience lower shock 

pressures and temperatures within denser chondritic meteorite matrices (Bland et al. 2014; 

Davison et al. 2016). Therefore, the incorporation of biosignatures within impacting martian 

ejecta projectiles could affect the specific shock conditions they experience and therefore their 

survival. To quantify the difference in survival of biosignatures from different incorporation 

effects, a comparison could be made between an adsorption method and a crystalline 

incorporation method like that presented in this thesis, which could act as a control experiment 

without adsorption incorporation effects. To achieve different adsorption effects, different 

concentrations of potential biosignatures could be used in line with dos Santos et al., (2016), who 

observed that lower concentrations of amino acids could become adsorbed in the most easily 

accessible sites, but higher concentrations were required to facilitate adsorption in the less 

exposed sites. This may, in turn, result in more or less tolerable conditions for biosignature 

survival during impact depending on the matrix, as described above.    
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7.5 Conclusions 
Thus far, studies have only considered the volume of martian material potentially present in 

Phobos’ regolith (Chappaz et al., 2013; Ramsley and Head, 2013a; Summers, 2019) and the 

probability of a sample return mission to Phobos sampling viable organisms (Fujita et al., 2019; 

Kurosawa et al., 2019; Patel et al., 2019). These studies were focussed on planetary protection, 

and therefore lacked consideration of the survival of less complex, but still biologically important, 

organic biosignatures. Furthermore, they did not consider how physical and compositional 

variables in the ejecta projectile and target could influence the potential survival and subsequent 

detection of biosignatures in Phobos’ regolith by future sample return missions.  

This thesis has explored whether organic biosignatures can survive impact-driven transport from 

Mars to Phobos through a combination of numerical and laboratory approaches.  

Chapter 3 used iSALE-2D to simulate the impact of martian ejecta onto Phobos on a realistic 

spatial scale. The scope of the hydrocode and the efficiency with which simulations could be 

conducted allowed for several variables within the impact process to be tested, within the realistic 

estimates, to determine how each controlled the shock temperature and pressure conditions within 

Mars-like projectiles impacting Phobos-like targets.  

It was concluded that: 

• For all scenarios, the peak-shock temperatures were the controlling factor over 

biosignature survival.  

• The end-member parameter values resulted in a range of Mars-like projectile volumes (0-

100%) exhibiting conditions tolerable for biosignature survival, for impacts at 

<4.5 km s-1, or up to 8.5 km s-1 for materials of the lowest strength and density. 

Nevertheless, within realistic parameter extremes, there were tolerable conditions within 

at least some parts of Mars-like projectiles impacting Phobos-like targets. 

• Serpentine and basalt Mars-like projectiles exhibited similar temperature and pressure 

conditions when impacting the same target. 

Chapter 4 described and assessed AALGG impact experiments to investigate the survival of 

glycine within Mars-like projectiles impacting, at realistic velocities, into Phobos-like targets. It 

was concluded that: 

• Organic contamination in the AALGG did not interfere with the detection of glycine in 

post-impact materials, reducing false-positives.  
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• The design of bespoke projectiles out of a Mars-like analogue material bound using 

geopolymers could generate a projectile homogenously distributed with an organic 

biosignature of choice.  

• The bespoke projectiles disintegrated stochastically upon acceleration, resulting in some 

projectile fragments being lost to the stop plate before the remaining fragments impacted 

the target simulants in a cluster impact cloud. The distribution and concentration of 

impact craters on the stop plate indicated that three projectile disintegration regimes could 

be defined whereby 100+0/-5%, 65 ± 10%, and 17 ± 10% of the projectile volume passes 

through the stop plate to impact the target as an ‘intact’, ‘partially’ disintegrated and 

‘fully’ disintegrated projectile, respectively. These regimes were then used in future shots 

to correct the glycine abundances detected to the proportion of the original projectile that 

impacted the target.   

• The feasibility tests revealed glycine can survive cluster impact velocities 0.35-

4.53 km s-1 and the relationship between glycine detected and launch velocity, within the 

range considered, could be summarised by a negative linear or an inverse exponential 

trend. Furthermore, the amount of glycine detected in post-impact materials was less and 

followed a different trend with impact velocity than the results of the large-scale 

numerical modelling (Chapter 3). 

Chapter 5 used the compositional Phobos simulant Phobos-1C in AALGG impact experiments 

and concluded that: 

• Projectile material and/or glycine were not geochemically resolvable within post-impact 

simulant samples, and no shock modifications to Phobos-1C were observed, using SEM 

and XRD.  

• Glycine was resolvable by GC-FID across the launch velocity range tested (0.388- 

3.44 km s-1) and the relationship between glycine abundances detected and launch 

velocity, within the range considered, could be summarised by a negative linear or an 

inverse exponential trend. 

• The difference in detection, and therefore survival, of glycine following impact into the 

two Phobos regolith simulants was negligible. 

• The scatter in glycine concentrations at similar launch velocities, and the observation of 

different crater morphologies within both simulant impact campaigns, indicated that the 

impact process delivering biosignatures onto Phobos could be extremely stochastic. 

Projectile disintegration prior to impact may have influenced the survival and/or burial 

of projectile material in the target.  
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Chapter 6 investigated how the cluster impact process may have affected the survival and/or burial 

of projectile material in the target using iSALE-2D simulations on the spatial scale of the AALGG 

impact experiments. It was concluded that: 

• The vertical and lateral dispersion of cluster projectiles, and relative projectile size, had 

a significant effect on the temperature and pressure conditions within each projectile 

during impact, and therefore on the potential survivability of biosignatures. 

• The vertical and lateral dispersion of cluster projectiles, and relative projectile size, had 

a significant effect on the deposition of projectile material within the target. More 

laterally dispersed projectiles were deposited in concentrated zones within the crater 

floor, whereas vertically aligned projectiles resulted in the last impactor depositing 

material in a focused zone within the crater floor and earlier projectile material being 

ejected out of the crater. 

• The morphology of craters in the AALGG-scale numerical simulations largely 

reproduced the crater morphologies observed in the Phobos-1C impact campaign, which 

were significantly influenced by cluster projectile dispersion and target cohesive strength, 

as well as velocity. 

• The suggested survivability of biosignatures from the numerical simulations was similar 

to the bulk glycine detected post-impact in Chapters 4 and 5, and that the cluster impact 

simulations were a reasonable reproduction of the experiment results. However, it is 

acknowledged that the simulations only considered one impact velocity and so correlation 

to the experiments was tentative.    

Chapter 7 discussed the results from the impact experiments and numerical simulations and their 

implications. It was concluded that: 

• The AALGG impact experiments could not be directly related to martian ejecta impacting 

Phobos because: 1) the mm-sized projectiles in the impact experiments are significantly 

smaller than the cm- to m-sized martian ejecta projectiles that impact Phobos and; 2) the 

bespoke projectiles disintegrated stochastically prior to impact generating a cluster 

impact process that represented – essentially – a simultaneous impact into the same 

location by multiple projectiles that would not occur on Phobos. Nevertheless, martian 

ejecta is likely to have impacted the same locations on Phobos, even if over longer 

timescales than the impact experiments, so inferences could still be drawn from the 

findings of the impact experiments.  

• Some AALGG-scale numerical simulation results aligned with the results from the 

AALGG impact experiments, suggesting the small-scale numerical simulations could, 
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with further investigation, be an adequate tool for re-producing the shock pressures and 

temperatures experienced with real impactors. 

• The results from the large-scale numerical simulation and the impact experiments could 

be fit by a sigmoid curve more closely than the linear or exponential functions suggested 

in Chapter 4 and Chapter 5. The shift and change in steepness of the sigmoid curve 

functions between datasets could be accounted for by variations in projectile and target 

properties.   

• The glycine used in the impact experiments did not show shock modifications that could 

be exhibited by more complex organic biosignatures.  

• The numerical and laboratory results indicated that the spatial distribution of 

biosignatures within a single martian projectile, as well as its location within an 

expanding ejecta plume from Mars, could significantly affect the survivability of 

biosignatures impacting Phobos.  

The numerical and laboratory impact experiments align to indicate that biosignatures located 

within the sides and rear of a single impacting martian projectile will experience conditions most 

tolerable for biosignature survival. Furthermore, martian ejecta projectiles arriving at Phobos 

earlier in the ejecta plume will damage and disrupt the target so projectiles arriving later may 

experience more tolerable shock conditions for biosignature survival.  

Considering the similar sigmoid curve functions that can be drawn between the results of the 

AALGG impact experiment and the large-scale numerical simulations, it is concluded that the 

proportion of the projectiles estimated to experience conditions tolerable for biosignature survival 

in the large-scale simulations offer the most accurate estimates for the survivability of 

biosignatures during impact within martian ejecta into Phobos. Assuming the worst projectile and 

target parameters and a homogenous distribution of biosignatures within the impacting martian 

ejecta projectile, a conservative estimate of the proportion of original biosignature abundance to 

survive impact within a basalt and a serpentine martian ejecta projectile is estimated in Table 7.2.  

The impact experiments in this thesis support the conservative estimates for basalt projectiles 

(Table 7.2), because of similar percentile glycine abundances in the Phobos simulants close to the 

most likely impact velocity of ~4 km s-1 (Chappaz et al. 2013). However, the serpentine projectile 

estimations were not validated by AALGG experiments so have less confidence than the basalt 

projectile estimations. This will be discussed further in Section 7.6.2. 

Taking a conservative estimate of the potential biosignature loading of martian ejecta from amino 

acid concentrations in martian meteorites of 906 ppb (Callahan et al. 2013), suggests that a 1 m 

basaltic martian ejecta fragment, impacting Phobos at 4.5 km s-1 (Chappaz et al. 2013) could 
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deliver 78 ppb of biosignatures successfully. Furthermore, considering the the Zunil impact event, 

where an estimated 1506 kg may have impacted Phobos at 4-5 km s-1 (Summers 2019), up to 

130 kg of this could have experienced conditions tolerable for biosignature survival if composed 

of basalt. Alternatively, if the material ejected was sedimentary in composition, (serpentine in this 

study), then no biosignatures could survive impact at this velocity. Yet, if the impact velocity was 

slower (~3.0 km s-1), below the threshold where the sigmoid curve begins, a significant proportion 

of biosignatures could survive held within basalt or serpentine martian ejecta material could 

instead survive impact. This highlights a potentially significant effect that the composition of the 

ejected material containing the biosignatures could have on the resultant survival of biosignatures 

impacting Phobos between likely impact velocities, supporting further the importance of this for 

future work (Section 7.6.2). 

  

Basalt Mars-like projectile impacting  

worst Phobos-like target 

Worst Serpentine Mars-like 

projectile impacting  

worst Phobos-like target 

Im
p

a
ct

 v
el

o
ci

ty
/k

m
 s

-1
 

0.5 0% 0% 

2.5 1.6% 8.3% 

4.5 91.4% 100.0% 

6.5 97.9% 100.0% 

8.5 99.9% 100.0% 

  

Table 7.2 % of volume projectile estimated to experience conditions intolerable for biosignature survival when 

impacting the “worst” Phobos-like target parameters. 

Nevertheless, the impact experiments were crucial to demonstrate the stochastic nature of the 

impact process, whereby almost identical impact parameters led to considerably different 

abundances of glycine detected within the post-impact target. It is acknowledged that the 

sampling strategy and projectile disintegration had an unconstrained but potentially significant 

influence on the abundance of glycine detected; however, the scatter from these variables may be 

a good representation of differences in biosignature response to other variables that were 

controlled within the investigations but would be extremely stochastic in reality. For example, 

martian ejecta projectiles could vary in shape, composition and biosignature type, and 

distribution. Phobos’ regolith could vary in structure, strength and composition. The strong 

influence that these properties have on potential biosignature survivability was also reflected 

within the large-scale numerical simulations. Therefore, it is important to conclude that, even if 

all impact, projectile and target parameter conditions were the same, the actual biosignature 

survival rate could vary by up to ~35%, based on the scatter of the Phobos-1P and Phobos-1C 

impact campaign data (Figure 7.2), so impact velocities of ~4.5 km s-1 could deliver more 

biosignatures successfully to Phobos than suggested by Table 7.2, or equally significantly less.  
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The possible estimate of 78(+317/-78) ppb (±35% uncertainty in proportion of projectile to 

experience tolerable conditions, Table 7.2) of biosignatures within 1 m3 volume of basaltic 

martian ejecta material would not have been resolved by GC-FID in this thesis (detection limit of 

27 ppm), although adaptations to the GC method can achieve detection limits as low as 0.6 ppb 

(Callahan et al. 2013; Chan et al. 2016; Fujiya et al. 2021).  

Significantly, if biosignatures were never present on the surface of Mars, the delivery of martian 

material to Phobos could offer insight into Mars’ geological and climatic history if collected by 

future sample return missions. Considering the delivery of martian ejecta projectiles from large 

impact events on Mars within the last 3 Myr, (e.g., Zunil and Tooting craters, 10 and 27 km 

diameters, respectively), martian ejecta deposits distributed evenly within the upper 0.4 m of 

Phobos’ regolith, above the Stickney crater ejecta unit, could be up to ~250-500 ppm, (Ramsley 

and Head, (2013) and Chappaz et al. (2013). However, results from the AALGG experiments and 

AALGG-scale numerical simulations in this thesis suggest that if Phobos has a cohesive strength 

and coefficient of friction at the low end of current estimates (Section 2.1.3.4) then martian ejecta 

could be buried up to 7 times its projectile diameter into the regolith. This could put martian 

material, with or without biosignatures, out of reach of MMX’s C-sampler, that will only penetrate 

~2 cm deep (Kuramoto et al. 2018b, 2018a; Sawada et al. 2021; Usui et al. 2018).  

In conclusion, the results from this thesis have shown that the abundance of martian ejecta, 

possibly containing biosignatures, on Phobos is likely to be above the detection limits of current 

analytical techniques. However, the sampling location within Phobos’ regolith may be a more 

significant control over whether detectable martian material is collected by MMX than the 

abundance of martian material itself. The likelihood of detecting martian ejecta, possibly 

containing biosignatures, could be improved by sampling a location with recently uncovered 

regolith material, where preserved martian material buried at depth, is exposed, e.g., small craters 

with bright ejecta rays associated with less mature regolith (Basilevsky et al. 2014). Nevertheless, 

if martian material, with or without martian biosignatures, is not detected within samples returned 

from Phobos by MMX this does not guarantee its absence.  

7.6 Future work 

7.6.1 Ejection of biosignatures from Mars 

Originally this thesis intended to investigate multiple stages of the impact driven transport of 

biosignatures from Mars to Phobos (Figure 1.9 repeated in Section 7.1). However, in response to 

the COVID-19 pandemic, the focus was adjusted to include more numerical simulations owing 

to restrictions on laboratory use. Therefore, knowledge gaps remain regarding biosignature 

survival or modification by the shock conditions experienced during ejection from Mars.  
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There are conflicting suggestions regarding whether martian ejecta experiences minor (<5 GPa & 

<600 K (Nyquist et al. 2001; Hyodo et al. 2019)) or extreme (~100 GPa & >1000 K (Kurosawa 

and Genda 2018; Fujita et al. 2019)) shock conditions during ejection (Section 1.4.1), so further 

impact experiments to quantify the survivability of biosignatures during ejection are required. 

This could use a Mars analogue lithology doped with biosignatures impacted by an inert 

projectile, at a variety of velocities and impact angles. The ejecta could be collected in a dome 

above the target made of a low-density material, e.g., aerogel used in the Stardust missions 

(Burchell et al. 2006; Kearsley et al. 2012; Burchell et al. 2008a; Kearsley et al. 2006), that 

mitigates additional shock conditions than those experienced during ejection. The collected ejecta 

could then be analysed for the survival and modification of biosignatures and the geochemical 

modification of the martian analogue material following ejection.  

7.6.2 Biosignature survival in different martian rock 

types 

Different martian lithologies and surface environments where biosignatures are ejected from may 

influence the biosignature survival. In addition, martian lithologies that differ geochemically and 

mineralogically from the (mostly) igneous-looking Phobos regolith may be more recognisable in 

returned samples.  

The large-scale numerical modelling in this thesis showed that if the composition of the host 

martian ejecta rock that transported biosignatures from Mars to Phobos was sedimentary 

(approximated by serpentine), then biosignature survival could be reduced in comparison to an 

igneous projectile impacting at the same velocity. Therefore, sedimentary rock types should be 

considered in future impact experiments not only because they may result in different biosignature 

survival, but because they are also more plausible hosts for biosignatures than the igneous 

lithologies considered in this thesis (Section 2.1.1.1). Another martian surface environment of 

interest are ice layers that constitute over one third of Mars’ surface (Dundas et al. 2018), because 

they could preferentially preserve biosignatures (Davila et al. 2008; Smith and McKay 2005). 

However, modelling has indicated ice may increase the launch velocity, angle of ejection and 

shock temperatures (Senft and Stewart 2008, 2007), which could generate conditions less 

favourable for biosignature survival. Therefore, some martian surface environments could offer 

initially higher concentrations of biosignatures to Phobos, although how they respond to ejection 

and impact could be less conducive to biosignature survival than other martian environments that 

supply fewer biosignatures in the first place. Igneous environments, such as those simulated as 

projectiles in this thesis are less conducive to biosignature survival on the martian surface.  

The bespoke projectile manufacturing method presented in this thesis could be used to create 

projectiles of any base rock composition, so sedimentary projectiles doped with biosignatures 

could be made. Furthermore, if the ejection aspect of the impact process was also considered 
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(Section 7.6.1), then the particles collected could be used as the base rock component for the 

projectiles. Artificial ice layers could be incorporated by creating partial pellets that can be 

covered with a layer of ice crystals and then sandwiched by another layer of rock powder; the 

biosignature of choice could be incorporated into the ice. The AALGG would need modifying to 

operate as a “cold gun” like the set-up by New et al. (2020).  

Alternatively, the biosignature incorporation between mineral layers could be achieved in a 

bespoke projectile with repeated compression, drying and swelling layers of clay (Pasic et al. 

2013). However, a more reliable way to retain the texture and structure from the source rock 

would be to create projectiles from an intact organic-rich clay-rich analogue. This could be frozen 

to include a wider distribution of ice rather than the isolated ice layer suggested above. These 

methods may improve upon the crystalline form of biosignature incorporation used in this thesis, 

but care needs to be taken to not introduce heterogeneities that themselves could affect 

biosignature survival.  

7.6.3 More complex biosignatures 

In this thesis, only the simple non-polar achiral amino acid glycine was used. It was hypothesised 

in Section 7.3 that the biosignature survival results from this thesis may be an overestimate, 

because glycine has been observed to survive higher shock temperatures and pressures than more 

complex organic molecules (Basiuk and Douda 2001, 1999; Blank et al. 2001; Peterson et al. 

1997; Pierazzo and Melosh 1999). However, COVID restrictions on laboratory access meant that 

more complex organic molecules, e.g., macromolecular carbon, thiophenes, fatty acids and amino 

acids in enantiomeric excesses (ees) (Section 2.1.2) could not be tested.   

As described in Section 7.3, more complex organic molecules may exhibit breakdown products 

following exposure to shock (Bertrand et al. 2009b; Jaramillo-Botero et al. 2021), whereby post-

shock functional groups and molecular fragments indicative of the parent molecule could still be 

detected even if no parent molecules persist, similar to Curiosity data interpretation (e.g., Millan 

et al., 2021; Miller et al., 2016; Szopa et al., 2020). Also, more complex amino acids can exhibit 

racemisation post-shock (Mimura and Okada 2022; Bertrand et al. 2009a, 2009b) or secondary 

amino acids may form (Peterson et al. 1997). If these shock features were detected on Phobos 

they could be traced back to original biosignatures from Mars.  

To test these hypotheses, more complex organic compounds could be incorporated into bespoke 

projectiles as per this thesis. Initially crystalline forms could be used and then other methods as 

described above. The post-impact target could then be analysed with GC-FID or GC-MS to 

resolve different functional groups and breakdown and secondary products. Alternatively, 

projectiles doped with amino acids in ee could be fired and post-impact samples derivatised with 
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a homochiral derivatising agent to generate diastereoisomeric products for analysis by high-

performance liquid chromatography or nuclear magnetic resonance spectroscopy.  

Finally, 13C, 15N and D depletions relative to the inorganic material in the sample could indicate 

biotic origin because life on Earth has been observed to preferentially take up lighter isotopes 

from the environment (Glavin et al. 2020; Wickramasinghe 2009; Fogel and Cifuentes 1993). 

These may be retained post-impact, so could be analysed in post-impact samples using gas 

chromatography isotope ratio mass spectrometry (Cooper and Rios 2016). 

Therefore, additional impact experiments with projectiles doped with different, complex organic 

molecules could provide further insight into the variety of behaviours of organic molecules during 

impact-driven transport from Mars to Phobos, beyond the simplified case considered in this thesis.    

7.6.4 Multiple impacts over longer timescales 

As described in Section 7.1, the AALGG experiments and AALGG-scale numerical simulations 

investigated simultaneous cluster impacts, which are unlikely to occur when martian ejecta 

impacts Phobos. Instead, multiple impacts may occur in the same locations but over several hours. 

It was hypothesised that later arriving impacts could experience higher chances of biosignature 

survival than earlier impacts. Laboratory impact experiments and numerical simulations could 

test this hypothesis. 

This could be achieved in the laboratory by first firing an inert projectile into a Phobos regolith 

simulant followed later by a biosignature-doped projectile into the same target. This could be 

compared to repeats of the impact experiments from Chapter 4 and Chapter 5 using an improved 

projectile manufacturing process to maintain a solid, single projectile upon impact, to investigate 

whether the biosignature survival in the second projectile differs from the initial. Chapter 3’s 

large-scale numerical simulations could be repeated using a second projectile that follows later 

and impacts the disrupted target, to investigate how the conditions within the second projectile 

differ from the first. Together, these additional investigations would consider more completely 

the variation in impact processing, and therefore possible biosignature survival, occurring at 

different points in the ejecta plume. 
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A.1. Large-scale modelling raw data – parameter tests 
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A.2. Large-scale modelling raw data – endmember tests 
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A.3. Phobos-1P campaign velocity determination 
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A.4. Phobos-1C campaign velocity determination 
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A.5. Phobos-1P campaign Gly survival 
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A.6. Phobos-1C campaign Gly survival 
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A.7. Example SEM raw data 
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A.8. AALGG-scale modelling raw data 
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