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Abstract

Despite extensive efforts to study Mars, with more than 40 spacecraft returning data from it to date,

our red neighbour remains a subject of intense study within the field of planetary science. The work

presented in this thesis focuses on the process of impact cratering at Mars and its moons, conducting

experimental impacts using the one and two stage light gas gun at the University of Kent to provide

insights into two topics: 1. The quantity of ice within the Northern Lowland Plains on Mars, and 2.

The transfer of material to the Martian moon Phobos.

It has long been thought that the morphological features of an impact crater can be related to the

surface properties of the target, including whether or not ice is present within it. Past experimental

investigations into the influence of target ice content, however, have typically focused on ice-silicate

mixtures in the range of 0− 50 wt% silicate content. Whilst this may be appropriate for ice-rich

bodies in the outer solar system, it leaves a wide range of silicate-dominated mixtures unstudied

(ones which may be more appropriate for Mars for example). Here, 80 wt% JSC Mars-1 content

targets are impacted with the Kent Light Gas Gun over the velocity range of 1− 5 km/s with 1.5 mm

diameter spherical copper projectiles. For comparison to this, targets with a 50 wt% content of either

JSC Mars-1 or kiln dried sand are impacted over the same velocity range with either 1.5 mm copper

of 1.5 mm basalt (for JSC Mars-1 targets) spherical projectiles.

The results of this showed that, whilst little difference is present when considering the size of

craters formed in silicate-dominated mixtures compared to those formed in 50 wt% content targets,

subtle differences could be observed between the interior morphologies of the produced craters.

Additionally, Martian simulant craters formed by the impact of a copper projectile presented central

pit features, forming craters similar in appearance to terraced craters on Mars. In contrast, those

formed by a basalt projectile showed a linear-to-bowl shaped profile. This suggests that the formation

of terraced craters of Mars may be due to the impact of a metallic (i.e., relatively dense) projectile,

rather than the properties of the target surface.

To investigate the transfer of Martian material to Phobos, a series of shots was carried out using

custom 3D-printed shells containing a europium-doped MGS-1 Martian simulant material. These

were fired over a velocity range of 620− 1620 m/s into cemented PCA-1 Phobos simulant targets.

An ejecta collection system was designed for this series of shots with samples being collected from

four shots, whilst two failed to collect a measurable quantity of ejecta. Projectiles are thought to have

passed through three distinct stages of emplacement: at the lowest speeds projectiles rebounded

producing highly contaminated ejecta, while at higher speeds the projectile was largely emplaced,

decreasing the level detected within ejecta and at the highest speeds, projectile material was ejected

along with target material. Collected ejecta showed the presence of projectile material with the

quantity ranging from 260− 7833 ppm. This indicates that the levels of Martian material planned to

be detected on Phobos by the future MMX mission may be more localised than previously assumed.

The thesis then concludes by recommending improvements to the design of the various experi-

ments reported, along with suggestions for how the work can be taken further to tackle the questions

studied in more depth and detail.
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Chapter 1

The Geology and Craters of Mars

"A luminous beacon across the heavens

and connects us all to the very essence of the Universe"

The Voice of Tomorrow
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CHAPTER 1. THE GEOLOGY AND CRATERS OF MARS

The Mars system presents some of the largest mysteries within planetary science, despite the

high level of study the planet has been subjected to. Two of the biggest mysteries within this plane-

tary system are investigated within this thesis. These are the level of ice thought to be present within

the Northern Lowlands region of Mars and the origin of the Martian satellites. Impact craters and the

crater formation process may provide a means to answer both of these questions. Craters provide

a way to investigate the subsurface of planets, reaching depths far beyond those achievable by the

current generation of spacecraft [1]. This allows the sub-surface composition to be analysed, and

the influence of the sub-surface on crater morphology and size [2–4] provides a means to indirectly

investigate the structure and composition. Additionally, during the formation of an impact crater, the

projectile and target material become mixed. This occurs through both impactor emplacement con-

taminating the target surface [5, 6] and the mixing of projectile and target fragments in the formation

of ejecta [3, 7]. These processes are thought to be key to understanding the possible origin of the

Martian satellites. Thus experimental studies of how projectile material can be mixed into the target

during impacts and how it can be carried in ejecta may provide invaluable insight into this mystery.

Before investigating these processes later in this thesis, however, it is useful to consider the ge-

ological history and present state of the Martian surface. The remainder of this chapter focuses on

this. First a brief discussion of a past Mars where liquid water is thought to have flowed across the

surface introduces the extensive collection of hydrological features identified on Mars. The potential

influence of this hydrological activity on the current day surface can then be investigated. Next, Mars

presents an extensive crater population which has undergone an unparalleled level of investigation.

This provides an almost unique opportunity to study the influence of changing sub-surface struc-

tures and compositions on recent impact crater morphologies. Whilst this chapter does not introduce

the crater formation process or the formation of morphological features thought to be related to the

presence of ice (covered in Chapters 2 and 3 respectively), it provides a useful step to understand-

ing the context of the work presented within this thesis. It is thus useful to introduce the general

study of Mars here, allowing the formation of impact craters and the morphological features typically

associated with volatile materials to be understood within a Martian context.

1.1 Comparative Planetology

Whilst recent in-situ measurements taken by landers and rovers have aided in understanding aspects

of Mars, a large portion of its geological history has come from the study of comparative planetology.

This area of study forms the core of much of planetary science; focusing on understanding the

observed features on a body via our understanding of features elsewhere in the Solar System. In its

most basic form for example, comparative planetology has enabled regions of Mars to be relatively

dated via crater counting [8, 9]. The simplest assumption within studies of crater populations is that:

craters form at the same rate across a planetary surface, therefore no region of a surface should be

preferentially cratered [3]. Hence, a surface presenting a higher crater density is assumed to be older
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CHAPTER 1. THE GEOLOGY AND CRATERS OF MARS

than one possessing a much lower crater density. On Mars, this assumption has been used to date

the Northern Lowlands and Tharsis as some of the youngest surfaces on Mars [9], whilst Arabia and

Noachis Terrae are identified as being the oldest on the planet [10]. These named regions are shown

within the geological map of Mars shown in Figure 1.1. A more complex application of comparative

planetology is to investigate the origins of ‘familiar’-appearing morphological features across the Solar

System. Whilst this has some pitfalls as a method, such as miss-assigning formation mechanisms to

an observed feature - e.g. the origin of lunar craters as discussed in section 2.1 - it enables powerful

insights to be made; some of which will be discussed in the following chapter.

Northern Lowlands

Arabia Terra

Noachis Terrae

Tharsis

Figure 1.1: Geological map of Mars showing geological units and named regions provided by the

USGS [11]. The map provides context to the named regions discussed within this chapter. Named

features and regions can be see when zoomed in on the map.

1.2 The Geological History of Mars

The geological history of Earth has been refined over time and follows the chronological rock history

record [12]. Defining such a time scale for a planetary surface, allows insight into its evolution. On

Mars, however, this record remains largely unavailable for our study. Thus, the geological time scales

of Mars have been defined predominantly through the application of observational and inference

methods [9, 13, 14]; recent measurements performed by the suite of Mars system spacecraft have

allowed this sequence to be further elaborated [8, 13]. Currently, there are two accepted timescales

for the geological history of Mars - shown in Figure 1.2. The most recent of these is based on

the mineral alteration phases of Mars, linking the geological and climate history together [13]. The
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most widely used time scale, however, divides the history of Mars into four geological periods: pre-

Noachian, Noachian, Hesperian, and Amazonian in terms of the observed crater density [8, 9]. Not

only do these periods present differing levels of impact activity, they also represent varying levels of

hydrological activity [8,13], allowing the fluid history of Mars to be further understood.

Figure 1.2: Timeline of the geological history of Mars [13] showing the current two timescales for

Martian history (oldest on the left, youngest on the right). The top timeline is based on mineral

alteration phases identified on Mars [13] whilst the lower timeline is based on the observed intensity

of impact activity [8]. The region between the two timelines indicates materials or activities associated

with these times.

1.3 Martian Water

Mars presents a complex network of evidence supporting the existence of substantial hydrological ac-

tivity having shaped the surface in the geological past [8]. One of the most significant, yet enigmatic,

features thought to support this is the Martian dichotomy - presenting a scarp boundary between

the traditional Southern Highland and Northern Lowland regions [15]. The lowland region (largely

consisting of the Vastitas Borealis sedimentary formation [16]) is often thought to represent the rem-

nants of a long dried global ocean [10, 16–19], with the dichotomy boundary thought to represent a

paleoshoreline [17,19]. Studies along the dichotomy boundary have identified a significant number of

apparent outflow channels, thought to have transported water from the Southern Highlands into the

global ocean [17]. Within several of these, thumbprint terrain and evidence of back-washing is thought

to provide evidence for the occurrence of several tsunami events in the history of Mars [10,18]. When

considering a large global Martian ocean, one of the main problems today is where all of the water

has gone [17]. Morphological investigations of the Martian crater population, however, show many

features supporting the existence of sub-surface ice layers within Mars [16, 20–23] - within craters

considerably younger than the proposed global ocean [24–29].

An in-depth discussion on crater morphology relating to the presence of volatiles and their im-

plications can be found in chapter 3 - with a discussion of these as relating to Mars being found

in section 1.5 in this chapter. The continually increasing fleet of spacecraft orbiting and landing on

Mars has found direct evidence to support the current day presence of volatiles within the near-
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surface region of Mars [19, 30–35]. Of these, for the research presented here, a significant early

observation was that found by the Phoenix Lander [33, 36]. Instrumentation on the lander capable

of digging into the shallow near-surface region uncovered the existence of bright ice deposits in nu-

merous trenches - indicative of relatively pure ice - along with the presence of darker ice deposits

within some trenches [36]. Further evidence supporting the current-day presence of water-ice in the

Martian near-surface is the indication of hydrogen in neutron spectrometer data [30]. Whilst this may

indicate the presence of hydrated minerals (which have been located on the surface of Mars by rover

missions [34,35]), it is thought that the most probable explanation for detection of substantial levels of

hydrogen across large areas of the Martian surface is the presence of water-ice in these regions [36].

1.3.1 Ancient Fluvial Action

Evidence for past fluid activity over the surface of Mars can be seen on both large and small scales.

Whilst orbital images first identified large scale features indicative of fluid activity [17,18,21], subse-

quent analyses by lander and rover missions have further identified medium and small scale indica-

tions of a previously flowing liquid [37]; with in-depth chemical analysis by orbital and rover spectro-

scopic instruments indicating this fluid to have been water [36–38]. The past expanse and nature

of this water is not the key focus of the work presented in this thesis, however, it is an important

aspect of Martian history to cover when looking to understand the inventory of ice and ice-related

features on the surface today. Analysis of the evidence for water having existed on the surface of

Mars strongly indicates it to have pooled - forming lakes or oceans [17]. Many of these are thought

to have been within craters (crater lakes [21]) and many have inferred the existence of a large global

ocean thought to have once filled large portions of the Northern Lowlands region [17, 18]. Evidence

supporting this is found on both the largest scales in the form of extensive valley networks dissecting

the surface and on the smallest scales with rounded ‘pebbles’ and ‘blueberries’ (iron-rich mm-scale

spherules) having been identified by both lander and rover missions.

Viking Lander-era imagery revealed that valley networks on Mars appear to be concentrated in

Noachian terrains [8, 40]. The branching appearance of these features (as can be seen in Figure

1.3), mimicking that of terrestrial valley networks, indicates these features to be hydrological in na-

ture [40]. Contrasting with terrestrial valley features, however, Martian valleys are not observed to

divide upstream into smaller valley, with valleys smaller than 100 km being rare [40]. Many valleys on

the Martian surface are seen to span several 100′s km [8, 40]; with some measured to be < 1000 km

in length [8]. Most of the networks observed in the highlands of Mars are found to be local only [8,40],

they are observed to drain into local depressions, rather than water and sediment having been trans-

ported to a regional or planetary low [8]. Observed local lows (commonly impact crater features)

are seen to possess both inflow and outflow channels [8,40,41], with some depressions seen to link

chains of valley networks covering 1000− 4500 km across the Martian surface extending towards the

Northern Lowlands [8]. These chains form a network of valley and channel features too long and

complex to have been carved by lava, leading many to assume that the valleys on Mars have been
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Figure 1.3: a) Terrestrial valley network on the east coast of Greenland located near the Traill Øer

island, image courtesy of Google Earth 2024, Airbus Landsat/Copernicus. b) Unnamed dried valley

system in the Southern Highlands located to the north of Hellas basin, imaged by the High Resolution

Stereo Camera (HRSC) onboard Mars Express, image courtesy of ESA/DLR/FU Berlin [39]. Both

networks can be seen to have similar branching (root structure) patterns indicative of features formed

through hydraulic actions.

formed by water [8,17,40].

Analysis of the ends of these channels on the surface of Mars provides further support for the

fluvial nature of these features. Whilst some of the channels leading to local topographic lows are

found to be analogous to lunar or Venusian rilles [8], a few of the identified outflow channels are

observed to posses features comparable to terrestrial river deltas [8, 42,43] (see Figure 1.4). Whilst

these features are relatively rare [44], their study has the potential to provide unparalleled insights into

the past hydrological cycle of Mars [42–45]. Despite their relatively high level of study, uncertainty

remains surrounding the formation and implications of deltas on Mars, with much of this arising

from their often direct comparison to terrestrial deltas [45]. Their formation is heavily dependent

on a delicate balance of parameters [44], the largest being both the type of sediment capable of

being deposited and the rate of sedimentation occurring [42, 44]. Some level of indication regarding

these can be found through the observed morphology of the river delta [42, 43, 45]. Stepped deltas

(morphologically similar to Gilbert Deltas on Earth) are indicative of coarse grain sediment being

deposited by a relatively fast flow [43].

A wide fan-shaped delta (such as that in Eberswalde crater, a 65 km diameter Martian crater

at 24◦ S, 33◦ W), however, is typical of finer grained sediment being deposited by a much slower

flow [44, 45]. Further, the relative scarcity of river delta features can also provide insights into past

flows over the Martian surface [42–44] (an in depth review on the process of river delta formation is

far beyond the scope of this thesis, information on this process can be found within Duy, et al. [48] and

references within). The lack of delta formation within areas suspected of once possessing lakes on

Mars indicates the flow to have been rapid enough to suppress sedimentation [44]. Flows insufficient

to fill topographical lows will have also led to either the incision and terracing of deltas [43], or to the

suppression of delta formation [44].
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Figure 1.4: Panel a) shows a terraced delta within an unnamed crater imaged by HiRISE [46]. Panel

b) shows a Gilbert type delta flowing into Karakul Lake in the Himalayas, image courtesy of Google

Earth 2024, Airbus Landsat/Copernicus. Panel c) shows a fan-type delta feeding into Ebserwalde

Crater on Mars imaged by Mars Express [47]. Panel d) shows the Amazon river fan-type delta in

Brazil, image courtesy of Google Earth 2024, Airbus Landsat/Copernicus.

The exploration of Mars has, to date, largely focused around one variable: the planet’s ability to

have supported past life. As such, an extremely high level of interest has been paid to the topograph-

ical lows thought to once possess lakes, following the water in the attempt to find signs of past life -

a key step in astrobiology [49]. The result of this extensive study within several potential paleolakes

has been the identification of small-scale features and chemical evidence to support the existence of

past liquid water on Mars [34,37,50,51].

The in-depth investigation into the paleolakes identified on Mars has been carried out by the fleet

of rover spacecraft that have previously and are currently exploring the surface of Mars. These ve-

hicles, forming a mobile geochemistry laboratory, carry a range of equipment providing the ability

to analyse both surface and shallow near-surface deposits [34, 37, 55]. Additionally, their cameras

provide a new perspective of geomorphological features, enabling them to be observed from both the

ground and different angles rather than solely from above (see Figure 1.5). Their examination of the

areas identified from orbit as potential deltas has provided even further evidence for their hydrological

nature. Images from both the Curiosity and Perseverance rovers have identified rounded boulders

and ‘pebbles’ (Figure 1.5), similar to smoothed terrestrial rocks formed through their interaction with

water [56]. Furthermore, images from channels flowing into topographical lows have identified ‘blue-
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Figure 1.5: Panel a) shows an image captured by the Mastcam onboard Perseverance Rover on Sol

996 [52]. The image appears to show a field of smoothed pebbles that are thought to be indicative of

water having once flowed through this region. Panel b) shows an image captured by the microscopic

imager and PanCam onboard Opportunity Rover on Sol 84 [53]. The image shows mm-scale features

termed blueberries. They are iron-rich spherules thought to form in the presence of water. Panel c)

shows an image captured by the Mastcam onboard Curiosity Rover on Sol 796. The image shows

cross-bedding identified at the base of Mount Sharp within Gale Crater [54]. Cross-bedding on the

scale of 30 cm is thought to be caused by the waves within a body of water carrying sediment material.

berries’ (shown in figure 1.5) which are iron-rich spherules on the surface of Mars [57]. Analysis

of these morphological features have heavily suggested their formation to require the presence of

water. The close-up imaging of rocks surfaces within craters has also revealed the presence of

cross-bedding (figure 1.5). Whilst it is possible for this to occur via aeolian and abrasive processes,

the scale of cross-bedding seen - particularly within Gale crater - is thought to only be possible

through the action of fluid waves [58].

The evidence seen on the surface of Mars shows not only was there once a flowing fluid over the

surface, but that it existed in substantial quantities. This leaves us today with two main questions: 1)

what was this flowing fluid, and 2) where did it all go? Whilst it has been assumed that the features

seen on Mars are due to the action of water, this is not the only possibility. Smoothed ‘pebbles’ have

similarly been identified on the surface of Titan [61]; whilst these are almost certainly the evidence

of a fluid having flowed over this surface, the conditions on Titan entirely rule out this fluid having

been water. Hence, analysis is required to identify this fluid. This is where the chemical analysis
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Valles Marineris

Arabia Terra

Tyrrhea Terra

Figure 1.6: Data showing the locations of detected hydrated minerals on the surface of Mars. The

data [59] is overlaid on a Mars Orbiter Laser Altimeter (MOLA) height map of Mars [60] to provide

geographical context. It shows detected hydrated minerals to be heavily concentrated within the

regions of Arabia Terra and Tyrrhena Terra, a concentration can also be seen along Valles Marineris.

These concentrations are indicative of the regions having undergone considerable aqueous alteration

at some point in the geological history of Mars.

undertaken by landers [36], rovers [34, 37], and orbital spectrometers [59, 62] provide the required

information. Analysis has identified numerous hydrated minerals and phyllosilicates on the surface of

Mars [59] (see Figure 1.6), especially in regions showing further evidence of hydrological activity [62].

The identification of these minerals, containing water, is highly indicative of the fluid having previously

flowed over the surface of Mars to be water. This, however, does not help in answering the second

question posed.

1.4 Martian Ice and Permafrost

In order to investigate where the water once present on Mars went, potential sinks for it to have been

stored in are required. Whilst identifying hydrated minerals and its loss to space provide two possible

sinks [17, 21, 63], neither is thought to be sufficient to account for the quantities required to produce

the morphological features seen. Another potential sink for this past water is the presence of ice on

and within the Martian surface. The presence of surface and near-surface ice on Mars in non-polar

regions was, for a long time, was a contentious topic. Its existence was initially inferred through the

analysis of morphological features [64–66] and crater morphologies [23, 67, 68] across the surface
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of Mars. Additionally, data collected by synthetic aperture radar and spectrometer instrumentation

in orbit around Mars was highly indicative of ice material being present within and underlying the

surface. Indirect evidence was further acquired through the appearance of viscously relaxed surface

features [69] and the near-surface abundances of hydrogen [70] The debate continued, however,

until the direct detection of ice on the surface of Mars. This was accomplished through both the

near-surface excavation in the area surrounding the Phoenix lander [36] and through the ejection

of sub-surface material during impact crater formation [21, 71]. The phase diagram for ice shows a

wide range of ice types can form [72, 73]. For Mars, however, the surface and sub-surface region of

Mars is assumed in this work to be analogous to the environment on Earth [73]. Within this work,

it is assumed that predominantly hexagonal ice is present on Mars with some cubic ice present at

lower temperatures. These detections showed bright deposits of ice to be prevalent throughout the

near-surface region of Mars. In addition to this, studies of freshly exposed scarps at mid-latitudes

have found fresh ice deposits in the near-surface region [74].

1.4.1 Ice Related Morphology

Many of the morphological features observed on Mars are thought to be indicative of ice within

the surface. Whilst some of these features are located within and close to impact features, they

are thought to be the result of processes distinct from that of crater formation. Pitted terrain [66],

molards [64], pingos [65, 75], and morains [76] are some of the key morphological features on the

surface indicative of ice having influenced the terrain - examples are shown in Figure 1.7. The extent

and occurrence of these features on the surface of Mars provides evidence for not only the presence

of ice, but also to its extent. When combined, they are indicative of not only an ice-rich sub-surface

environment, but also one having been influenced by glacial processes. These features are common

at higher latitudes [66, 77]. This decrease in occurrence of ice-related features with decreasing

latitude is suggestive of either the quantity of ice within the surface decreasing equatorwards, or the

cryosphere starting at greater depth.

1.4.2 Martian Icy Craters

The craters on the surface of Mars present an extensive and unique population. Many aspects of the

population are thought to be related to the presence of ice on and within the surface of Mars at the

time of the impact. Whilst the morphology and formation of these features will be discussed in both

chapters 2 and 3 of this thesis, it is important to look at the distribution of these crater morphologies

over the surface of Mars and at what they can tell us about the presence of ice within the Martian

surface. There are some crater types unique to Mars. These are pedestal craters [82], excess ejecta

craters [16], layered ejecta craters [77], and low aspect-ratio layered ejecta (LARLE) craters [68].

Whilst the formation mechanisms behind these craters are not precisely known, the most supported

mechanisms behind these unique crater forms are all thought to be related to the presence of volatiles

and ice on Mars. The discussion in section 3.3.1 shows that Abrupt Terminus Ejecta (ATE)-appearing
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Figure 1.7: Panel a) shows a collection of pingos on the Martian surface [78]. Panel b) shows pitted

terrain on the ejecta blanket of an unnamed crater near Reull Vallis to the east of Hellas Basin [79].

Panel c) shows an unnamed pedestal crater within the Amazonis Region on Mars [80]. Panel d)

shows a fresh unnamed DL crater in the Northern Lowlands region of Mars [81].

deposits around craters are also often attributed to the presence of volatile materials within the target

surface. It is unknown why on Mars they appear possessing layers within the deposits, where they are

found to possess either a: single layer (SL), double layer (DL), or multi-layer (ML) morphology [71].

Formation mechanisms for the layering of deposits typically relies on sequential depositional pro-

cesses [23] - due to the inner layers appearing to overly the outermost ones. This would indicate that

material within the Martian crust became fluidised to differing extents during the crater formation pro-

cess, generating layer boundaries at the extent of each flow. Additionally, interactions between the

Martian atmosphere and the propagating ejecta may lead to differentiation of the material, causing

its emplacement to be altered [3, 83]. This has been proposed for the formation mechanism behind

LARLE craters [68]. These craters possess an extensive, extremely thin outer deposit extending a

substantial distance from the crater. It is thought to be the result of base surge processes pushing the

fine-grained debris from an ice-rich mantling deposit away from the crater [68]. Impacts into similar

mantling deposits are thought to lead to the production of the Martian pedestal craters [25,82], which

have also been suggested to be a heavily degraded form of LARLE craters [68]. These craters stand

above the their surrounding terrain, with steep scarps separating the edge of their associated ejecta

blanket from the surrounding low-lying plains (similar to terrestrial mesa features). Whilst they pos-

sess a morphological similarity to mesas, their formation mechanism is thought to be very different.
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Rather than forming via erosion processes, the pedestal crater morphology is suggested to form

via terrain deflation. At the time of their formation, it has been assumed that pedestal craters were

formed in ice-rich deposits [82]. As the Martian environment was altered over time, the ice within

these geological units began to sublimate, ultimately lowering the elevation of the terrain. The ground

overlain by the ejecta deposit, however, was protected from this process [25,82], with the ice remain-

ing trapped within the near-surface material. Thus, it became perched above the now low-lying

surrounding region. Suggested to form via the same mechanism but with differing results to this

are excess ejecta craters. These are craters whose proximate ejecta volume is considerably greater

than their estimated cavity volume [16]. This is suggested to result from terrain deflation after impact

into an ice-covered terrain unit, rather than an ice-rich deposit. As such, the ice in the material sur-

rounding the crater was susceptible to subsequent sublimation except where it was protected by the

ice-poor ejecta which remained largely unmodified [16,68]

1.4.3 Direct Detections of Martian Ice

Whilst the morphology of the Martian terrain and its craters are highly suggestive to the presence of

ice, it was not until its direct detection that the scientific community could say for certain that this ice

was present and was formed by water. As already stated, one of the first detections of ice within the

Martian crust came from the Phoenix lander [33]. Throughout the mission, the robotic arm experiment

excavated twelve trenches, within eight of which ice was detected [33, 36] (examples of these can

be seen in Figure 1.8). Ice within the trenches was found in two forms, bright and dark ice. Spectral

analysis of these distinct ice deposits found the bright ice to be relatively pure water-ice whilst the

darker ice material is thought to have been in the form of an ice-silicate mixture with an ice content

between 20− 30 wt% [36]. This detection and subsequent analysis not only shows that permafrost

materials are present close to the Martian surface, but also provides a good approximation for their

ice content. These detections, however, are only for the very near-surface region. Whilst other

spacecraft have attempted to reach further into the Martian crust, the current explored limit is < 2 km

in depth with this being reached by radar-based instruments [84,85]. Hence, for the direct detections

of ice material at deeper levels, other features have to be investigated; ones capable of displacing

and ejecting material from depths far beyond those reachable by the current fleet of spacecraft on

Mars.

1.5 The Martian Crater Population

Covering a large portion of the planet’s surface, the crater population of Mars presents a substantial

and very useful dataset. The high level of interest surrounding Mars and its past and future habitabil-

ity mean that this crater population is one of the most heavily studied in the Solar System. Multiple

aspects of the population remain current areas of high interest for research (e.g. cratering rates [88],

small crater populations [89], interior morphology [17, 90], ejecta distribution [64, 91, 92], crater de-
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Bright Ice

Bright Ice

Dark Ice

Dark Ice

Figure 1.8: Images of trenches excavated by the Phoenix lander. Differences in the brightness of the

ice deposits are thought to be due to variations in composition or deposition mechanism [36]. Panel

a) shows the location and scale of the trenches excavated throughout the mission with the excavated

trenches highlighted and labelled. Panel b) show bright ice deposits within the Dodo-Goldilocks [86]

excavated on Sol 20. Panel b) shows dark ice deposits within the La Mancha [87] excavated on Sol

148. Trenches were up to 38 cm long and typically 5 cm in depth.

tection [93], in-situ volatile measurements [37], etc.). Mars presents a unique population of craters

possessing features of both rocky and icy targets - see chapter 3. For example, at larger sizes com-

plex craters on Mars are found to follow a unique size-morphology evolution. Central peaks, peak
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rings, and central pits are all common on the surface but the central domes that are observed on

Ceres, however, are missing. A size-evolution of this nature has led to many suggestions that the

near-surface region of Mars contains a substantial level of volatile materials [67]. Additionally, as

already stated the ejecta deposits surrounding Martian craters have also come under intense inves-

tigation, leading to the identification of crater classes unique to Mars, specifically LARLE [68, 94],

Excess Ejecta (EE) [16], and pedestal (Pd) [71] craters.

1.6 Martian Crater Databases

Consisting of a total of 42, 284 craters, the first large-scale database of Martian craters was compiled

by N. Barlow in 1988 [95]. More recently, taking advantage of the increased resolution available

within newer images of the Martian surface, a new database of the Martian crater population has

been compiled by Robbins and Hynek in 2012 [96], containing a total of 384, 343 craters. Overlying

MOLA data [60, 97], the population of Martian craters within the 2012 compiled database is shown

in Figure 1.9; the population presented in Figure 1.9 has been filtered to only contain craters with

both an associated confidence level and degradation state (as assigned by Robbins and Hynek

when compiling the database) where the confidence level is a subjective impact-interpretation of the

feature and the degradation state is a measure of the crater freshness. Whilst initial observations

of the Martian crater population may appear to show a somewhat uniform distribution, particularly

within the mid-latitude regions of Mars, important trends can be identified. The most prominent, and

most important for the research presented here, is that of the apparent lower crater density within the

Northern Lowland region of Mars, commonly attributed to the younger age of the planetary surface

in this region [17,18,98].

Some caution is needed in analyses of this data set. For example, the boundary between the

Northern Lowlands and the higher lands to the south is a region of great interest. Therefore, it has

been studied in detail, with many craters being identified. This leads to an apparent increase in the

crater flux within this area. Thus, the increased crater density in this area (particularly noticeable

within the Martian crater database once filtering has taken place) is likely a simple observation bias.

Contrasting the higher crater density along this boundary, several areas in the Southern Highland

region can be seen to have substantially lower crater density values. When comparing the crater

distribution to the shown MOLA data, many of these regions possessing a decrease in crater density

coincide with easily identifiable large impact features e.g. the Hellas and Argyre Basins’ which will

have overwritten earlier features. However, to the south of the dichotomy, the most extensive region

presenting a decreased crater density corresponds to the Tharsis volcanic region. Within Tharsis,

several large volcanic features can be identified (including Olympus Mons). As such, the notice-

ably lower crater density within this region is likely due to extensive resurfacing processes (volcanic

resurfacing, sediment deposition, etc.) having occurred at several times during the past.

Figure 1.10 shows the latitudinal and longitudinal crater density (the number of craters per degree)
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Arabia TerraTharsis

Terra Sirenum

Figure 1.9: Recent database of Martian craters (grey dots) compiled by Robbins and Hynek [96]

filtered to contain only craters possessing both a confidence and degradation level. The crater popu-

lation overlies a MOLA heightmap [60,97] providing a visual representation of location on the surface

of Mars. Additionally, selected volcanic features (blue), large impact features (red), and mission land-

ing sites (yellow) are labelled.

Figure 1.10: Latitudinal (left) and longitudinal (right) distributions of crater density after filtering of the

crater database compiled by Robbins and Hynek [96]. Within the longitudinal distribution the regions

of Tharsis and Arabia Terra are highlighted (by the red and green regions respectively) along with

the Argyre and Hellas impact basins. The relatively low count rate in the Tharsis region is associated

with volcanic resurfacing, and the high rate in Arabia Terra presumed to be related to its old age.

distributions for the filtered crater database. Latitudinal trends show a clear preference for craters to

be identified within the southern hemisphere of Mars, with a sharp increase seen at ≈ 0◦, and the

highest density being seen at 16◦ S. Within both hemispheres, crater density decreases as the lati-

tude increases, with very few craters being seen at latitudes > 80◦ N or > 82◦ S (represented by the

two blue dashed lines in Figure 1.10). To explain this observed scarcity of identified impact features

within the extreme latitude region on Mars, several explanations can be posited. The reduced crater

density may simply be an observational bias; with the majority of orbiter missions focusing on regions
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close to the equator; a lack of observations at high latitudes may make craters increasingly difficulty

to identify. Enhanced shadows (due to a higher Sun-surface angle), however, would aid somewhat in

the detection of topographic relief features (e.g. crater rims and pedestal craters). As such, there are

likely processes occurring within these high-latitude regions leading to the enhanced removal/degra-

dation of craters. Observations of Mars have shown extensive deposits of polar-ice at both the north

and south poles; the extent of which are known to vary over the year. Impacts into this ice layer or

a temporarily exposed underlying surface, followed by the subsequent retreat of an ice layer, would

lead to the removal of a crater; whilst the advancement of an ice layer over a crater formed within

the underlying layer would substantially erode any recognisable topographic features. Thus, the sea-

sonal variation observed in the Martian polar ice deposits is the likely explanation behind the almost

complete lack of craters at extreme latitudes in both hemispheres.

Figure 1.10 also shows clear longitudinal crater distribution trends. As stated, reduced crater

densities can be seen corresponding to large impact basins on the Martian surface (for example, the

Hellas and Argyre impact basins as highlighted in Figure 1.10). By far the largest reduction in crater

density for the longitudinal trends, however, corresponds to the Tharsis volcanic region, which is thus

likely one of the youngest surfaces on Mars. Contrasting with Tharsis and the large impact features,

an increase in crater density can be seen in the Terra Sirenum (located to the south-west of Tharsis)

and the Arabia Terra regions. These regions are thought to be some of the oldest on the Martian

surface, and therefore the most cratered regions of Mars. However, whilst the crater density on the

Martian surface can provide substantial information, highlighting overall trends found on Mars, further

categorisation of the Martian crater population can aid in the identification of more nuanced patterns

displayed.

1.6.1 Crater Degradation States

The categorisation of the Martian crater population by the assigned degradation state (a description

of how this was done can be found in Robbins and Hynek [96]) is shown in Figures 1.11, 1.12, and

1.13. In general, as the level of degradation increases, so does the number of identified craters

- with 28, 834 craters being classed as ‘most degraded’, 17, 364 being classed as ‘less degraded’,

21, 314 being classed as ‘less pristine’, and only 6, 283 being classed as ‘most pristine’. The number

of craters falling into the ‘less pristine’ category goes against the general trend. Contrasting the

identified global trend, the Tharsis region on Mars appears to possess mostly ‘less pristine’ craters,

further supporting this region being one of the youngest on the Martian surface. Additionally, as

the degradation level of the craters increases, Figures 1.11 and 1.12 show the extent of the Martian

surface covered by the population to increase. Craters classed as being ‘most pristine’ are found

to be located largely in equatorial regions - around the dichotomy boundary; craters classed as

‘most degraded’, however, cover a substantially larger portion of the Martian surface. This enhanced

extent covered by increasingly degraded craters is mostly due to surface age, by may also reflect

some enhanced degradation processes occurring within some areas.
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Figure 1.11: Population of Martian craters compiled by Robbins and Hynek [96] categorised by as-

signed degradation state. a) Craters identified within the database as being the ‘most pristine’ or

freshest craters on the Martian surface, often assumed to be the youngest craters and surfaces. b)

Craters identified as being ‘less pristine’, showing some level of degradation, erosion, or relaxation

processes. Continued in Figure 1.12.
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Figure 1.12: Continued from Figure 1.11. Population of Martian craters compiled by Robbins and

Hynek [96] categorised by assigned degradation state. c) Craters identified as being ‘less degraded’.

d) Craters identified as being the ‘most degraded’, having undergone extensive degradation and/or

relaxation processes, often assumed to be the oldest craters and surfaces on Mars

There are, however, some differences in the causes of crater densities and degradation status

that are not age related. As stated, the crater population within the Tharsis region, shows an area of

Mars with not only very few craters, but a substantial percentage of its crater population is found to be

classified as ‘most pristine’ and ‘less pristine’. Consideration must be made, however, when introduc-

ing the crater degradation level into estimations of the relative surface age of erosion and relaxation

processes occurring on the surface of Mars. Whilst Tharsis is said to be one of the youngest sur-

faces on Mars, the same arguments can also be applied to the Northern Lowland region. In addition,

the numerous volcanoes within the Tharsis region lead to the assumption that throughout this area,

the surface of Mars is composed of extensive lava flows, providing a coherent rocky target surface.

In comparison, the near-surface region of the Northern Lowland region is thought to be composed

largely of permafrost-like material. Hence, the weaker material present in this northern region is likely
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Figure 1.13: Latitudinal (left) and longitudinal (right) distributions of crater density separated by as-

signed crater degradation state. For most and less pristine craters, they are found to be heavily

focused within the mid-latitude region of Mars (the blue shaded region within the figure). Outside of

this region, both populations show a sharp decrease in occurrence. The Tharsis (red) and Arabia

(green) Terra regions are identified within the longitudinal distributions. The relatively low count rate

in the Tharsis region is associated with volcanic resurfacing, and the high rate in Arabia Terra is pre-

sumed to be related to its old age.

to enhance degradation processes subjected to formed craters. The lifetime, during which craters

are able to be identified within this region, is thus likely to be considerably less than those in other

rocky regions. Additionally, the lowland nature of the Northern Plains forms a dust trap for wind-blown

material transported across the Martian surface [17]. As such, craters formed throughout this region

may become buried by dust or other material at an increased rate.

1.6.2 Abrupt Terminus Ejecta (ATE) Craters

Further categorisation of the Martian crater database allows for the distribution of craters possess-

ing ATE-appearing ejecta deposits to be analysed. From the 73, 650 craters included in the filtered

database shown in Figure 1.9, 18, 969 were found to possess ATE-appearing ejecta (the exact break-

down of which - between SL, DL, and ML craters - is given in table 1.1). When considering the

distribution of Martian ATE craters, those possessing a higher number of ejecta layers (22%) are

noticeably rarer than those possessing only a single layer (78%). Within the population of Martian

ATE craters, 90 craters are found to possess four ejecta layers, whilst only five are found to possess

five distinguishable layers within their ejecta deposit. Currently accepted formation models for ATE

craters require that, for the formation of a DL or ML ATE crater, the impactor must penetrate further

into the target surface than for a SL ATE crater. However, if volatile material (thought to be key to

the formation of Martian ATE-appearing craters) exists close to the planet surface, DL or even ML

ATE craters may form as a result of much smaller impacts - penetrating to a substantially shallower

depth. Thus the distribution of ATE-appearing craters on the Martian surface may potentially be used

as a observational proxy to indirectly investigate the distribution of volatile materials throughout the
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near-surface region of Mars (see Figure 1.15).

Table 1.1: Number of SL, DL, and ML craters within the database compiled by Robbins and

Hynek [96].

Ejecta layers Number of craters

Single layer (SL) craters 14, 577 (78%)

Double layer (DL) craters 3, 290 (18%)

Multiple layer (ML) craters 829 (4%)
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Figure 1.14: Martian crater population separated by distinguishable layers within ejecta deposits. a)

Craters identified as having a single layer in their ejecta deposit (SL craters). b) Craters identified as

having two layers within their ejecta deposits (DL craters). c) Craters identified as having three or

more layers within their ejecta deposits (ML craters).

Page|21 jejf3



CHAPTER 1. THE GEOLOGY AND CRATERS OF MARS

Figure 1.15: Latitudinal (left) and longitudinal (right) distributions of crater density separated by the

number of distinguishable layers within ejecta deposits. The Tharsis (red) and Arabia (green) Terra

regions are identified in the longitudinal distributions.

1.6.3 Central Pit Craters

From the population shown in Figure 1.9, 2512 craters are identified as possessing central pit fea-

tures on the surface of Mars (Figure 1.16), with the crater density distribution being shown in Figure

1.17. The majority of these craters are found to be concentrated in equatorial regions (with a dip in

concentration at the equator itself). The observed dip in this population along the equator, however,

may indicate the presence of two central pit crater populations with the overall population presenting

a bimodal distribution. Outside of the equatorial region (≈ 30◦ N/S), there appears to be a substantial

decrease in the central pit crater population in both hemispheres. The majority of current mechanisms

suggested for the formation of central pit craters (discussed in section 3.4) require the presence of

volatiles within the target material. These suggested formation mechanisms would imply that most

central pit craters therefore would be located in the Northern Lowland region; this region, however,

shows a considerable lack of central pit craters, with the majority of them appearing to lie to the

south of the dichotomy boundary. Such a distribution may indicate factors other than the presence

of volatiles being necessary for the formation of central pit features. When looking at the latitudi-

nal density distribution for central pit craters (shown in Figure 1.17), the distribution in the southern

hemipshere shows a rather abrupt drop off in central pit crater numbers at a latitude of 38◦ S. In

the northern hemisphere, however, whilst the distribution again shows a considerable decrease, the

drop-off is much less abrupt, showing a more gradual decrease.

1.7 Conclusions

The surface and near-surface region of Mars supplies information about the geological past of the

planet. When combined with the information obtained from analysis of the Martian crater population

this can provide a robust means to infer properties about the near-surface composition and structure.

The distribution of craters across the Martian surface aids understanding of the relative surface ages,
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Figure 1.16: Population of Martian craters identified as having central pit features within database

compiled by Robbis and Hynek [96]. From the filtered population shown in Figure 1.9 2512 craters

are identified as having a central pit with the majority of them concentrated in the mid-latitudes.

Figure 1.17: Latitudinal (left) and longitudinal (right) distributions of crater density for central pit

craters. The latitudinal distribution shows a sharp drop-off in both hemispheres close to ±45◦. Longi-

tudinal trends show no clear distribution outside of the Tharsis (red) and Arabia (green) Terra regions

highlighted in the figure. The reduced crater count is thought to be due to volcanic resurfacing whilst

the increased count in Arabia Terra is thought to be due to its old age.

in particular when considering the degradation state of craters. Areas possessing a significant lack of

degraded craters are younger than those possessing predominantly fresh craters. This may be due

to either the resurfacing of the crust within this region (as is thought to be the case within Tharsis) or

because of enhanced degradation rates due to the surface properties (a potential process occurring

within the Northern Lowlands). The discussion presented within this chapter provides the information

required for the following chapters within this thesis to be understood in the context of the Mars

system. In the next chapters we look at how impact features form and are studied along with the

morphological features typically thought to be related to the presence of ice throughout the broader

Solar System.
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CHAPTER 2. IMPACT CRATERS IN THE SOLAR SYSTEM

2.1 Deciphering the Impact Crater

Impact craters are one of the most widely used groups of geological features in comparative plan-

etology studies in recent decades [2, 10, 23, 27, 67, 71, 91, 99–120]. They are recognised as one of

the most abundant geological features throughout the solar system [121], with their presence being

observed extensively on the surfaces of the rocky terrestrial planets, and those of the icy satellites

(and other small bodies) throughout the outer solar system [121,122]. An impact crater is formed as

the result of a hypervelocity impact between a projectile and target. There are numerous definitions

of hypervelocity within the literature (the point at which shock waves traverse through a target and

projectile at a speed higher than its sound speed [3] or impacts occurring at speeds higher than

≈ 1 km/s [1]). For the work within this thesis, it is taken as the point from where the resulting impact

feature transitions between having a diameter approximately equal to the impactor to one consid-

erably larger. Despite the established importance of impact structures, their study has only been

recognised for a relatively short time [3] (mostly since the impact origin was suggested for Meteor

Crater by Barringer in the early 20th century) - only coming to the forefront of scientific focus dur-

ing the 1960’s to 1970’s, with the birth of the space age [3, 121]. Since the rise of this research

field, robotic spacecraft have provided a substantial quantity of data regarding the populations of im-

pact craters present throughout the solar system. Such data, combined with an increasing number

of interdisciplinary investigations, has led to an ever expanding deepening understanding of impact

structures and the mechanisms behind their formation.

2.1.1 The Origin of Crater Investigations

The modern understanding of impact cratering evolved from initially separate areas of study, each

being incorporated at considerably different times over the last four centuries [3, 121]. The first

discussions of impact craters emerged during the 17th century [3,121], with the observation of circular

depressions on the lunar surface being documented by Galileo [123] in 1609. Observations carried

out by Galileo went considerably farther than simply identifying depression features on the lunar

surface. Features were preferentially identified along the lunar terminator (the dividing line marking

the edge between day and night on the moon), which allowed for the recognition of raised rim features

surrounding many of the craters [3,123] - as shown in Figure 2.1. Despite the extensive recording of

lunar craters undertaken by Galileo, he made no suggestions as to their origin [3, 124]. Speculation

regarding an origin for the lunar features was first documented by Hooke [3,124,125], in 1665. Small-

scale experiments undertaken by Hooke considered an impact origin for the lunar features. Similarity

was noted between pits formed from dropping pellets into clay mixtures and the features seen on

the lunar surface [125]. The lack of a fundamental understanding regarding the existence of asteroid

populations [3, 121], however, led to volcanic or internal heating processes being favoured; further

supported by the noted resemblance of a boiled alabaster surface to that of the Moon [123,124].

It is only since the work of Gilbert [3, 121, 126] in 1893 that the study of an impact-based origin

Page|25 jejf3



CHAPTER 2. IMPACT CRATERS IN THE SOLAR SYSTEM

Figure 2.1: Sketches of lunar surface features by Galileo in 1609 based on observations made of the

lunar surface [123].

for lunar craters gained momentum. Analysis of these features led not only to the identification of

a size morphology relation (expanded upon in section 3.2), but further led Gilbert to propose an

impact-based origin to be the only process capable of explaining the characteristics of the observed

features [3]. This proposition was further supported with the identification of Meteor Crater, Arizona

(Figure 2.2) as an impact crater in 1903 [3, 121], having been formed as the result of an impacting

iron meteorite. Despite this, the geological and physical importance of the impact process remained

largely ignored by much of the scientific community. The identification of shock metamorphic effects

at both terrestrial and lunar impact sites highlighted the significance of impacts on the evolution

of planetary systems, leading to a more substantial appreciation of their formation process [121].

Additionally, the identification of the Chicxulub impact structure in current day Yucatan, Mexico -

thought to be heavily linked to the Cretaceous-Palaeogene boundary extinction event [121, 122] -

cemented the idea within the scientific community that impact events not only have a substantial role
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in the evolution of planetary systems, their influence continues to this day [122].

Figure 2.2: The 1.2 km diameter Meteor Crater, Arizona [127]. The first confirmed impact crater on

Earth, proposed as an impact structure in 1903. Geological investigations into the crater aided the

understanding of the crater formation process [3, 128]. Its ‘squarish’ shape is thought to be due to

pre-existing faults within the Earth allowing preferential excavation along those axes [3,7,129].

2.1.2 Explosive Cratering and Underlying Mechanisms

One major theoretical issue dominated the field for a substantial time when considering the impact

origin of lunar features. Small-scale, low-velocity experimental data initially indicated that, whilst

craters could be formed as the result of meteorite impacts, only vertical impacts were thought to lead

to the production of a circular crater feature [3]. Very few impact events, however, are thought to be

vertical with the average impact being at an angle of 45◦ [3,130]; hence, elliptical craters were initially

assumed to be far more common (if an impact origin were true) than analyses found them to be.

Observations have found that within the crater populations on Venus, Mars, and the Moon, only 5%

are elliptical [131]. It was found in experimental investigations and numerical simulations, however,

that all but the most oblique impacts produced a circular crater (see Burchell and Mackay [132] and

references within). This solves an apparent discrepancy between the small population of elliptical

craters and the frequent oblique impacts.

As the recognition of explosive craters increased following the onset of World War One, it became

increasingly recognised that the energy release from impact events mirrored that from chemical ex-

plosive events [3, 133]. This led to an initial increase in large-scale explosive cratering studies, at-

tempting to gain understanding regarding the mechanisms governing the crater formation process

- particularly following the cessation of the Second World War, where high-explosive and nuclear

craters underwent significant study [133–136]. Despite being substantially smaller than the simple

craters (Figure 2.2) identified on Earth (which typically possess a diameter of ≥ 1 km), the production
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of nuclear craters (Figure 2.3) allowed investigations into the crater formation process to be carried

out under ‘controlled’ conditions; enhancing the identified link between explosive craters and those

produced by meteorites including that of shock features in minerals at the relevant sites. Following

the nuclear testing ban in 1963 [137], however, large-scale explosive testing came to an abrupt end.

Figure 2.3: Sedan Nuclear Crater, Nevada [138]. With a diameter of 390 m, it is the largest nuclear

crater produced. Due to the similarities of impact craters to those generated by nuclear detonations

nuclear testing was a primary focus of previous impact crater studies.

The interest in space flight following the end of the Second World War, led to an increasing number

of studies investigating the effects of high-velocity impacts on spacecraft [3] - which continues today

with specific interest in damage mitigation from these events [139–141]. In parallel, the large number

of investigations looking at explosive cratering processes allowed for the development of the first

scaling laws for crater dimensions as a function of impact conditions [3]; further studies have allowed

for the advancement of these scaling laws (allowing dimensionless crater parameter relations to be

scaled to different size ranges for comparison purposes), with their use for a range of different crater
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parameters and materials [117]. Whilst explosive cratering studies reduced in their frequency, it

is a method still being employed today using non-nuclear detonations, with a variety of explosive

parameters (depth of burial, mass of explosive, type of explosive, etc.) being investigated due to

their application to a large number of accidental and/or intentional explosive events [133, 135, 142–

144]. Whilst not the main focus of this research, deductions can still be made with regard to the

impact cratering process. In particular, investigations probing the effect of explosive events above

the target surface [134,136,145], may provide considerable experimental insight into air-burst events

(a considerably more common occurrence on Earth than that of crater formation [146]).

Figure 2.4: Heavily degraded terrestrial craters. A) 52 km diameter Siljan Ring, Sweden [147]. B)

Mistatin Crater, Canada [148]. The crater is thought to have initially been 28 km in diameter with the

lake today being 16 km across. C) Vredefort Crater, South Africa [149]. Originally 170− 300 km in

diameter. D) The 12− 13 km diameter Serra da Cangalha Crater, Brazil [150]. As can be seen, often

the level of degradation and erosion craters on Earth become subjected to following their formation

makes their identification and subsequent study difficult.

Understanding of the crater formation process - typically divided as stated into: contact and

compression; excavation; and modification [2, 3, 121, 122] - has increased substantially in recent

decades [2,121,122]. Such advancements have supported the notion that, despite the extreme and

apparent chaotic nature of crater formation, the physics governing the underlying mechanisms remain

constant throughout the solar system [2,3,121]. Nevertheless, the study of such a process is still hin-

dered by the generally unusual nature surrounding impact features [121,122]. The extreme physical

conditions associated with impact events, combined with their almost instantaneous nature and the
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rarity of terrestrial impact events makes in situ investigations of planetary-scale craters exceedingly

difficult to undertake [121,128,151]. In particular it is difficult to probe fresh structures even on Earth

where we have access, due to their relative paucity [115,121,130]. Characteristic features produced

during the cratering process (e.g. shock-metamorphic effects [2,152], large-scale faults [7,129], im-

pactites [3, 153], etc.) are commonly used to identify the presence of a crater [4, 121, 154], even

where one no longer remains clearly visible (such as the terrestrial impact features shown in figure

2.4). However, as such shock features require extensive field work to obtain evidence for, only those

associated with terrestrial impact features can be easily studied [2,4,121].

2.1.3 The Crater Formation Process

Mechanisms governing the impact crater formation process are initiated upon the first contact of a

projectile and target body. Whilst the process occurs as a continuous sequence of events governed

by the propagation of shock waves [3,122], a deeper insight can be obtained through the splitting of

the event into three stages [2, 3, 121, 122]; each covering a somewhat distinct sequence of events.

Between such stages, a gradual transition leads to the grading of each into the subsequent set of

events. Traditional models of impact crater formation thus typically separate the process into the

stages of: contact and compression; excavation; and modification [3,121,122]. In cases where sub-

stantial quantities of volatile materials may play a role in the crater formation process, an additional

stage of chemical and hydrological alteration may be included, occurring both during and after the

standard modification stage [121, 155]. Observed impact craters show a wide range of morpholog-

ical features (discussed in chapter 3 in detail) due to their formation under different conditions (e.g:

target/projectile composition, impacts speeds, etc) [2]. The drastic changes in both pressure and

temperature during an impact lead to extreme strain rates and stresses, resulting in impact craters

being unique from a geological perspective, presenting features unlike any other known geological

feature on a planetary surface [2,3,121].

2.2 Contact and Compression

At the time when an incident projectile contacts a target surface, the first stage (contact and com-

pression, Figure 2.5) of the impact cratering process begins [2,3,121,122]. Often the briefest stage

of this complex process [2, 3, 156], it lasts approximately the time it takes the projectile to traverse a

distance equal to its own diameter into the target [156]. During this time, the initial kinetic energy of

the projectile is partitioned between both the projectile and target in the forms of internal and kinetic

energies [2,122,156,157]. The partitioning of this energy is controlled by induced shock waves that

propagate from the point of impact into the target and back into the projectile [2,3,122,156,157], The

passage of these shock waves decelerates and compresses the projectile whilst simultaneously ac-

celerating and compressing the target. As the shock wave passes, material is typically compressed

to pressures on the order of hundreds of GPa (this is variable depending on the projectile mass
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and velocity) [3, 121, 122]; a shock pressure much higher than known material yield strengths [3].

The propagation of the shock wave through the projectile and target occurs at a speed much higher

than the standard sound speed of geological materials [122]. Hence, the change in pressure and

temperature along the shock front is near discontinuous [2].

Projectile

Shock wave

Target body

Jets and debris

Shock wave

Rarefaction wave

Figure 2.5: Schematic diagrams of the start (left) and end (right) of the contact and compression

stage, adapted from [122]. Upon first contact, a shock wave - shown in blue - propagates through

the target material. This is followed by the rarefaction wave - shown in grey - reflecting from the

free-surfaces of the projectile and target. At the end of contact and compression the projectile no

longer plays a role in the crater formation process having been largely melted/vaporised.

A short time after the initial contact, the shock wave propagating through the projectile reaches

its rear free surface. Interaction of the shock wave with this surface causes a reflected rarefaction

wave to begin propagating back through the compressed projectile, towards the target [3,156]. Upon

this reaching the projectile-target interface, contact and compression is said to have ended [3, 121,

122, 156]. These rarefaction waves travel at a speed faster than the generated shock waves [156]

and as such, eventually catch up (covered in more detail in section 2.3.2). As the rarefaction front

passes through the compressed projectile material, it causes it to unload from the high-pressure

state. This unloading of the projectile material further decelerates it and reduces the shock pressure

within the projectile to near-zero [3, 156]. As a direct result of the unloading process, projectile

material is commonly melted or vaporised [122, 156]; thus, following the cessation of the contact

and compression stage of impact cratering, the projectile plays no further role in the formation of

the impact crater [3, 122]. While the projectile is undergoing shock compression and release, the

generated shock wave continues to propagate through the target. This propagation begins the initial

formation of the crater cavity [3], causing the target material proximal to the impact site to undergo

shock metamorphism processes [121].

2.2.1 Impact Jetting (Ejecta Transport 1)

Impact jetting, during the initial contact and compression stage of crater formation, occurs as one

of the first processes to launch ejecta material from the impact site [156, 158]. During this process,

streams of very highly shocked, melted, or even vaporised material throw ejecta from the impact site
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at speeds commonly faster than that initially possessed by the impactor [3,158,159]. Whilst the pro-

cess of impact jetting was first understood through the development of armour piercing weaponry [3].

Application of the process to planetary impacts has undergone an increase [156, 158–160], having

been initially thought a negligible process in all but the most oblique impact events [3]. This early

neglection of the phenomena was largely due to the limited mass thought to be involved in the pro-

cess [3, 158]; however, Melosh [3] has suggested that jetting plays a more important role in the

crater formation process. Jetting is thought to be responsible for the production of many melts and

chondrules [158, 159], as well as having a role in the ejection of material from a planetary body or

system [159]. When considering a two-dimensional impact, as the projectile penetrates the target,

two high-pressure regions develop on either side of the projectile [156] - at the points where its sur-

face converges with that of the target [3, 158]. Material within these regions is subjected to a large

unconstrained pressure gradient, leading to it experiencing an acceleration away from the impact

site [156].

Investigations into the jetting phenomena initially modelled the process as a purely hydrodynami-

cal effect through the thin-plate theory [158,159,161,162], in which two material plates collide at an

oblique angle. Analysis of the jetting process through the thin-plate theory led to the development of

two criteria for when a jet will or will not form. Firstly, shocks present within the converging stream

are required to be detached from the collision point [159, 161, 162], a jet may also form in the case

where no shocks are present in the converging streams [159]. As the convergence angle between the

two plates decreases, the jet velocity increases towards infinity [161, 162]. Along with this, a shock

present within the converging steam moves towards the collision point [161]. At a critical angle, de-

pendent on plate velocity and the material equation of state, the shock attaches to the collision point

and the jet formation process ceases [159,161,162]. This material dependent critical angle provides

the second criterion for jetting to occur during an impact event.

The simplest geometry when considering the impact jetting process is shown in Figure 2.6. In

this geometry, two thin material plates collide with a collapse angle (α) between them [3,159]. If this

collapse angle is greater than a material-dependent critical angle (αcr), a high-speed jet will emerge

along the bisector [3, 158, 159] resulting form the geothermal leveraging generated from oblique

collisions [159]. The jet has a velocity of vj in the standard reference frame that may exceed that of

the initial impactor [3,156,158]. As the collapse angle between two plates decreases, vj increases as

the jet mass decreases. Hence, the conservation of momentum means that, an opposing high-mass,

low-velocity stream must form [3, 156, 158, 159]; this stream is termed the ‘slug’. Figure 2.6 shows

the thin plate theory in two distinct reference frames [158]. The collisional reference frame is defined

such that the stagnation point in Figure 2.6 remains stationary [3,158]. In this frame, the plate velocity

vectors (vp0) are parallel to their faces and the jet velocity (vj0) can be found as a fraction (f = vj0/vp0)

of this [3].

The maximum pressure of the material within the jet can be found through the application of

Bernoulli’s equations [3, 158, 159]. The sum of the specific enthalpy and kinetic energy is constant
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Figure 2.6: The thin plate theory of impact jetting [158] showing both reference frames. This illustrates

the process of two plates collapsing at a speed vp with a convergence angle α between them. The

point of collision has a velocity of vc. A jet is formed along the bisector with a velocity of vj. In the

collisional frame, the collision point is stationary with vp and vj undergoing geometric transformations.

The lines marked S within the figure represent shock waves in the colliding plates.

along streamlines within the flow [3]. Whilst the material within the jet is some of the most highly

shocked ejecta resulting from the impact process [3, 156], calculating the exact shock pressure is

not a simple task as it is strongly linked to the equation of state for the material within the jet [3].

Pressures within the jet, however, are found to be highest when α ≈ αcr [3,158]. When the geometry

of jetting is extended to consider the impact of a spherical projectile into a planar target (such as

that shown in Figure 2.7, and the basic geometry for a planetary impact event), the collapse angle

between the projectile and target material changes. In this geometry, α ranges from 0− 90◦; hence,

at a time during the impact process, the critical angle will be passed and a jet will form [158]. To

probe the jetting process further, a much deeper understanding of the mathematics governing this

process would be required. This is, however, far beyond the scope of the work presented here.

2.2.2 Projectile Unloading

Upon completion of the contact and compression stage, the entire projectile has been shocked and

subsequently unloaded from the high pressure state [3,122,156]. Similarly to the initial compression

of the projectile, it unloads from its high pressure state differentially [3]; the rear of the projectile

is decompressed much earlier than the front of the projectile. The decrease in pressure within the

projectile material causes it to undergo a considerable expansion [3,156]. For sufficiently high shock

pressures, this expansion occurs at a rate approximately equal to the thermal expansion velocity for

the material within the projectile [156]. This results in the complete disruption of the projectile, and

may lead to large portions of it becoming entirely vaporised [3, 122, 156]. The front of the projectile
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Figure 2.7: The spherical impact theory of impact jetting [158]. The projectile impacts the target

surface at a speed vimp. When moving to this geometry for the theory of impact jetting the collapse

angle α between the two colliding surfaces moves through the range of 0− 90◦. This means a jet will

always be formed. In this figure, the shaded area and line labelled S represent the region that has

been shocked and the shock front along which the jet will emerge, respectively.

sustains the projectile-target interface at high pressure [156]. As such, the decompression of pro-

jectile material induces an upward motion [3,156] driven by the significant pressure gradient through

the projectile [156]. This can lead to parts of projectile expanding out of the crater as a vapour

plume [3], potentially allowing projectile material to escape the target planet - this process is distinct

from the jetting phenomena already discussed. At this point through the crater formation process,

the disruption and potential vaporisation of the projectile means that it no longer plays a role in exca-

vating and modifying the crater. Remaining fragments, however, may provide valuable insights into

emplacement processes and the intiail parameters of the impact event [5].

2.3 Excavation

The second stage of impact crater formation (excavation, Figure 2.8) is typically defined as beginning

at the point the projectile has fully unloaded, starting immediately after the contact and compression

stage [3]. During this phase, the crater opens up, forming a transient cavity [2, 7, 121, 122], the

diameter of which is several times larger than the projectile itself [3]. The opening of this cavity

is governed by two main processes [3, 122] shock wave expansion and excavation flow. An initial

hemispherical, supersonic shock wave [3] expands into the target [2, 3, 7, 121, 122] weakening as it

covers more material and eventually decaying into a sub-sonic stress wave [3, 7]. Resulting from

the penetration of the target by the projectile, the shock wave is centred on a point below the target

surface [3, 121, 122], typically about one projectile radii below the original surface [121]. As this
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propagates through the target, it shock compresses the material [3], irreversibly changing it. Upwardly

propagating portions of the shock wave then begin to interact with the free-surface of the target [7,

121]. Upon reaching this surface, the shock wave becomes reflected back into the target in the form

of a rarefaction wave. The rapid nature of this process, relative to the time when the impact occurred,

generates a Near-Surface Interference Zone (NSIZ) [7,122].

Melt

Ejecta Curtain

Shock waveRarefaction Wave
Target Deformation

Transient Cavity

Overturned Ejecta

Figure 2.8: Schematic diagrams showing the start (left) and end (right) of the excavation stage of

crater formation adapted from [122]. At the start of this stage, the shock wave propagates through

the target material compressing it and accelerating it to high speeds. The rarefaction wave, releases

this material from the shocked state and imparts an upward momentum to its movement - forming

the excavation flow. This flow of material removes it from the crater forming an ejecta curtain. At the

end of this stage, the transient cavity has been formed.

Shock and rarefaction wave interaction in the NSIZ leads to large-scale fracturing and a reduced

shock pressure [7, 121]. As such, material ejected from this location (both in the form of large spall

plates [7, 122] and smaller material) present a rather unique characteristic; becoming removed from

the crater at a relatively high speed but also at a relatively low shock pressure [7, 122]. Once the

target material has been shocked and fractured by the passage of the shock and rarefaction waves

respectively [121], the second process governing excavation begins to dominate. The excavation flow

is the process responsible for opening up the transient cavity [3,7]. A sub-sonic flow of target material

begins to remove and displace broken material from the cavity leaving an approximately hemispher-

ical depression in the target [3, 121]. It is generally accepted that all of the material removed from

the forming crater comes from the upper 1/3− 1/2 of the transient cavity [2, 121], whilst the lower

material remains within the crater after being displaced downwards [2,3,121,122]. The overall shape

and size of this formed transient cavity is largely determined by the mechanical strength of the tar-

get material and the gravity of the planetary body [3, 7, 122]. Despite this stage of crater formation

often being studied as two separate process (i.e. shock wave expansion followed by the NSIZ and

spallation), both are intimately linked [3].

Page|35 jejf3



CHAPTER 2. IMPACT CRATERS IN THE SOLAR SYSTEM

2.3.1 Shock Wave Propagation

A full analysis of the propagation and interaction of shock and rarefaction waves within a target is far

beyond the scope of the work presented here. However, to investigate the process of spallation, it is

useful to discuss the structure of these waves and some of their basic properties. Shock waves prop-

agate at supersonic speeds through a target material as a single pulse, capable of quickly overtaking

other slower propagating waves and adding their energy to its own [3]. The conditions caused by the

passage of the shock wave through the target material are extreme; with materials becoming shocked

to pressures of many 10’s to 100’s of GPa (far beyond their mechanical strengths) [2, 3, 7, 122]. De-

spite them often being represented as a physical discontinuity [3, 136, 145], the jumps in pressure

and particle velocity are not instantaneous [3, 163]. The intense pulse is led by a short elastic pre-

cursor [163], after which the particle velocity and pressure of the target material rapidly rise to their

maximum values [3,163]. Following the passage of the shock wave, the pressure drops to near zero.

Particle velocity, however, decreases to only one fifth of the peak value [3, 7, 163]. The time taken

for the maximum pressure and particle velocity to be reached after the arrival of the shock wave is

referred to as the rise time, whilst the time taken for these values to fall after the front’s passage is

termed the decay time [163].

The rise time τr for the pulse is calculated as

τr =
L

2vi
(2.1)

where L is the projectile diameter and vi its impact velocity [3]; with the decay time being a factor

of β longer, giving τd = βτr [3, 163]. The factor β is larger than one, leading to τd > τr always being

satisfied. This can be influenced by rate dependent processes occurring within the target as the

shock wave passes (pore collapse, material strength limits being exceeded, etc.) and the propagation

of fractures or faults [3]. The region of maximum pressure and particle velocity within the shock wave

structure is referred to as the detached shock [163]. This difference between τr and τd induces an

asymmetry in the shape of the detached shock, changing its shape depending upon the conditions

of the impact. This asymmetry and shape is key in determining the distribution of ejected fragment

size during spallation processes [163]. This distribution, however, varies for every crater due to the

dependence on the initial conditions of the impact [3]. Hence, a generalised model for the fragments

ejected during spallation cannot be obtained. As the shock wave continues to propagate, its energy is

spread over an increasing area of target material. This leads to it weakening as it expands, eventually

morphing from a supersonic shock wave to a sub sonic elastic wave [3]. Whilst still important for the

excavation of an impact crater, once the shock wave has propagated beyond the region immediately

adjacent to the point of impact, it is no longer important for the spallation process.

2.3.2 The NSIZ and Spallation (Ejecta Transport 2)

As the impact-generated shock wave propagates outward from the impact centre in all directions

(including upwards) it begins to approach and interact with the free-surface of the target body [3,156,
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163] - leading to its reflection and the generation of a rarefaction wave. The rarefaction wave travels

back downwards into the target body [3, 163] (see Figure 2.8). Due to the rise time associated with

the detached shock front [163], in the near-surface region, the rarefaction wave arrives before the

maximum shock pressure has been reached [3, 156, 163, 164]. This leads to a region of material

which is shocked to a much lower pressure than deeper lying material at the same radius from the

impact centre [163]; defining the NSIZ. The depth to which the NSIZ reaches within a target is given

by:

zs = Λ

√√√√1+

(
s2(

d2eq + Λ2
)) (2.2)

in which s is the horizontal distance form the crater centre and Λ = Utτr/2 where Utτr is the width

of the rising shock wave [3] with Ut being the velocity of the shock and τr being defined in Equation

2.1. In this region, large fragments of target material (spall plates) are able to become ejected at both

relatively high velocities and relatively low shock pressures [163] - a process termed spallation. Whilst

a full understanding of spallation processes requires a numerical analysis of an individual impact

event, it is the process by which the HED (howardite-eucrite-diogenite thought to have originated

from Vesta) and SNC (shergottite-nakhlite-chassignite thought to have originated from Mars [165])

meteorite families are thought to have been liberated from their parent bodies [163,164].

2.4 Modification

The final phase (modification) of the traditional three-stage formation model [121] begins once the

excavation stage has ended. Typically said to start at the point in time when the excavation flow

has stopped [2,3,122,129], the flow of material during this stage is effectively reversed [2,129]; with

the formed transient crater undergoing collapse processes [3, 122]. It is at this stage of the crater

formation process that a clear differentiation between the different crater types can be seen; with

smaller cavities undergoing relatively little collapse when compared to their larger counterparts [2,

121, 129], who are often completely destroyed by the collapse process [3, 129]. This difference

results in the formation of smaller ‘simple’ craters and larger ‘complex’ craters [121, 129, 166]. The

size at which this transition occurs varies across solar system bodies (Table 2.1), scaling with the

material strength and the inverse of the gravitational acceleration [121,129,166,167]. The transition,

however, is not a discontinuity - with so called ‘transitional’ craters forming over the transition diameter

range [129, 167, 168]. For the smallest craters, the modification stage is a simple process, with the

only change occurring being the back-falling of loose ejecta from the crater walls and rim region [3,

121,129,166,168], forming talus deposits on the floor of the crater.

As the transient cavity grows in size, the level of modification begins to increase. Larger simple

craters start to become filled with melt and breccia deposits [3, 166], forming a lens covering the

floor of the crater. As the diameter of the cavity continues to increase, transitional craters begin to

exhibit features of both simple and complex craters [166–168]. Populations of transitional craters

are, as of yet, relatively understudied, having only recently been recognised as a distinct category
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Table 2.1: Diameter range over which the simple-to-complex transition occurs on several bodies in

the solar system.

Body Transition Range (km)

Mercury 7 [3]

Earth 2-4 [3]

The Moon 15-20 [169]

Mars 5-8 [170]

Galilean Satellites 2-3 [100]

Pluto 11-12.5 [167]

Charon 13.5-16 [167]

when analysing crater populations [167, 168]. Throughout the transition diameter range, the size

progression is thought to follow the sequence of floor failure, followed by the collapse of the rim

region [168], leading to flat crater floors and terraced rims respectively. The last feature associated

with complex craters during the transitional range is the central peak [3,168] (the formation of these

features is discussed in Sections 2.4.1.2 and 3.2.1). The primary forces driving the collapse of the

transient cavity are the material strength and the gravitational acceleration of the target body, with

transient cavities undergoing complete collapse once the negative buoyancy force overcomes the

mechanical strength of the target material [3, 122]. Both of these forces act to close the transient

cavity [2, 129], attempting to equalise the formed mass deficit [3]. As such, the modification stage is

often said to have no true end [3,121,122]. However, it is commonly accepted that upon the cessation

of large scale mass movements, modification processes have ended [2,129].

2.4.1 Transitional and Complex Craters

The extent to which a transient crater becomes modified at the end of the formation process is heavily

dependent upon the cavity diameter at the cessation of the excavation flow [3,122,129]. As the form-

ing crater grows in size, a transition occurs from small-scale collapse to large-scale movement and

deformation. Typical craterforms of either side of this transition are shown in figure 2.9. At sizes below

which this transition occurs, simple craters form, undergoing only slight deviations from the transient

cavity. Above the transition diameter, complex craters are formed. Complex craters themselves can

be further sub-divided into: central peak, central pit, peak ring, and multi-ring basins [2, 3, 122, 129].

As the cavity becomes increasingly modified/degraded, its gravitational stability increases. The pro-

cess through which this happens varies on differing planetary bodies, with cavities approaching grav-

itational stability termed palimpsests [3].
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Melt and Breccia

Ejecta Deposits

Melt and Breccia

Ejecta Deposits

Central Uplift

Terrace

Figure 2.9: Typical simple (left) and complex (right) final crater cross sections. Melt/breccia deposits

are marked in grey and ejecta deposits are marked in blue. Simple craters are typically bowl-shaped

with the only variation from the transient cavity often being the formation of a melt/breccia lens.

Complex craters are subjected to a much stronger level of modification. The underlying region of the

crater becomes uplifted, and the rim region undergoes terracing.

2.4.1.1 Transitional Craters

Whilst simple and complex crater populations have been extensively studied on bodies across the

solar system, there exists a largely unstudied crater population lying between the two. As a result

of the simple-to-complex transition being continuous, a diameter range of transitional craters exits

between the two extremes [167, 169, 171], presenting morphological features of both simple and

complex craters [129]. As stated, the precise diameter at which the transition occurs varies through-

out the solar system, depending primarily on surface gravity and the mechanical strength of the

target material [166,169,171,172]. To distinguish between simple and complex crater morphologies,

past studies have typically used the depth-to-diameter ratio (δ) [167] - with simple craters often pos-

sessing a ratio of 0.2 [3], whilst complex craters possess δ values in the range of 0.1− 0.05 [129].

Despite the δ values beginning to change at the extremes of the transitional range [171], previous

analysis has shown it does not significantly alter the overall trends presented in the δ values for each

crater type [167]. Further, relying solely on the δ value for distinction in this transitional diameter

range means that, much of the morphological nuance defining this crater type is lost. As such, when

considering craters within the simple-to-complex transition on a planetary surface, morphometric

analyses are often used [167,169,171].

The currently accepted sequence of morphological changes within a transitional crater is that as

the bowl-shaped cavity increases in diameter, it undergoes: floor fracturing, then rim collapse, and

finally central uplift [167, 169]. Examples of the two extremes of transitional craters can be seen

in Figure 2.10. The transition occurs as the cavity becomes increasingly unstable, succumbing to

gravitational collapse [3, 129]. As the transient cavity increases in diameter, the instability of the un-

derlying region against the negative buoyancy force causes large-scale fracturing, leading to a flat

floor crater [167, 169]; with a reduced depth-to-diameter ratio. As the size of the cavity continues

Page|39 jejf3



CHAPTER 2. IMPACT CRATERS IN THE SOLAR SYSTEM

Slumping

Slumping

Slumping

Terracing

Floor Collapse
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Terracing

Figure 2.10: Example profiles across transitional craters, adapted from [169].The top profile shows a

crater close to what would be referred to as ‘simple’, exhibiting some localised slumping close to the

bottom of the crater. The bottom profile presents a larger crater close to what would be classed as

‘complex’. This crater presents more drastic slumping and terracing in the crater rim region. As the

crater moves closer to a characteristic complex crater, the floor region begins to undergo collapse

and the crater profile changes from a typical bowl-shape to present a flat-floor shape.

to grow further, excess mass concentrating in the crater rim region starts becoming gravitationally

unstable [167, 169, 172]. This leads to the production of localised faults and terraces in parts of

the crater rim region. Another result of this increased instability in the crater rim region is that sub-

stantially more slumping and back-falling of material can occur as the transient cavity increases in

diameter [169,172]. This can lead to a much more chaotic and asymmetric appearance, particularly

in the central region across the crater profile [169]. Once central uplift processes have started to

occur within the central region of the crater, it is considered to have passed through the transition
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point and is then considered a complex crater [167,169].

2.4.1.2 Complex Craters

The mechanisms governing the process by which the central region of a crater becomes uplifted are

multiple and inter-related. Due to the displacement of material within the crater cavity, the central

region begins to move in an upward direction attempting to return to a gravitational equilibrium [2,

129]. In sufficiently large craters, this material can overshoot the equilibrium point resulting in the

formation of a central peak/mountain feature within the impact crater [3,129,166]. Despite this central

peak typically being defined as the feature distinguishing a complex crater [166], it does not signify

the end of the crater size evolution progression [3, 129]. The height of the central peak increases

with an increasing crater diameter [3], becoming increasingly unstable as it does so [2, 3, 129]. At

a certain size, the mechanical strength of this central peak is unable to overcome the gravity of the

target, leading to its collapse [2]. This induces a downward and outward flow of material [3]. Following

the collapse of the central peak, a ring of mountain-like peaks forms within the central region of the

crater [3, 166]; the diameter of which appears to scale with the overall crater diameter [3]. Example

profiles of both a central peak and peak ring crater are shown in Figure 2.11. Subsequent to this,

the largest craters on a planet’s surface may present multiple ring features (both interior and anterior

to the crater rim) [3]. This is discussed in section 3.2.1 where the influence of volatiles on the crater

formation process is covered in more detail.

Melt and Breccia

Central Peak

Melt and Breccia

Peak Ring

Figure 2.11: Example profiles of a central peak (left) and peak ring (right) crater. Melt and breccia

deposits are shown in grey. As the central uplift increases in height, it becomes unstable eventually

collapsing under its own weight. Once this occurs, it forms a ring of peaks within the crater.

2.4.2 Target Composition and Stratigraphy

The model of crater formation often assumes the target to be a homogeneous, crystalline rock tar-

get [129]. The presence of inhomogeneity (such as stratigraphic layers, faults, or changes in me-

chanical properties) within a target surface influences the outcome of the cratering process. As an

example, the presence of ice is often a contributing factor to surface inhomogeneity, with consequen-
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tial variations as discussed in chapter 3. Observed variations differ, depending on whether vertical

or lateral inhomogeneity exists within the target [3, 129]. The most common vertical heterogeneity

within the target is the presence of layering [129]. This typically takes the form of transitions from

sedimentary surface materials to crystalline and basement rocks, however, it can also be due to the

presence of a loose regolith layer covering the target surface [106, 129, 173]. The thickness of the

uppermost layers has an influencing role over the final morphology of the formed crater. Surface

layers are typically weaker than those deeper within the target [117,129]. Thicker surface layers lead

to enhanced crater diameters whereas thinner layers can lead to an increase in structural uplift dur-

ing the modification stage [129]. If a significant difference in strengths is present between the target

layers, as would be the case for an overlying regolith layer, the differences in final crater morphology

can be used to estimate the depth of the regolith layer [173].

2.5 Crater Relaxation

Following the completion of modification, the crater formation process is said to have ended. This,

however, does not signify the end of material movement within or around the crater. Once the crater

has formed, it undergoes relaxation processes - until the cavity has achieved gravitational equilibrium.

These processes can occur over millions of years following the end of crater formation [129], however,

the end of crater relaxation may be reached much sooner on active planetary surfaces [122]. Once

the large-scale material movements have stopped, the long-term relaxation processes are driven by

the plastic flow of the crustal material underlying the impact crater [3,129]. The end result of the crater

relaxation process is the complete removal of morphological impact features from the planetary sur-

face. Whilst almost impossible to study within a laboratory investigation, for the research presented

in the following chapters, consideration of the factors and processes affecting the crater relaxation

process must be made. Despite many of the processes of interest commonly being influenced by

the presence of volatiles within the target (as they are considered to be part of the crater formation

process rather than a morphological feature resulting from the presence of volatiles), it makes sense

to consider them here.

On planetary surfaces considered active, impact craters are also subjected to numerous erosion

processes, removing any visual and geological traces of them long before they undergo crater re-

laxation. For large impact craters, relaxation processes occur on a much shorter timescale [3]; the

longer time scale erosion processes, however, are far more important when considering populations

of smaller craters. Of the solar system planets: Venus, Earth, and Mars possess the surfaces that

present the highest levels of activity [98,174,175]. On Earth, formed craters are subjected to: aeolian,

fluvial, and tectonic erosion, due to the highly active nature of the Earth’s environment [3,4,115,121].

Whilst Venus and Mars present significantly lower levels of activity than the Earth, visual features

of craters may still be removed by volcanic and aeolian activity, respectively [175–177]. High levels

of volcanic activity on a planetary surface may lead to the complete infilling and covering of crater
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cavities - as seen on Venus [175,177]. Aeolian erosional processes lead to the large-scale muting of

features; a processes observed extensively throughout the Northern Lowland Plains on Mars [174].

If the surface is tectonically active, however, the motion and recycling of crustal material can lead to

the complete removal of all features relating to impact crater formation [3,121,129].

2.5.1 Effects of Target Viscosity

The viscosity profile of a target body influences the time taken for a crater to undergo relaxation.

For many planetary lithologies throughout the solar system, viscosity can be modelled - due to the

typically linear increase in temperature with depth. This follows the exponential law:

η (z) = η0 exp
[
± z

d

]
(2.3)

in which η0 and η (z) represent the material viscosity at the surface and at a depth z respectively,

and d represents the distance over which the viscosity varies by a factor of e (the exponential) [3].

Whilst initial assumptions meant that Equation 2.3 provided a good approximation in the crustal

region of many (particularly rocky) planetary bodies, further studies into the rheological properties

of ice and permafrost materials show them to exhibit more complicated behaviour [178]. Hence, the

accurate modelling of the viscosity of a permafrost or permafrost-like material requires a much deeper

understanding; specifically the ice content at which viscous creep begins under the conditions on the

planetary body of interest [179]. Experimental investigations into terrestrial permafrost creep have

been carried out [179, 180], however, their application to extraterrestrial permafrost regions remains

dubious [178, 179]. Whilst a full analysis of shock wave propagation and crater formation processes

within permafrost materials are beyond the scope of the work presented in this thesis, it is important

to acknowledge their influence for the work presented deeper within the thesis.

2.6 Conclusions

This chapter has covered the crater formation process as currently understood. For the work pre-

sented within this thesis, the important stages are those of excavation and modification. During these

stages the properties of the target material have the highest level of influence on the final morphology

produced. Despite this, much of the work investigating the process has focused on rocky, crystalline

targets. This thesis, however, investigates impacts into a presumed permafrost material and regolith

layer (the surfaces of northern Mars and Phobos respectively). Whilst a regolith layer provides only

a slight variation covered by the target viscosity, the presence of volatiles within a planetary surface

can have a substantial level of influence over a significant proportion of the morphological features

associated with a crater. Having considered the standard formation process for an impact feature,

we can now look at how this changes in the presence of ice material. The next chapter in this thesis

thus covers the morphological features typically associated with the presence of volatiles and how

they change throughout the solar system.

Page|43 jejf3



Chapter 3

Crater Morphology and Volatiles

"Follow this river of letters,

and write your own magnificent chapters"

The Voice of Tomorrow

44



CHAPTER 3. CRATER MORPHOLOGY AND VOLATILES

3.1 Crater Morphology

The presence of traditional (nitrogen, water, carbon dioxide, etc.) and non-traditional (potassium, sul-

phur, ammonia, etc.) volatiles within a target can have a strong influence over the cratering process

and the final morphological features of a formed crater [20,27,63,67,100,101,181–187]. Morpholog-

ical investigations analysing crater populations throughout the Solar System have identified several

features surrounding and within craters that are thought to be highly indicative of the presence of

volatile elements within the target surface [16, 21, 63, 67, 100, 120, 183, 185, 187, 188]. These fea-

tures are thought to originate due to the differences in response of rocky and icy materials to high

shock pressures [3,122,129]. Identified features become more distinctive during the modification and

post-modification phases [2,129]. At smaller crater diameters, there presents very little difference in

morphology within the crater due to the presence of volatiles [100]; at larger diameters, however,

differences become more prominent [120, 187] often replacing features observed on volatile-poor

surfaces [100]. The portion of the crater often presenting the largest variation due to the presence of

volatiles is the central region [2,90,185,187–189]. The extensive modification this region is subjected

to during the final stages of the crater formation process can be heavily influenced by both the initial

conditions of the impact and the properties of the target and/or impactor [3,129].

3.2 Crater Classifications

Within the standard size progression morphology of impact craters, morphological observations [16,

21,23,67,182,183,185,187,190] and numerical/experimental [20,100–102,181,184,191] investiga-

tions find that differing target properties can influence the morphological features formed; indicating

a more nuanced dependence than previously thought. At all sizes, differences can be seen sur-

rounding the crater in the form of fluidised ejecta [71, 190, 192] and spallation zones [181, 184, 191].

Due to the more brittle nature of icy surfaces, particularly when compared to their rocky counter-

parts, the area surrounding the forming crater is more susceptible to fracturing and the removal of

large fragments of material [163], particularly in strength-dominated smaller craters. This causes an

apparent widening of the crater cavity potentially contributing to the shallower than expected nature

of icy craters [100, 193]. The biggest differences, however, are that the simple-to-complex transition

typically occurs at a smaller crater diameter in ice rich targets, and over a much narrower range of di-

ameters (see Table 2.1), than on ice-poor target surfaces [100,187,194]. Further, a second transition

is identified within numerical studies linked to the rheological properties of ice [100]. As the crater

increases in diameter, the variations between ice-poor and ice-rich targets increases, beginning as

stated with changes to the central region, and ending with entirely different structures for multi-ring

basins [3,100,187,194].

On ice-poor target surfaces, the distinguishing feature of a complex crater is the central peak [3,

129]; on ice-rich targets, however, these features are rare [187]. In the diameter range where cen-
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tral peaks are expected to first appear, they are often replaced with a rimmed depression, forming

a central pit [185, 187]. Central pit features are not only seen on icy target surfaces, they have

been observed on the surfaces of Mars, Ceres, Mercury, and the Moon. Despite the somewhat

extensive study of these features, however, mechanisms governing their origin still remain poorly

understood and are likely to be different on rocky and icy bodies [90, 189]. At even larger crater

diameters, on icy targets the central pit feature appears to develop into a central dome [188]. These

domes are currently found almost exclusively on the surfaces of icy bodies - in particular the Galilean

moons [185, 187]. At the largest sizes, the differences seen in crater morphology due to the pres-

ence of volatiles is extensive [3]. Multi-ring basins are observed to form with a completely different

structure. The formation of this class of crater is thought to be significantly different for the Galilean

moons than for rocky bodies (discussed more in section 3.2.2). Hence, interactions with this different

structure would lead to a substantially different craterform (see Figure 3.1) [3].

Flat crater floor

Central Peak

Central pit

Central pit rim

Central dome

Rimmed central pit

Figure 3.1: Examples of central morphology features. Panel a) shows a typical central peak mor-

phology. Panel b) shows a typical central pit. Panel c) shows a typical central dome.

3.2.1 Transitional and Complex Craters

The smaller transition size for forming complex craters on icy bodies is due to both the weaker nature

of ice compared to rock under shock processing [2, 3, 100], and the brittle-to-ductile transition of

ice (occurring at ≈ 26 km on Ganymede and Callisto and at ≈ 8 km on Europa) [100]. The simple-to-

complex transition is known to scale with the gravitational acceleration of the target body [2,3,122]. As
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such, the smaller diameters at which complex craters form are most visible on the Galilean satellites.

Their similar size and gravitational acceleration to Earth’s Moon means that observed differences

(the different diameters at which the simple-to-complex transition occurs (Table 2.1)) are due to the

composition of the surfaces and not the local gravity. The response of ice to shock processing

is also thought to lead to complex craters on icy bodies being substantially shallower than their

rocky counterparts [100, 185, 187]. This shallower depth has led to complications when considering

the formation of several complex crater features, as many formation mechanisms within icy target

surfaces require the host crater to have penetrated a substantial depth through the crust [100].

Once the transition to complex crater has completed, morphological differences due to ice be-

come substantially more pronounced. As already stated, on rocky bodies, the feature distinguish-

ing a complex crater is the central peak [3, 121, 187], but on icy surfaces, however, central peaks

are rare [100, 185, 187]; with central peak features often replaced with the appearance of a central

pit [185,187]. These form a depression in the central portion of the crater and are observed on both

volatile-dominated and volatile-enhanced surfaces (e.g. Mars [90,189] and Ceres [188]). Be that as it

may, the precise morphology of these features is seen to differ slightly from body to body [187]. This

has led to differing formation mechanisms being proposed for each body, with volatile explosion pro-

cesses currently being favoured for Martian pits [189], impact-induced cryovolcanism being favoured

for pits on Ceres [188], and melt drainage being favoured for icy satellites [120]. At larger sizes,

on icy satellites, pits are seen to take on anomalous forms. Observations have identified degraded

features [195] with pits appearing to take up larger fractions of the crater floor [195,196]. Differences

are also seen to form on volatile-enhanced target surfaces with Martian pits have also been seen to

possess several apparent levels of degradation (shown in figure 3.2).

Figure 3.2: Central pits within Martian craters possessing a range of varying degradation states.

Panel a) shows a heavily degraded central pit within a 50 km diameter crater located close to Mare

Serpentis on Mars [197]. Panel b) shows a well preserved central pit feature within a 50 km diameter

crater located within Thaumasia Planum. Image source: ESA/DLR/FU Berlin.

As the crater diameter continues to grow, observed central pits are seen to possess formed domes

on surfaces possessing substantial quantities of ice. [120, 195]. These features are currently found

to dominate on icy surfaces [120,187,195], becoming increasingly rare as the silicate contamination
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of the icy surface is thought to increase (discussed more in section 3.5) [195]. Whilst the features,

thought to be indicative to the presence of volatiles (specifically water-ice) within a target surface, are

not universally observed across both ice-dominated and enhanced targets [100]. The variations in

distribution and morphology are likely to provide an observational proxy to probe to the ice content

of a surface based on the crater morphology. Despite the features observed within complex crater

morphology being the most widely distributed, differences in crater morphology due to the presence

of volatiles are also seen at even the largest crater sizes [3]. The largest complex craters undergo

a transition to an impact basin. This scale of crater is usually surrounded by multiple rims, and

are thought to form through a different process to either simple or complex craters, with the interior

structure of the target body being thought to play a much more significant role [3, 121]. This is

discussed further in the next section.

3.2.2 Multi-ring Basins

Previously misidentified as a continuation of the size-evolution of impact craters, multi-ring basins

lie outside this continuum as their own distinct class with still somewhat unclear conditions deter-

mining their formation. These basins are commonly the largest impact-related features found on a

planetary surface [3,121,122,198], possessing multiple rings beyond the extent of the original crater

rim [3, 121, 122]. The formation of these larger features is found not to scale with the inverse of

gravity [3], differentiating them from other classes of impact craters with substantial differences seen

between those identified on ‘rocky’ bodies and those on ‘icy’ bodies [3,122]. Hence, multi-ring basins

can be classified into two types: Orientale (rocky body) type or Valhalla (icy body) type [3,121,122];

respectively named after the Orientale Basin on the Moon and the Valhalla Basin on Callisto with

significantly less surface relief in the Valhalla-type basins (examples of both are shown in figure 3.3).

These very large-scale features are found to be exceedingly rare with their existence only being cur-

rently confirmed on Callisto, Ganymede, and the Moon [3, 121]. Some are, however, additionally

suggested to be present on the surfaces of Mercury, Mars, and the Earth [3, 122] but their exis-

tence is still somewhat disputed as large basins on these bodies typically lack the external rings

required [122].

Orientale (rocky body) type basins possess multiple, outward facing scarps beyond the original

crater rim, with the distance between consecutive rings typically satisfying an approximate relation-

ship of 1 :
√
2 [3]. Contrastingly, Valhalla (icy body) type basins have been seen to possess a sig-

nificant number (up to hundreds) of inward facing scarps beyond the crater rim, with no relation yet

identified for the distance between consecutive rings [3]. Whilst variation in the ring morphology for

each type of multi-ring feature may indicate a slight variation in formation mechanism, currently ac-

cepted formation models rely on the ring tectonic theory of formation [121, 198, 201]. This theory

allocates a controlling role in multi-ring basin formation to the thickness and structure of a target’s

internal layering [121, 122], with more current numerical modelling of Orientale type basin formation

on the lunar surface additionally highlighting the role played by the thermophysical properties of the
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Figure 3.3: A) 950 km diameter Orientale-type, Orientale Basin on the lunar surface [199]. B) 1600 km

diameter Valhalla-type, Asgard Basin on Callisto [200].

target material [198, 201]. Such dependencies would explain both the variation seen between icy

and rocky target body multi-ring basins, as well as why similarly sized (or even larger) impact fea-

tures have been identified on both Callisto and the lunar surfaces without falling into the class of a

multi-ring basin [122].

3.3 Crater Ejecta Deposits

The region surrounding a fresh impact crater presents a typically large deposit of material (termed

ejecta) removed from within the crater during the formation process [2, 3, 7, 122]. Ejecta proximal to

the crater rim almost always presents as a thick continuous blanket having obscured the underlying

topography [3, 7]; whereas more distal ejecta is typically found to become thin and discontinuous,

grading into the surrounding terrain [3]. The continuous ejecta deposits surrounding some craters,

however, are seen to extend much further from the crater rim than for others [3,7,71,99,190,202,203].

Such ejecta deposits (commonly referred to as fluidised ejecta deposits [71]) are thought to be due

to the influence of volatile materials on the crater formation and ejecta deposition processes [7, 71,

99, 190]. Further observations have additionally posited that such morphologies can form due to in-

teractions between an advancing ejecta curtain and atmospheric vortices [3,7,91,203]. Identification

of apparent fluidised ejecta deposits on bodies possessing only a tenuous exosphere [99,190,204],

however, have further enhanced the link between such deposits and the presence of volatile mate-

rials in the impact cratering process. As such, this apparent correlation, has allowed for fluidised

ejecta to be used as a proxy for the inference of volatiles within the target surface.

3.3.1 Abrupt Terminus Ejecta (ATE) Deposits

Since having first been identified on the Martian surface [71, 99], craters possessing potentially flu-

idised deposits have been identified on the surface of all major bodies within the inner Solar Sys-

tem [190,202–204]. Additionally, fluidised deposits are suspected to have been present surrounding

some terrestrial impact features [7], although the presence of active, short timescale erosional pro-
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cesses make ejecta deposits surrounding terrestrial impact features increasingly difficult to identify

or classify [7,99]. Whilst extensive analysis of inner Solar System bodies has shown that the Martian

surface presents the most extensive collection of fluidised-appearing craters, this population shall

not be covered here, having already been discussed in Section 1.6.2 in greater detail. Observation,

and analysis of impact features (and their surrounding ejecta deposits) provides a way to probe the

structure of both planetary interiors and crusts [1, 115]. Fluidised-appearing ejecta deposits are of

particular importance for the work presented here, due to their common attribution to the presence

of volatile materials within a planetary sub-surface region.

The extensive variation shown in environmental conditions that fluidised-appearing ejecta is seen

within, mean a single formation mechanism cannot be agreed upon [3, 7, 99, 190]. Initial investiga-

tions undertaken by Barlow, et al. [71] proposed formation via either interaction with volatile material

or atmospheric vortices during the crater formation process. However, as already stated the iden-

tification of such deposits on bodies possessing only a tenuous exosphere, diminishes the role of

atmospheric interactions within the formation process [99,190,202,205]. Additionally, identification of

fluidised ejecta on volatile-poor bodies (Mercury [202,204], Venus [203], and the Moon [99]) induces

doubts regarding the role of volatile materials within the formation process of such ejecta materials.

Removing the implied attribution to volatile material or atmospheric interactions in previous naming

conventions, Robbins, et al. [99] introduced the terminology of Abrupt Terminus Ejecta (ATE). This

collates past separate terminologies for continuous ejecta blankets under a single umbrella, many

of which are utilised to describe precise morphological features associated with this type of ejecta

deposit [71,99].

3.3.2 Formation Without Target Volatiles

The currently proposed formation mechanisms for ATE deposits are heavily focused on the role of

volatiles within the target surface [71, 190, 202]. Identification of ATE-appearing deposits on the sur-

faces of both Mercury [202,204] and Venus [203,206], however, has introduced substantial doubt into

whether target volatile formation mechanisms can be universally applied. Investigation of the deposits

found on Mercury and Venus has increased the level of interest in formation mechanisms focusing on

the presence of volatiles within the projectile [204] and atmospheric interactions [83,203]. Whilst both

of these formation mechanisms were initially considered before the identification of ATE-appearing

deposits on Mercury and Venus, these discoveries have provided continued support for the alternate

formation processes. The surfaces of the two innermost planets are harsh environments, with Mer-

cury possessing only a tenuous exosphere and a surface temperature range of 93− 703 K, whilst

Venus has an atmospheric pressure of ≈ 91 atm and a mean surface temperature of 737 K [207].

Both provide extremely volatile-poor cratering environments (although there is some ice in perma-

nently shadowed regions on Mercury [202,204,208–210]) [206,211]. Whilst the features identified on

Mercury and Venus do posses some morphological variations from those seen on Mars and through-

out the outer Solar System, they are similar enough to fall under the umbrella of ATE deposits.
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3.3.2.1 Volatile-Rich Projectiles

Whilst the focus of many proposed ATE formation mechanisms are based on the presence of volatile

materials within the target surface, the identification of ATE-appearing deposits surrounding Hokusai

crater on Mercury has led some to consider how the presence of volatiles within an impacting projec-

tile would influence the ejecta formation process [99,202,204]. Even though projectile volatiles are a

formation mechanism requiring the presence of volatiles, this idea of their being in the projectile may

explain the rare presence of ATE-appearing deposits on bodies known to be volatile-poor. Despite

the projectile being largely vaporised during the initial contact and compression phase, it is known

that fragments can become emplaced within the target [6,212–214]. It has also been suggested that

volatiles emplaced on the target surface originating within the projectile may then undergo migration

processes [204], explaining the ice having been detected in permanently shadowed regions of both

the lunar [109] and Mercurian [204] poles. It is not unreasonable, therefore, to investigate the as-

sumption that these volatile materials could influence the ejecta emplacement process. Robbins, et

al. [99], however, caution that the presence of volatiles within a projectile is unlikely to be a significant

contributor to the formation of ATE craters due to their limited quantity and the extent of material

fluidised during crater formation.

Projectile-based volatiles being a driving force behind the formation of ATE craters would lead to

their preferential presence on outer Solar System surfaces [99]. Whilst ATE-appearing deposits are

commonly observed on Pluto and numerous moon and small bodies in the outer Solar System, the

largest population by far is currently found on the surface of Mars [94,215]. Mars, however, is known

to host a volatile-enhanced surface. Hence, this cannot rule out the potential influence of projectile-

based volatiles within the formation of ATE deposits. The relative scarcity of volatile-rich projectiles

impacting the surfaces of inner Solar System bodies may go some way to explaining the rarity of

ATE-appearing deposits on surfaces known to be depleted in volatiles. The impact of a volatile-rich

projectile is also the only mechanism currently known to sufficiently account for the quantities of ice

observed on both the lunar and Mercurian surfaces [109, 204, 216]. This is particularly true for the

deposits observed within the permanently shadowed regions at the north Mercurian pole. The ice

detected within these regions is thought to be relatively pure (based on radio telescope observations

of this region on Mercury [208]), indicative of deposition over a short period of time, likely by a single

event [204], such as the impact of an ice-rich projectile.

3.3.2.2 Atmospheric Interactions

Some of the earliest formation mechanisms proposed for ATE deposits are based on interactions with

an atmosphere [3,71,192,217]. Due to deposits initially being identified on the surface of Mars, it was

suggested that they formed due to aeolian erosion [71]. Their global distribution, and identification

on Ceres [190] and outer Solar System moons (all known to be extremely volatile-rich), however,

was a major problem for this proposed formation mechanism. Studies of these ejecta deposits on

Mars has, nevertheless, still considered the potential influence of atmospheric interaction during the
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emplacement process [192, 217]. It has been suggested that vortices within the atmosphere may

interact with a propagating cloud of ejecta material [3, 203]. This is thought to lead to a down-surge

of material causing it to be deposited as a smooth layer across the planet surface, rather than it

being deposited radially as would be expected on airless bodies [3,129,206]. Aiding this suggested

formation mechanism is the identification of ATE-appearing deposits on Venus [203, 206, 211]. The

conditions on Venus provide a volatile-poor environment for impact cratering [203, 206]; even when

considering the possibility of non-traditional volatiles.

Venus does, however, have a significantly high atmospheric pressure at the surface [203, 207],

which is thought to efficiently constrain the ejecta material as it is removed from the crater, forcing it

to flow along the surface rather than following a ballistic trajectory [203,206]; forming ATE-appearing

deposits. Despite being identified as ejecta deposits, these materials are seen to be rheologically

similar to fresh lava flows on Earth [211]. Their morphology, however, is similar to that of the ATE

deposits seen on Mars. The cratering environments on Mars and Venus, however, are very different.

Therefore, despite the ATE-appearing deposits having morphological similarities, is is unlikely that

their formation mechanism is the same. Whilst aeolian mechanisms have been considered, the

global distribution makes these processes unlikely to be a driving factor. Further, not all craters on

the surface of Mars are seen to have ATE deposits [16,20,22,71,77,83]. Thus, whilst it is possible that

these interactions may have played a role, it is unlikely that interactions between an ejecta cloud and

the Martian atmosphere would have provided a major contribution to the formation of ATE material in

general.

3.4 Central Pit Craters

Central pit craters have been found across the Solar System (Table 3.1), being confirmed on: Mer-

cury [187,218]; the Moon [219]; Mars [83,90,185,187,189]; Ceres [183,188]; the Galilean satellites

of Callisto, and Ganymede [100,120,185,187,188]; and Pluto [187], with evidence additionally sug-

gesting their presence on some Saturnian and Uranian satellites [187, 194]. Examples of central pit

craters are shown in Figures 3.2 and 3.4. Pits are observed as irregular-to-circular depressions in the

central regions of their host craters [83,183,185,187,218], being located either directly on the crater

floor, or upon a central peak feature [185, 187, 218, 219]. Multiple formation mechanisms have been

proposed for central pit craters [90, 100, 185]; all, however, fail to fully explain variations across bod-

ies showing central pit craters (summit and floor pits on Mars [187], changes in pit-to-crater diameter

ratios [195], etc.). Further, the relative abundance of central pits identified on volatile-enriched target

bodies as opposed to the apparent deficit found upon volatile-poor targets, somewhat swayed the

focus of many onto the role of volatiles within the formation process [83,120,185,187,189,218,219].

Notwithstanding this, subtle differences in pit morphology found throughout the Solar System indicate

variations in pit formation from body to body, or a combined mechanism [185,219] - analogous to that

posed for the formation of ATE-appearing ejecta.
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Figure 3.4: Central pit craters throughout the solar system. Panel a) shows a mosaic of the 92 km

diameter Occator crater on Ceres imaged by the Dawn spacecraft [220]. Panel b) shows the 75 km

diameter Isis crater imaged by voyager 2 on Ganymede [221]. Panel c) shows an unnamed summit

pit within a 25 km diameter crater located on Mercury imaged by MESSENGER [222].

Table 3.1: Central pit crater characteristics for identified populations throughout the Solar System. In

the table, ∆pit denotes the pit-to-crater diameter ratio.

Body Central pit population Summit/floor pits Crater diameter range (km) ∆pit

Inner Solar System

Mercury [218] 27− 32 Summit 16− 33 0.12− 0.26

Moon [219] 56 Summit and floor 9− 57 0.05− 0.29

Mars [90] 1783 Summit and floor 5− 125 0.02− 0.48

Ceres [188] 11 Floor 70− 150 0.1− 0.2

Outer Solar System

Ganymede [120] 471 Floor 12− 144 0.11− 0.38

Callisto [120] unspecified Floor 43− 159 0.1− > 0.5

Tethys [187] 2 Unspecified ≈ 450 0.26− 0.42

Rhea [187] 2 Unspecified Unspecified 0.24

Dione [187] 2 Unspecified Unspecified 0.22
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3.4.1 Volatile-Rich Targets

Voyager and Galileo spacecraft images revealed the crater populations of Ganymede and Callisto to

be dominated by central pit craters, particularly within their populations of large impact craters [100,

120, 185, 187]. In the diameter range of 30− 180 km, almost all craters on Callisto are observed

to possess a central pit morphology [120]; with an additional 471 central pit craters having been

identified on the surface of Ganymede in the diameter range of 12− 144 km [187]. In contrast to

Ganymede and Callisto, no central pit craters are observed on the surface of Europa [100] with the

final Galilean moon of Io having a very small population of craters if any, as expected due to the

extreme level of volcanic activity [223–225]. Central pit craters on the Galilean moons can typically

be classified as either small or large pit craters, with smaller pits commonly being rimmed and large

pits being partially or non-rimmed [120]. Craters are classified based on their pit-to-crater diameter

ratio (∆pit), see Table 3.1. Small pit craters are observed to have ∆pit values ranging between

0.1− 0.45, whilst large pit craters possess ∆pit values > 0.5 [120]. Analysis of the surfaces of these

bodies have found the largest difference between the pit classifications to be the relative age of the

impact crater [120]. Additionally, both small and large pit craters commonly possess characteristic

morphological features (see below), aiding in their classification [120,185,187].

Morphological features associated with small pit host craters are found to be fresh with their to-

pography being well preserved. Large pit host craters on the other hand, are observed to be much

more degraded with an often difficult to distinguish topography [120]. The distribution of central pit

craters has been extensively investigated on the surface of Ganymede. Initial observations found

that central pit craters appeared to be concentrated both closer toward the equator, and within the

western hemisphere of the moon [185,187]. However, these trends are thought to be at least partially

representative of differing imaging resolutions across the Ganymedean surface, with the equatorial

and leading hemisphere regions having been imaged at higher resolutions [185]. Additional contri-

butions to the western-eastern hemisphere difference in central pit crater density may come from the

apex-antapex asymmetry [185,187], with the overall crater density in the western hemisphere being

around four times that of the eastern [187]. Similar investigations into the central pit crater population

of Callisto likewise found that no trends within the distribution were observed [120]. The host craters

of almost all central pits on the icy satellites of Ganymede and Callisto are typically found to be up-

bowed [100, 120, 187], contrasting the typically flat floors found in complex impact crater features

further reducing the crater depth (section 3.2.1).

Limited observations of the remaining outer Solar System icy body population has restricted pos-

sible classification of crater morphology on many bodies. Despite this, several Saturnian and Uranian

satellites, along with Pluto, have been suggested to host central pit craters [120, 185, 187]. Around

Saturn, the moons Dione, Tethys, and Rhea are thought to present central pit morphologies inside

some craters [187]; with Tirawa crater on Rhea, and Odysseus crater on Tethys being the best exam-

ples [120]. Titania (a Uranian satellite) is additionally suggested to present central pit morphologies
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within Gertrude and Ursula craters [120, 187], both displaying complex ring structure morphologies

within the crater central regions [120]. Observations of other icy satellites around Saturn, Uranus,

and Neptune reveal no obvious further central pit crater populations [187], with larger craters on

other icy satellites being typically identified as central peak craters [120]. As central pit craters are

complex crater features, the formation of which commonly occurs during gravitational collapse, it

can be theorised that central pit morphologies would not be expected on smaller satellites due to

their lower surface gravitational accelerations [185, 187]. However, when considering the Uranian

and Neptunian satellite collections, image resolution severely limits the identification of surface fea-

tures [120,185,187].

3.4.2 Volatile-Enhanced Targets (Mars and Ceres)

Images obtained during the Mariner 9 fly-bys, and subsequent spacecraft missions to Mars, have

consistently allowed for the identification of a continually increasing number of central pit craters on

the planet’s surface [187]. Whilst the population of central pit craters found on Mars is larger than

those found elsewhere [77,83,90,185,187–189], the morphology is by no means dominant within the

host crater diameter range between which they are found [185, 188]. A population of ≈ 1783 central

pit craters [187] is found between the diameters of 5− 125 km [77, 90, 185, 189] (of an approximate

43, 000 craters in that diameter range [96]); with the population being additionally split between floor

or summit pits, based on the level of the pit floor relative to the surrounding crater floor [185]. Martian

central pit craters are distributed between ±70◦ latitude [90, 189], with an apparent concentration

for the mid to low latitude regions (±40◦ [90]); with only minor correlations seen for both central

pit types [90, 185, 187]. Central pits of both types are more common within older and non-volcanic

regions of terrain on Mars, with a notable lack of central pit (and central peak) craters on younger

volcanic plains, such as Tharsis and Elysium [90,187]. Within regions presenting a paucity of central

pit craters, floor pits are found to be more common than their summit pit counterparts [187].

The Cerean crater population spanning 70− 150 km in diameter, as observed within Dawn im-

ages, show central pits to be the dominant central morphological feature [183, 188]. The identifica-

tion of central pits in craters over a range of preservation levels across the Cerean surface indicates

the conditions required for their formation were present over much of Ceres’ geological past [183].

Despite forming the dominant crater morphology within this size range, only eleven central pit craters

are observed on the Cerean surface [188]. Similarly to Mars, Cerean central pit craters are sug-

gested to present both floor and summit pit craters [183, 188]. However, similarly to Ganymede (as

suggested by Alzate et al. [185]), Cerean summit pits appear to be morphologically similar to rimmed

floor pits [188]. Many central pit rims appear to be asymmetric or incomplete, displaying features

interpreted to be uplift massifs around regions of the central pit [183, 188], which in turn display am-

phitheater appearances orientated toward the central pit [188]. Smaller craters on the surface of

Ceres (between 50− 70 km in diameter) are observed to have disrupted or partially collapsed cen-

tral peak features, commonly assumed to be precursors to a central pit [188]. The Cerean central
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pit population shares morphological features with both Mars, and the icy satellite bodies [183, 188],

providing a bridge between the two regions of the Solar System.

3.4.3 Volatile-Poor Targets

Hypothesised formation mechanisms for central pit craters typically rely on the substantial presence

of volatile materials within the target. As such, the identification of central pit craters on both the

Mercurian and lunar surfaces [187, 218, 219] (with ≈ 37 on Mercury, and 59− 91 being identified on

the Moon), provides considerable complications for studies into their formation. Whilst both sum-

mit and floor pits are observed on the Moon [219], only summit pits have been identified on Mer-

cury [187, 218]. Summit pit craters, however, are considerably more dominant on the lunar surface

compared to their floor pit counterparts [219]. This sway toward favouring summit pits over floor pits,

presents a difference from central pit craters present in other regions of the Solar System. Similarly

to other Solar System bodies, lunar central pit craters are observed within craters spanning multiple

degradation stages. They are thus thought to have formed through several geological ages indicat-

ing formation conditions required for lunar central pits have existed for a substantial portion of the

Moon’s history [219]. Contradictorily, Mercurian central pit craters have been observed only as fresh

craters (commonly observed to still possess extensive crater ray systems) [218, 219]; presenting a

clear difference between Mercurian pits and those elsewhere.

Lunar central pit craters present multiple variations from the populations identified on other bod-

ies [219]. Whilst central pits are almost exclusively a feature seen in complex impact features, several

on the lunar surface are seen to have formed in simple craters. Additionally, the lunar pit popu-

lation appears to show a slight geographical correlation particularly within the distribution of floor

pit craters, with many being found on the ejecta deposits of larger, older craters. Central pits on

Mercury are found to be heavily focused within the northern hemisphere [218]. They are, however,

found to show no correlation with other Mercurian features thought to be associated with volatile

processes [187] (hollows [218] and bright radar features in permanently shadowed craters thought

to be water-ice [204]). This lack of correlation has led to the conclusions, contradicting those made

for other central pit populations, that 1) Mercurian central pits are not formed through volatile interac-

tions, and 2) they are a morphological feature distinctly outside of the typical crater size morphology

evolution [187, 218]. Furthermore, many central pit craters on the surface of Mercury are observed

to have formed on plains interpreted as being volcanic in nature, and are thus likely heavily depleted

in volatile materials relative to the Mercurian surface [218].

3.4.4 Formation Mechanisms

As already stated, a range of formation processes have been hypothesised to explain the formation

of central pit features within host craters [90, 100, 120, 185, 187–189, 218, 219]. Many of these rely

on the presence of volatiles (e.g. melt-contact [189] and steam explosion [90, 189] models); some,

however, have attempted to explain the formation of depressions without the use of volatile mate-
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rials (e.g. peak collapse [100, 185, 189] and floor rebound [219] models). Currently, no model is

capable of fully explaining all observed features [90,100,189]. As such, many speculate that central

depression formation mechanisms may vary, both between bodies, and across the surface of the

same body [90, 188, 219], or that pits are formed through a combination of several processes rather

than having a single controlling factor [90]. Furthermore, it has been posited that the properties of

the impact event (impactor composition, impact velocity, etc.) may present a non-negligible influence

over the formation of central pit craters [120,185,187,218]. Current proposed methods often lack ob-

servational/experimental evidence to support their propositions [100,120,187]. The remainder of this

section provides a brief overview of the main hypotheses developed thus far, attempting to somewhat

explain the underlying mechanisms for central pit formation.

3.4.4.1 Volatile-Based Formation

Initial observations and analyses of central pit features within some Martian craters led to the proposi-

tion of an explosive origin controlled by the presence of volatile materials throughout the near-surface

region [90,189,218] within excavation depth of the formed craters [90,185]. TES and THEMIS (Ther-

mal Emission Spectrometer onboard Mars Global Surveyor and THermal EMission Imaging Spec-

trometer onboard the Mars Odyssey spacecraft respectively) thermal inertia measurements of mate-

rial surrounding many Martian pits supported an explosive origin for central features [90,188]. How-

ever, the lack of morphological rim features around some pits on Mars, and elsewhere in the Solar

System, cannot be explained through an explosive volatile release formation method alone [189,218].

Furthermore, analyses of central pits within icy satellite craters, find no evidence supporting the for-

mation of central pits through the explosive release of near-surface volatile materials [188]. Providing

additional complication to an explosive release formation method for central pits, current models

struggle to retain sufficient vaporised/melted volatile material generated early in the crater formation

process to allow for the explosive release to occur [185, 189, 218]. To solve this issue, Williams et

al. [189] proposed a melt-contact model. In this model, volatile-rich material uplifted from below the

crater floor comes into contact with impact-generated melt, leading to the build-up of ‘steam’ and the

explosive release of volatiles during the later modification stage of crater formation.

A different model notes that material underlying the central region of the crater becomes heavily

brecciated during the crater formation process [152, 154, 156]. This broken and fractured material

may allow for the drainage of impact-generated melt or melted volatile material below the crater, or

from within the central peak. This drainage produces a void below the crater, subsequently collapsing

the crater floor and central peak, leading to the formation of a central pit feature [90, 185, 218, 219].

Whilst the presence of volatile material within the target near-surface is not necessarily required for

melt-drainage formation processes [185], the inclusion of melted volatiles within target material may

enhance the ability of impact melt to drain below the crater cavity [90, 219]. This allows a larger

void space to form below the crater cavity, enabling the central regions to collapse, leading to the

formation of central pit craters. Complexities arise when considering such a model, however, when
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attempting to account for the existence of pit rim features [189]; typically, collapse processes are

unable to form topographic relief rims [83, 120]. Hence, similarly to the proposed explosive volatile

release mechanism, the melt-drainage formation process is unable to account for all characteristic

morphological features associated with central pit craters [90].

Alongside the explosive volatile release and melt-drainage models, several other influencing fac-

tors (target rheology, surface temperature, thermal gradient, etc.) have been proposed to aid or

hinder the formation of central pit features [185, 187, 188]. During a cratering event on an icy satel-

lite, a central plug of shock-compressed material is thought to form at the bottom of the transient

cavity [100,185,188,218], particularly during impacts of cometary projectiles [100,185]. Some spec-

ulate this plug plays a key role in the formation of central pit craters on outer Solar System icy

satellites [188]. At sufficient temperatures, material within and around the icy plug likely undergoes

melting over substantial periods of time, generating melt water that drains from the central region

of the crater, inducing collapse [185]. This variation on the standard melt-drainage formation model

relies on the unique mechanism behind the central plug seen within numerical modelling of crater for-

mation in icy targets using multi-phase equations of state for water [100, 188]. There is currently no

observational or experimental evidence for this process thus, it relies on typically poor equations of

state for ice [100]. Despite this, and the extensive study invested into both the explosive release and

melt-drainage models, observations of Saturnian and Uranian satellites, along with other icy bodies in

the outer Solar System bring the role of volatiles within central pit formation into question [187]. The

Saturnian satellites of Rhea, Dione, and Tethys present substantially fewer central pit craters than

would be expected based on their compositions, with the Odysseus Crater pit on Tethys being the

only central pit crater thought to be present [187,188]. Additionally, when considering the onset diam-

eter for pit formation to begin, central pits on Tethys and Titania are found to break the inverse-gravity

scaling relationship followed by the vast majority of other crater morphology features [188].

3.4.4.2 Non-Volatile-Based Formation

The identification of central pits on the surfaces of Mercury and the Moon threw into contention ideas

surrounding the requirement of a volatile-rich target for their formation [90, 185, 187, 218, 219]. Hy-

potheses considering the formation of such features in volatile-depleted targets focused heavily on

the collapse of central peaks. Prior to, and during, the uplift process responsible for the formation

of a central peak, the material may become heavily brecciated and fractured [2, 3, 129, 152]. Brec-

ciation and/or fracturing is likely to reduce the effective strength of the target material forming the

central peak reducing its ability to support its own weight as it is uplifted [90, 120, 185, 189], with the

formation of floor/summit pits being attributed to the complete/lesser collapse of the peak structure

respectively [90,185]. Floor rebound based models have also been suggested to be key to the forma-

tion of central pit craters on both the Mercurian and lunar surfaces [120, 218, 219], a slight variation

on the peak collapse model. Central peak structures are suggested to collapse due to the presence

of a competent material layer overlying the brecciated core material. This competent layer is not
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only uplifted at a slower rate but also to a lesser extent. The spilling out of the brecciated material

produces only a weak peak which subsequently collapses [219]. This differs from the standard peak

collapse model as peak collapse during the floor rebound model occurs at smaller peak sizes, relying

on the material strength rather than the gravitational instability alone.

Figure 3.5: Stages of peak collapse for the formation of central pits without the presence of volatiles.

Panel a) shows the initial collapse at the point where the peak becomes gravitationally unstable

thought to lead to formation of summit pits. Panel b) shows the peak having undergone a partial level

of collapse leading to the production of a larger summit pit. Panel c) shows the results of a complete

peak collapse producing a floor pit.

Despite the extensive study and wide reaching support for the peak collapse model, it still fails

to fully explain observed central pit features [90,120,188,189,219]. The considerable overlap, often

possessed between the geographical distributions of central pit and peak craters, indicates collapse

processes alone cannot be responsible for the formation of central pits within craters [189]. Hence,

the idea of internal layering within the target has gained popularity over time [185,187–189]. Layers

possessing varying rheological properties within the target have been shown to aid in the formation

of central pit features [185,189]. The uplifting of layers within the central region of the forming crater

leads to the preferential displacement of brittle material as more ductile layers interact with it [188], as

was seen in numerical models applied to the crust of Ceres and outer solar system icy satellites. Such

interactions may induce separation between the central peak and the crater floor [189], leaving a pit-

like feature behind. Whilst internal layering of the target provides an explanation for pits observed to

be considerably younger than their host crater (such as Occator pit [188]), layer-based pit formation
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models have so far shown it to preferentially form central pits within smaller craters [185, 189] with

the effect of internal layering on the crater formation process reducing as the crater size increases [3,

189]. As such, the applicability of layer-based pit formation models is uncertain at best on planetary

scales [185,188].

To provide a volatile-free variation on the melt-drainage pit formation model, it has been proposed

that drainage of impact-generated melt from within/below the impact cavity can induce the collapse of

the central region, forming pit-like features [185,187,188,218,219]. Melt produced during the impact

event is proposed to drain through sub-surface fractures, generating a sub-crater void space. In

contrast to the previously discussed drainage model, this volatile-free model relies solely on impact-

generated melt rocks [185, 188, 219]. Such melt, however, is likely to cool and solidify before a

substantial volume is able to escape through fractures before re-solidifying [188, 218, 219]. Thus, a

volatile-free melt-drainage model is unlikely to lead to the generation of central pits. Higher energy

impacts are thought to produce larger quantities of impact melt [1, 3]. This larger quantity of energy

deposited within the target may allow the generated melt to remain liquid for a longer time; potentially

allowing a significant quantity of melt to drain below the crater [218,219]. Much of this work, however,

has been observation based. As such, little has been done to quantify the increase in impact velocity

required to allow a significant portion of melt to drain before re-solidification occurs.

In general, the lack of consensus regarding the formation model responsible for central pit for-

mation, even after extensive study, implies a combination of formation mechanisms are likely to be

behind the formation of central depressions.

3.5 Central Dome Craters

Having been observed on the surfaces of Ceres [188], and the icy satellites of Ganymede and Cal-

listo [120,195,196], central dome craters are currently thought of as the next step in the size evolution

for craters forming on ice-dominated surfaces [185,195]. They possess an interior morphology similar

to that of central pit craters [195], leading to the assumption that the two are linked [195,196]. Within

the pit, however, central dome craters posses a large steep-sided dome [120,185,196]; typically fill-

ing the majority of the pit floor [196]. Central dome craters are most common on Ganymede, being

the dominant crater morphology in the 60− 180 km diameter range [185,195]. This dominance is lost

when moving to Callisto, with a relative paucity of central dome craters observed on this surface [196].

The population size drops even further on Ceres, with only a single dome being observed (within Oc-

cator crater [188]). This substantial decrease in population size, particularly between Ganymede and

Callisto, has been suggested to link to the purity level of the icy surface [120, 196]. Ganymede is

thought to possess an almost pure water-ice crust, whilst both Callisto and Ceres are thought to pos-

sess ice-silicate surfaces [188, 196]. Little work has been carried out to investigate the effects other

properties (salinity, homogeneity of ice material, etc.) have on the production of central domes. Whilst

this potential link provides little to enable a formation mechanism to be identified, it may provide an
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insight into the quantity of ice within an ice-silicate mixture surface.

Figure 3.6: The 160 km diameter crater Neith on Ganymede. An example of a central dome crater,

imaged by the Solid-State Imager onboard the Galileo spacecraft [226].

Proposed formation mechanisms for central domes heavily depend on the presence of water-

ice within the target surface [120, 185, 195]. The most common proposed methods typically rely on

impact-induced/enhanced processes (melt lake formation [120], cryovolcanism [196], etc.), or long-

term responses of ice-dominated material to the impact process (isostatic upwarping [188], or topo-

graphic relaxation [195]). Whilst it has been suggested that a difference in formation mechanisms

may be required to explain dome formation on Ceres due to the singular dome there [188, 195], it

is still largely assumed that domes on Ganymede, Callisto, and Ceres form via the same mecha-

nism [188, 195]. Thus, the lack of central dome craters observed on the Martian surface allows an

approximate upper limit on the quantity of ice within the Northern Lowlands to be defined. Taking

Ceres as the end-member state for suppressing the formation of domes, one can say that Mars

should have an ice content of < 25 wt.% [183].
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3.6 Conclusions

This chapter has presented a review of impact crater morphological features typically related to the

presence of volatiles within the target surface. For many of these features, however, variations exist

which are unable to be explained by volatile-based formation mechanisms alone (e.g. ATE deposits

on Mercury and Venus and central pits on volatile-poor bodies). Hence, despite the heavy focus

on the role of volatiles within previous formation mechanisms, many have investigated the potential

formation of these features with no volatiles present. Currently, no single formation mechanism can

explain all of the observations across the solar system, indicating that a variety of methods may be

capable of producing similar features. This has particularly been the case with central pit features,

which have been observed on a large number of planets and satellites presenting drastically different

surface and cratering environments. Central dome craters, on the other hand, have so far only

been observed on bodies possessing a significant quantity of ice, indicating it to be vital to their

formation. Following this discussion, In this thesis we now investigate the crater process within

Martian permafrost experimentally, with the formation mechanisms proposed here enabling insights

to be made into the observed crater morphologies.
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"Step boldly onto the path,

and let your adventures begin"

The Voice of Tomorrow
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4.1 Light Gas Gun (LGG)

Initially having been developed following the end of the Second World War [3, 227, 228], multi-stage

Light-Gas Guns (LGGs) (in particular two-stage LGGs (2S-LGGs) [229]) became the most common

method of replicating hypervelocity impact (HVI) processes [229, 230]. They allow for high-speed

phenomena to be investigated under laboratory conditions, accelerating typically mm− cm sized pro-

jectiles to speeds of several km s−1 [227,229–231]. Whilst the precise muzzle velocity of the LGG de-

pends on the complex relation between a considerable number of parameters (propellant type, piston

mass, initial working gas pressure, etc.) [232], 2S-LGGs in use today reliably cover the 1− 9 km s−1

velocity range [227, 233]. The lower end of this speed range has traditionally marked the definition

for a HVI event [231, 234]; more recent analysis, however, has suggested that a collision might not

be classed as an HVI until the speed reaches ≥ 3 km s−1 [227], a speed still comfortably covered

by current-day 2S-LGGs. For the work presented here, the LGG at the University of Kent [231, 235]

was used, both in the one stage (1S-LGG, which achieves lower speeds) and 2S-LGG configurations.

This allows differing speed ranges and regimes to be covered dependent on the specific investigation.

4.1.1 One-Stage Operation

For investigations requiring a slow speed (see chapter 7), the 1S-LGG configuration is used - shown

in figure 4.1. In this configuration, the projectile is loaded into the rear of the launch tube over which

a two-layer bust disc (shown in figure 4.2) is secured. The launch tube is pressurised with either a

nitrogen or hydrogen driver gas. The pressure within the pump tube is increased gradually by a hand

controlled valve leading to a pressurised container, until the burst disc ruptures. At this point, the

projectile is forced down the launch tube towards the target. The pressure at which the burst disc

ruptures is primarily controlled through the thickness of the front foil disc layer, allowing the speed

to be controlled. The fastest speed achievable in this configuration is 1 km/s (corresponding to an

approximate 900 kPa), the approximate speed of sound in hydrogen gas at room temperature [236].

When speeds slower than 1 km/s are required, the speed is controlled through changes to the burst

disc, and changes to the driver gas composition. For the work presented in this thesis, a 0.22”

(5.56 mm) smoothbore barrel was used firing a shell projectile. This meant that no sabot was dis-

carded during the shot and that the target was required to be placed within the blast tank, to ensure

that it was reached by the projectile.

Whilst control of the projectile speed using the 1S-LGG configuration is possible, projectile speeds

substantially below 1 km/s are close to the lower limit of the possible speed range for the Kent LGG

which is approximately 0.4 km/s. To give more details, for 1S-LGG configurations, the burst disc used

is formed of a foil disc (with a thickness of t) and a backing annulus (with an inner diameter of d). This

provides three parameters capable of controlling the speed: driver gas pressure (P), the foil thickness

(t), and the annulus inner diameter (d). For the Kent LGG, d is fixed, thus differences in both t and P

are used to exert some control over the projectile speed. Primary control over the projectile speed is
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Blast tank

Target chamber

Breach
Launch tube

Pump tube

Muzzle laser

Cartridge

Figure 4.1: The LGG in the Kent impact facility. Blue arrows signify components used within both

1S-LGG and 2S-LGG configurations, whilst orange labels identify components only used within a

2S-LGG configuration.
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Foil Disc

Backing Annulus

Tape Layer

Figure 4.2: Schematic diagram of the two-layer burst disk for the Kent 1S-LGG. The foil thickness

(t) goes between 40-100 microns depending on the required projectile speed and desired bursting

pressure. The total diameter of the burst disk is ≈ 1.5 cm, with the inner diameter of the annulus (d)

being 4.3 mm.

exerted through the choice of foil thickness, it ranges between 40 µm for the slowest speed shots to

100 µm for the highest speed shots. This changes the value of P required in the pump tube before the

foil disc ruptures allowing the projectile to become accelerated. Typically the pressure used can be

as much as 90 bar. It is found experimentally, that the ability to pre-set the desired speed is degraded

as the speed gets significantly lower than 1 km/s, and the actual speed can vary significantly from

that chosen pre-shot.

4.1.2 Two-Stage Operation

The two-stage configuration differs from that of the one-stage through the means of pressurising

the pump tube via a special firing mechanism (shown in Figure 4.1). To allow higher speeds to be

achieved, a substantially higher level of compression is required within the pump tube. To achieve

this, during a two-stage shot, the rear of the pump tube is sealed with a single-use nylon piston

(shown in figure 4.3) which, in turn, has a powder-loaded shotgun cartridge placed behind it. Similarly

to a one-stage shot, the pump tube is then filled with a pressurised gas. When fired, a pendulum is

released, allowing it to strike the firing pin. This detonates the primer in the shotgun cartridge, igniting

the gunpowder load. The explosive force and release of hot, high pressure gas, forces the nylon

piston (Figure 4.3) down the pump tube, rapidly decreasing the available volume for the gas to fill.

This rapid compression of the gas significantly increases the pressure within the breech - generating

pressures on the order of 107 atm. Under this pressure, the burst disc ruptures, causing the gas

to accelerate the sabot at hypervelocity speeds. Whilst the speed regimes available in a two-stage

configuration are significantly higher than those capable of being reached for a one-stage shot, the
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use of gunpowder as an initial propellant can substantially increase the level of target contamination

during a shot.

Figure 4.3: An example nylon piston before (left) and after (right) being fired. The piston is used in

two-stage shots of the light gas gun at the University of Kent [231]. Combined with o-rings, it forms an

air-tight seal at the rear of the pump tube allowing the gas inside to be compressed to substantially

high pressures. The length of the piston pre-shot is 8.5 cm and its width is 1.27 cm. These dimensions

allows the piston to just fit inside the pump tube ensuring a gas tight seal.

Projectile path

Exit aperture

Target

Projectile path

Exit aperture

Target

Figure 4.4: The two main blast tank target holders used within this thesis. Panel a) shows the

standard target holder for the blast tank. Panel b) shows the target holder used for larger targets

within the blast tank (such as those within Chapter 7). Attached to the leading face of both target

holders is an ‘exit’ aperture, used to catch discarded sabot parts after leaving the launch tube.

4.1.3 Target Placement

Once fired, the operation of the light gas gun is almost identical for both a one- and two-stage shot;

with differences for a shot now lying in the placement of the target. The experimental configuration

Page|67 jejf3



CHAPTER 4. EXPERIMENTAL EQUIPMENT

at the University of Kent allows for targets for both shot types to be placed in either the blast tank,

or target chamber (both are labelled within Figure 4.1) which are evacuated to low pressures (typi-

cally < 1 mbar) pre-shot. Target location is typically selected based on the type of projectile and the

analyses required during the shot itself - not the speed regime being investigated. For targets placed

within the blast tank (which can hold targets up to 10 cm in size), only a few target holders can be

used (the main two used for this work are shown in Figure 4.4).

Projectile

Sabot Segment

1 2 3

Figure 4.5: Schematic diagram showing the process of sabot segmentation during flight. Stage 1

shows the sabot travelling down the launch tube with the projectile housed in the interior. Rifling in

the launch tube causes the sabot and projectile to spin. Stage 2 follows once the sabot leaves the

launch tube. Once the sabot segments are no longer constrained by the launch tube, their spinning

motion causes them to fly off-axis away from the projectile. Once the projectile is free from the sabot,

it continues towards the target in stage 3. The spin of the projectile helps stabilise it on axis during

flight. Note that whilst only two sabot segments are shown here (in side view), a typical sabot has

four interlocking segments with the projectile carried in a central shaft between the sabot parts.

4.1.4 Projectile Speed calculations

The precise way through which the projectile speed can be calculated within the Kent LGG varies

depending on the parameters of the shot. Within each shot, the projectile passes through at least

the muzzle laser upon leaving the launch tube. For shots utilising a split sabot, discarded sabot

segments (Figure 4.5) impact the blast tank exit aperture generating a vibration signal. If the target is

located in the target chamber rather than the blast tank, the projectile then exits the rear of the blast

tank and passes through two collimated laser light curtains mounted transverse to the direction of

flight (forming a time of flight laser system). These can be seen in Figure 4.6. This provides several

redundancies to measure the speed within varying shot parameters. The most precise way is for a

shot in which the projectile passes through the time of flight laser system located down-range of the
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blast tank. The known separation of these lasers, along with the time delay for the projectile to reach

the second laser allows the speed to be calculated to an precision of ±1%.

Muzzle laser

Launch tube

Emitter

Photodiode

Projectile path

Exit aperture

Vibration sensor

Laser two

Laser one

Figure 4.6: The equipment used to measure the speed of a projectile within the Kent LGG. Panel a)

shows the muzzle laser situated immediately after the launch tube. Every projectile passes through

this laser and the trace generated on the oscilloscope provides a method to ensure the projectile

successfully survived the initial acceleration. For shots using a solid projectile with a target inside

the blast tank the signal from this laser provides the only method to measure projectile speed. The

time delay between the leading and trailing edge of the projectile provides the projectile speed to

an accuracy of 5% providing the length of the projectile is known. Panel b) shows the emitter and

photodiode used for the muzzle laser. Panel c) shows the standard set-up for targets placed further

along the gun. It shows the exit aperture affixed to the blast tank with the vibration sensor attached

to the plate. This sensor reads to a oscilloscope outside of the chamber The time delay between

the vibration signal generated by impacting sabot segments and the muzzle laser signal allows the

projectile velocity to be calculated to a precision of 5%. Panel d) shows the time of flight lasers located

down range of the blast tank. The known separation and the time delay between the projectile passing

through each laser allows the projectile speed to be calculated to an accuracy of ±1%.

For shots in which the target has been placed within the blast tank, this method is not an option.

The projectile only travels as far as the blast tank and thus does not pass through the time of flight

laser system. In this situation, the method for calculating projectile velocity is dependent on the

properties of the projectile. For split sabot shots, upon leaving the launch tube, the sabot segments

are discarded prior to the projectile impacting the target. These segments impact the blast tank exit
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aperture causing a detectable vibration. The time delay between this vibration signal and the signal

from the muzzle laser can be used to calculate the projectile velocity to a precision of 5%. For this

method, the distance between the rear face of the blast tank and the front face of the exit aperture

must be measured. For solid sabot shots (such as those carried out for the work in Chapter 7), the

process of calculated projectile velocity relies entirely on the signal detected by the muzzle laser. For

solid sabot shots, no sabot segments are discarded, hence no vibration signal is detected by the blast

tank exit aperture (providing the projectile remains on axis). In this situation, the time delay between

the leading and trailing face of the projectile passing through the mizzle laser allows the projectile

velocity to be calculated to a precision of 5%, provided the length of the projectile is known.

4.2 Material Characterisation Techniques

In this thesis, projectile and target materials sometimes need to be characterised. Induced interac-

tions between an incident source of electromagnetic radiation and a sample material fall under the

umbrella of spectroscopic techniques. Whilst all falling under the same family of analysis, the meth-

ods used vary drastically (both sample preparation and analysis) for each technique. The interactions

are characteristic to the structure and composition of the sample. Hence, spectroscopic analysis can

be used to identify elements and compounds within a sample or to quantify the composition. Methods

can be both non-destructive (XRF, Raman, X-Ray Diffraction (XRD), etc.) and destructive (Atomic

Emission Spectroscopy (AES), Laser Ablation Mass Spectrometery (LA-MS), etc.), depending on

sample preparation and the methods by which it is analysed. For the work presented here, a range

of methods are used. Their use is primarily focused on the work covered in Chapter 7 to aid in

the identification of post-shot projectile material. The following sections will discuss the underlying

physics of the selected processes, XRF and scanning electron microscopy, and the methods required

for sample preparation.

4.2.1 X-Ray Fluorescence (XRF)

XRF spectroscopy is used to determine the elemental concentrations within a sample. The technique

relies on the production of secondary electrons due to the excitation of atoms within the sample; the

measured energy of these secondary x-rays allows for the precise identification of the elements within

a sample. When exposed to high energy incident x-rays, inner shell electrons may become ejected

from atoms within a sample ionising the atom leaving it in an unstable state. The result of this is an

atomic relaxation cascade, during which electrons from outer shells fall to lower energy levels within

the atomic structure (Figure 4.7). These transitions fall within defined series (Figure 4.8), denoting

transitions between electron shells and are dependent on the vacancy that is being filled within the

atomic structure. As this occurs the reduction in energy generates photons (typically secondary x-

rays), the energy of which is equal to the well defined energy difference between electron orbitals.

These energy levels of the x-rays produced from this cascade are characteristic for each element.
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Figure 4.7: The process by which characteristic x-rays are produced within an atom. Image

from [237].

Figure 4.8: Electron transition series available within the structure of an atom. Image from [238].

For the analyses presented in this thesis, XRF spectroscopy was undertaken using the Malvern

PANanalytical Epsilon3 Energy Dispersive XRF (EDXRF) spectrometer (shown in figure 4.9) at the

University of Kent. The spectrometer is capable of measuring elemental abundances between car-

bon and americium. Whilst there is no theoretical limit to the quantity of sample that can undergo

analysis within the spectrometer - other than that dictated by the size of the sample container (a

cylinder of 28.22 mm diameter and 28.65 mm height) - EDXRF analysis works best in cases where

the sample size forms a thin (of a few mm) layer over the base of the sample holder. The spec-

trometer is fitted with an automated sample changer allowing ten individual samples to be analysed

before changing is required. When setting up the analysis, samples can be set to spin to reduce

the influence of inhomogeneities during the x-ray bombardment. Each sample takes 75 minutes per
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analysis, composing five individual runs of 15 minutes to provide an average result. Under the ‘stan-

dard’ running conditions, the space between the x-ray tube, sample window, and the x-ray detector

is filled with He gas. Four measurements are taken with the Rh x-ray tube at the voltages of 30.0 kV,

20.0 kV, 12.0 kV, and 5.0 kV. In combination with the Ag diffraction grating, a 200 µm Al filter, 50 µm

Al filter, and no filter are used. Measurements are carried out for the durations of 120 s, 120 s, 300 s,

and 300 s respectively. The combined results spectrum is obtained after the overall measurement

time of 15 minutes, spectra are then analysed using Malvern PANanalytical software for standardless

XRF analysis.

Figure 4.9: The PANalaytical Epsilon3 EDXRF spectrometer at the University of Kent. Left shows

the machine exterior with the lead shielding and right shows the interior sample holder and rotating

wheel capable of holding up to ten samples.

Sample holders (shown in figure 4.10) for the XRF spectrometer consisted of four components:

two plastic cylinder walls (forming the inner and outer walls), a plastic lid, and a thin (3.6 µm) mylar

film base. Containers are built such that the thin mylar film is trapped between the inner and outer

walls which fit together tightly; this holds the film securely in place forming a thin, tight base of the

container. Mylar is used for the base of the container as this material is relatively transparent to x-rays,

thus allowing the sample to be analysed with no contamination. To ensure the sample and container

present a plane surface to the incident x-rays, it is important to ensure that no creases are formed

in the film when constructing the container. The plastic lid of the container is used to both protect

the film base during moving of the sample, and to prevent spilling of the sample during analysis.

For some analyses presented in this thesis, a europium mineral standard was used to calibrate the
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spectrometer. The size of this standard was mm in diameter, thus it could not be held in a standard

sample holder. To analyse the standard, it was simply wrapped in a thin mylar film, allowing easy

insertion and removal of the standard. Following the analysis, the results were provided in the form of

a table with the percentage weights of each component being given to three decimal places. These

values could then be averaged for each sample providing the standard deviation and standard error.

Figure 4.10: The samples holders used for analysis within the XRF spectrometer. Left shows the

outside of the sample holder with the lid attached whilst the image on the right shows the interior of

the sample holder with the clear mylar film visible at the base of the holder. The holders were 28.22

mm in diameter.

4.2.2 Scanning Electron Microscope (SEM)

Within this thesis, SEM analysis was used to provide high-magnification (beyond those achievable

with an optical microscope) of the silicate samples used. The Hitachi SN4000 at the University of

Kent was used with an Oxford Instruments 80 mm2 X-max Energy Dispersive X-ray Spectrometer

(shown in Figure 4.11). Within the machine a voltage is applied across a tungsten filament to gen-

erate electrons. These are then directed towards the sample, where they interact with the material.

This interactions generates secondary electrons through ionisation interactions and through inelas-

tic backscattering interactions. The machine has two possible modes of operation, utilising either

a complete vacuum (SEM mode) or variable pressure (VP) mode. Whilst each have different pros

and cons, for the work within this thesis, VP mode was required due to the nature of the sample.
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This both prevented charging of the sample (an issue with some grains within the samples consisting

of materials known to charge) and the dislocation of samples during analysis. A result of this was

that during analysis, backscatter electron (BSE) mode was needed for the detector, as secondary

electrons (an alternative detector mode) would not possess high enough energies to be detected

due to the presence of the residual atmosphere within the sample chamber. During analysis, the

sample chamber was held at a pressure of 25 Pa. Within the SEM, analysis via secondary electrons

follows a process similar to that described in Section 4.2.1. Electrons contained in atoms within the

sample are dislodged by the incident beam and become ejected from the atom with a defined en-

ergy level. These secondary electrons are characteristic of the element they are ejected from. Back

scatter electrons, however, are produced via the deflection of incident electrons from the sample.

Backscattered electrons provide no information on the surface morphology of the target. They can,

however, provide information on the relative densities of the materials within the sample. Denser

materials appear brighter within the produced images due to the increased number of backscattered

electrons, whilst lighter materials appear darker. Whilst secondary electrons can provide information

of the surface morphology of the sample, their energies are much too low to be used within the VP

mode selected for this analysis. For this analysis the pressure within the SEM was set to 25 Pa and

the voltage across the filament was 20 Kv.

Figure 4.11: The scanning electron microscope at the University of Kent. Panel b) shows the inside

of the sample chamber which is sealed during analysis.

For this work, the image of the sample was formed through the detection of electrons being

elastically scattered by the target. To produce an image, electrons are accelerated from an electron
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gun. All electrons reach the target with the same energy. These electrons then interact with the

sample and are elastically scattered. When incident upon the detector, the measured energy of

scattered electrons provides information about the density of the sample material; with higher density

materials appearing brighter (whiter) in the image. SEM analysis is a minimally destructive technique.

However, whilst the process involved within the SEM is itself non-destructive, the sample mounting

required during preparation means that the sample often cannot be reused. To prepare the sample

for analysis, it is mounted on a metallic stub (Figure 4.12) with adhesive to hold it in place within the

sample chamber. The use of BSE limited the topographical information able to be obtained about the

sample, but provided a sufficient level of detail to draw conclusions regarding grain morphology and

size distributions.

Figure 4.12: Mounting stub (top view) used for the standard analysis carried out within this thesis.

The stub is 2.5 cm in diameter.

Attempts were made for the work presented in Chapter 7 to the use SEM Electron Diffraction

Spectrometry (EDS) to identify emplaced projectile material. For this, samples required a unique

mounting system (shown in Figure 4.13) due to their large size. SEM EDS works due to inelastic

scattering of electrons leading to a change in their energy. This change is characteristic of the

elements within the sample allowing the composition to be analysed (this process is similar to that of

XRF). Difficulties encountered during the sample preparation and time constraints, however, meant

that no results for this analysis were obtained.

4.3 conclusions

This chapter has described the primary equipment used for the experiments performed within this

thesis along with the standard operating procedures and a brief look at the physics behind their

operation. In the next chapters, the details and results of a series of experimental investigations are
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Figure 4.13: Method used for mounting Phobos simulant targets for analysis. Due to their large size

the blocks were affixed to a metallic plate for support by aluminium tape. This tape was to prevent

excessive charging of the sample as well as to hold it in place. This plate was then mounted on a

standard stub allowing the sample to be mounted within the SEM. The metal plate has a side length

of 8 cm.

given. Within these chapters, investigation specific methods are given featuring additional details

related to those chapters in regards to a variety of equipment.
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"We are but notes in the cosmic score,

forever connected by the universal melody of life"

The Voice of Tomorrow
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5.1 Mars and Phobos Simulant Materials

When selecting a planetary simulant for use within a study, there are a wide range of available materi-

als. These materials possess a variety of physical properties with each typically being engineered for

a specific purpose [239]. Despite simulant materials often having undergone development for a spe-

cific use case, the limited availability and limitations often associated with experimental investigations

typically means that they are used far beyond their intended applications. This is likewise the case

for the simulants used within the work presented in this thesis. Therefore, it is of high importance that

analyses of these materials are undertaken to allow for meaningful comparisons to be made during

investigations. An in-depth review of all available planetary simulants is beyond the necessary scope

of the work presented in this thesis (an in-depth review of the available Martian and lunar simulants

can be found in [239] and [240] respectively). It is useful, however, to look at the planetary analogues

used within this thesis that focus on the Mars system, with simulants being used to replicate both the

Martian and Phobosian surfaces.

Use of the simulant materials falls within two investigations in this thesis, the first focusing on the

surface of Mars utilising JSC Mars-1 (JSC-M) [241], and MGS-1 [239] (both of which are compared to

a kiln dried sand (KDS) material). The second investigation focuses on the transfer of material from

Mars to Phobos using doped MGS-1 simulants and PCA-1 [242] to replicate the predicted regolith

composition of Phobos. The work presented in this chapter only scratches the surface of possible

testing that these simulants can be subjected to in order to classify them. However, these analyses

form a key step in interpreting the data collected within subsequent chapters. The testing carried out

additionally allows comparisons between vastly different silicate materials (e.g. the Martian simulants

and KDS used in Chapter 6) to provide further insights into the cratering processes within sand-

based target materials. Further, analyses examining the chemical compositions can be used to

guide the methodology undertaken and interpretations made in the geological analysis undertaken

in Chapter 7.

Due to the time constraints of this project the testing and analysis each simulant material was

subjected to varied, based on the requirements of the subsequent investigation in which it was used.

A more complete comparison of some of the simulant materials used can be found in [?]. For the first

investigation focusing on the differing crater morphology in a variety of Martian permafrost analogue

materials, the geotechnical properties (the properties of natural ground minerals) of the simulants

are of primary interest. This testing primarily focused on the grain morphology for each simulant,

the size distribution of each simulant, and how these influenced other geotechnical properties (such

as coefficient of static friction, etc.) and potentially their response to the impact process. For the

second investigation, the primary focus was the chemical composition of MGS-1 and PCA-1 and the

identification of post-impact mixed simulant projectile material. This heavily depended on the use of

XRF techniques to identify unique components within the projectile and target materials. Whilst this

process is a common method of characterising planetary simulant materials [239,242–244], it would
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prove difficult to employ for in-situ measurements onboard spacecraft.

Of the simulant materials used within this investigation, they fall into three categories. The first

is that consisting of the kiln dried sand, this was a building sand purchased from the local hardware

shop with little to no information provided by the supplier regarding its composition or size distribution.

The composition of kiln dried sand is, in general, typically 99.7% SiO2, with traces of other materials

such as Al2)3, and Fe2O3 for example. The exact composition to an accuracy better than this is not

critical for the purpose of which it is used in this work, so was not pursued in greater detail. The

grain size distribution and coefficient of static friction was, however, measured where relevant. The

second group for these simulant materials is the spectral simulant JSC Mars-1 (produced by NASA

at Johnson Space Centre [241]). This simulant was sourced from the Pu’u Nene cinder cone in

Hawaii with additional components included to provide a closer spectral match the the IR reflectance

spectra obtained from bright regions on Mars. The mineralogy, elemental composition, and size

distribution of this simulant can be found in Allen, et al. [243]. Whilst a size distribution is also

provided by Allen, et al., [243], due to the age of this simulant and its prior use within the impact

laboratory, this was re-measured for the simulant used for the work presented within this thesis.

Whilst this simulant has components added to it, primarily it is sourced from exposed environments

on Earth. As such it will have been subjected to alteration and natural weathering. The final group

of simulants used within this thesis are those sourced from SRT (Space Resource Technologies

based at the University of Central Florida [239, 242]. The first of these, MGS-1, was produced as

a chemical match to x-ray diffraction results obtained from the Rocknest sample site on the surface

of Mars [239]. This analysis was carried out by the Curiosity rover [55]. To simulate the Phobosian

surface, however, SRT produced the PCA-1 simulant to spectrally match the Orgueil meteorite [242]

(a meteorite thought to have a similar composition to that of Phobos if it was found to be a captured

asteroid). To construct these simulants, minerals were sourced from mines by SRT. These were then

combined to provide a simulant of a known size range and mineralogy. These values are given in the

safety data sheets for the simulants (found on the SRT website) and within the initial papers regarding

these simulants [239,242]. Between sample batches, however, these parameters can change slightly

depending on the source of the mineral and the precise mineral included in the simulant. As such,

it is useful for the work here to analyse the size distribution of the simulants and the elemental

composition.

5.2 Experimental Protocol

Testing was undertaken with samples of KDS, JSC-M, and MGS-1 to measure grain size, specific

gravity (both bulk and grain densities), and static friction. For comparisons between MGS-1 and

PCA-1, testing was focused on the composition of these simulants rather than their geotechnical

properties, as this was key to the investigation involving these materials. They were subjected to

XRF analysis (see Section 4.2.1) investigating elemental concentrations, aiding in post-shot identifi-
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cation (discussed more in Chapter 7). All of the simulants presented in this chapter were additionally

analysed through optical microscopy and SEM (see Section 4.2.2) to allow investigations into their

morphology and microscopic features.

5.2.1 Sample Preparation

Minimal preparation of the sample was required for the majority of analyses. To examine the grain

size distribution of the Martian simulants used, a set of sieves were used (information provided in

Table 5.1), with each sieve weighed prior to use. 200 g of simulant was added to the stack and

sieved for three minutes with varying direction of agitation, allowing grains to move past each other

and effectively separate into their respective sized sieve. At the end of the sieving period (samples

were sieved for a period of three minutes), the mass of simulant retained in each sieve (m) was

determined. Estimating the number of grains retained during the sieving (N) was possible through

the equation:

N =
Vρg
m

(5.1)

where ρg is the measured grain density of the simulant. This requires the assumption that each grain

is a sphere with a diameter equal to the midpoint of each represented range (both the size range of

each gradation and midpoints are given in Table 5.1), allowing the volume (V) to be calculated. In

Equation 5.1, the density is the calculated grain density of each simulant. To calculate this, a mass of

each simulant was added to a known quantity of water inside a measuring cylinder. This ensures that

the pore space between grains is filled with water. Hence, the increase in both volume and mass due

to the added silicate then provides the grain density. Bulk densities of the simulants can be measured

through the standard means of adding a quantity of the material to a measuring cylinder.

Table 5.1: Parameters of the sieve stack used to analyse the grain size distribution for the Martian

simulant materials [245]. Average particle volumes were calculated using the mid-point size for each

sieve mesh.

Sieve Mesh (µm) Size Range (µm) Mid - point (µm) Average volume (µm3)

10 2000 >2000 2000.0 4.19× 109

20 841 2000-841 1420.5 1.5× 109

40 420 841-420 630.5 1.31× 108

60 250 420-250 335.0 1.97× 107

80 177 250-177 213.5 5.10× 106

120 125 177-125 151.0 1.80× 106

250 58 125-58 91.5 4.01× 105

Base n/a 58-0 29.0 1.28× 104

The coefficient of static friction for the Martian simulants was measured via the tilting box method.

Approximately 100 g of the simulant was added to a glass beaker. This was then slowly tilted until the
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material on the upper surface began to slide. The angle at which slipping started (the angle of repose

θ) was measured using an inclinometer, with the coefficient of static friction (µs) (given in Table 5.2)

being calculated through:

µs = tan (θ) (5.2)

Similarly, minimal preparation was required for the X-Ray Fluorescence (XRF) analysis of PCA-1 and

MGS-1. Samples were contained in holders described in Section 4.2.1, with enough of the sample

added to ensure the base was covered during analysis. The analytical conditions for the sample

scans were kept at standard (see Section 4.2.1). For each sample, five scans were taken allowing

the scatter and standard error to be calculated for each constituent.

Two samples of each simulant were used to assess the natural variation in grains. Due to the na-

ture of construction for both MGS-1 and PCA-1 (discussed in detail in [239,242]), samples presented

as extremely inhomogeneous for chemical and spectral analysis. Ball milling methods were therefore

employed to increase the homogeneity of the samples for microscopic analysis.

5.2.2 Ball Milling

To increase the homogeneity of simulant samples during analyses, samples underwent a standard-

ised ball milling procedure. Samples (5 g of simulant) were ball milled using a mixer mill (figure 5.1)

for a period of five minutes at a frequency of 15 Hz. Milling was carried out using 3 × 11 mm stain-

less steel ball bearings within the milling jar (the container in which the sample is held during milling

- highlighted in figure 5.1). The sample filled this milling jar to approximately one-third of its capacity.

A small quantity of ethanol (2− 3 ml) was added to samples to act as a lubricant during the milling.

The ball milling process subjects the simulant materials to pulverisation and grinding via impact fric-

tion. This is induced through the side-to-side motion of the milling jar. Repeated contact between

the sample and the side of the jar, along with the ball bearings, rapidly homogenises the sample.

Hence, further analyses of the simulant compositions allows a less diverse composition to be ob-

tained whereas this was previously limited by the granular nature of the synthetic simulants. Due to

the change in grain size and the potential introduction of chemical processes, however, ball milled

samples are not ideal for both grain size distribution studies or analytical techniques dependent on

crystal structure (e.g. x-ray diffraction analysis).

5.3 Geotechnical Properties of Martian Simulants

Within the investigations presented later in this thesis, a range of silicate based materials are used to

simulate impacts onto the surface of Mars. The nature of these materials influences how the target

materials used respond to the impact process and in turn, the morphology of the produced craters.

Of the parameters measured through the geotechnical testing performed here, the two base features

are grain morphology and grain size distribution. Whilst other parameters can provide information

of specific responses, they are all somewhat dependent on these two features. Figure 5.2 shows
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Counter weight

Milling jar

Figure 5.1: The Retsch MM301 mixer mill used for the ball milling processes within this Chapter.

Within the figure the milling jar (the container in which the sample is held) and the counter weight are

highlighted. During milling, both are shaken from side to side (horizontally) to induce crushing within

the sample.

optical and SEM images of each simulant. When comparing the silicate materials used, a stark

difference can be seen between the KDS and the Martian simulants (JSC-M and MGS-1). Grains

within the Martian simulants appear irregular in shape whilst those in the KDS materials are seen

to be much smoother. This increases the force required to induce motion in the Martian simulant

materials when compared to the KDS. This can be seen when looking at the values for the coefficient

of friction for each material in Table 5.2. Despite the coefficients of friction being similar for KDS and

JSC-M samples, the irregularity and wider range in grain sizes observed within JSC-M simulant acts

to increase the required force to induce motion. The large jump seen between JSC-M and MGS-

1, however, is likely due to JSC-M grains having undergone weathering prior to collection whereas

grains within MGS-1 will not have undergone this process. SEM images of each simulant again

shows the same differences in grain morphology, with grains from MGS-1 appearing to be the most

irregular. These images further allow the population of sub-micron grains included within both the

MGS-1 and JSC Mars-1 simulants to be seen clearly, and the morphology of these grains to be

analysed.

Table 5.2: The measured geotechnical properties of the used materials.

Material Sample mass (g) Bulk Density (g/cm3) Grain Density (g/cm3) Angle of repose (◦) Coefficient of friction

MGS-1 200.46 1.49 1.91 46.2 1.04

JSC-M 200.34 1.07 1.91 34.2 0.68

KDS 200.71 1.71 2.65 31.8 0.62

From both the optical and SEM images of the simulants, qualitative information can be obtained
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Figure 5.2: Optical and electron microscopy images of the silicate materials used to represent the

Martian surface. The top images show MGS-1 Martian simulant [239], the middle row shows the JSC

Mars-1 simulant [241], and the bottom row shows the kiln dried sand (KDS) material. SEM images

obtained curtsey of Jessica Wills

about the size distribution of grains. Each of the silicate materials shows a unique size distribution.

The KDS appears to have an almost unimodal distribution. Both JSC-M and MGS-1 are seen in opti-

cal images to have both large and small grains which will increase the packing fraction of the material,

consequently increasing the force required to induce motion. As well as this, in SEM images, both

Martian simulants are seen to have very fine grains coating the larger ones, in particular within the

MGS-1 material. Large grains are seen to be heavily coated with sub-micron dust grains. Whilst still

present, the number of sub-micron grains seen within JSC-M is substantially lower than those seen
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within MGS-1. This likely explains the sudden jump in Table 5.2 seen when looking at the coefficients

of friction for the silicate materials. To gain further quantitative insights into the grain size distribution,

the results of the sieving methods are shown in Table 5.3 and Figure 5.3.

For KDS, the material remaining within each sieve rapidly increases, peaking between 420− 177 µm,

it then decreases almost as rapidly as the increase before almost disappearing completely. MGS-1

follows a very similar trend to the KDS material. For MGS-1, a broader mass distribution is seen in

Figure 5.3 than for either KDS or JSC-M. The mass distribution peaks at an average size of 630.5 µm

before slowly decreasing. The trend then rapidly decreases after an average grain size of 213.5 µm.

The observed trend for the number of grains, however, shows an almost normal distribution, with the

peak number of grains estimated for grains with an average diameter of 213.5 µm. For JSC-M, the

trend differs from those seen for the previous simulant materials, especially for the estimated num-

ber of grains. For JSC-M, the estimated number of grains increases for each sieve with the largest

number being estimated for the base. For the mass distribution, JSC-M shows a normal distribution

peaking at an average grain size of 335 µm. Due to the significantly higher measured grain density for

KDS (2.65 g/cm3) when compared to the Martian simulants (1.91 g/cm3), the overall estimated num-

ber of grains within the sample is considerably lower than for both Martian simulant materials. This

is likely due to the KDS being composed of largely low porosity quartz grains whereas the simulants

are basalt based, possessing a higher grain porosity.

Table 5.3: Distribution of simulant mass and estimated number of grains within each sieve for all three

simulants. The assumed mass of a single grain within each sieve (based on the measured average

grain density) is also shown.

Sieve MGS-1 JSC-M KDS

size Mass (g) Single grain (g) Number Mass (g) Single grain (g) Number Mass (g) Single grain (g) Number

10 0.64 8.00× 10−3 80 0.16 8.00× 10−3 20 0.01 1.11× 10−2 1

20 5.84 2.87× 10−3 2037 0.93 2.87× 10−3 324 0.03 3.98× 10−3 8

40 44.77 2.51× 10−4 178608 72.89 2.51× 10−4 290791 9.35 3.48× 10−4 26885

60 97.79 3.76× 10−5 2600926 53.95 3.76× 10−5 1434911 139.99 5.22× 10−5 2683602

80 43.79 9.73× 10−6 4499345 49.57 9.73× 10−5 5093230 45.50 1.35× 10−5 3369561

120 6.95 3.44× 10−6 2018468 15.87 3.44× 10−6 4609078 5.31 4.78× 10−6 1111525

250 0.63 7.66× 10−7 822328 6.53 7.66× 10−7 8523499 0.43 1.06× 10−6 404539

Base 0.02 2.44× 10−8 819981 0.31 2.44× 10−8 12709712 0.09 3.38× 10−8 2659525

5.4 Compositional Properties of MGS-1 and PCA-1 Simulants

Table 5.4 gives the compositions of both MGS-1 and PCA-1 from XRF analysis. As stated, samples

were analysed five times, to assess the measured uncertainties. Whilst these compositions vary

slightly from those given in the literature for MGS-1 [239] and PCA-1 [242], this can be accounted

for due to differences in the spectrometer used to perform the analysis and changes to the simulant

recipe by suppliers. For example, the listed composition for MGS-1 within Cannon, et al. [239] gives a
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Figure 5.3: Distribution of mass (left) and estimated number of grains (right) in each sieve following

processing for each material.

value of 3.4 wt.% of Na2O within the simulant. Within the analysis carried out here, however, no value

for sodium was identified due to it being close to the limit of detection for the spectrometer (discussed

in Section 4.2.1). The literature measurements show Na2O to be the only unique listed constituent

within the MGS-1 material when compared to the published composition for PCA-1 [239, 242]. As

such, identifying post-impact MGS-1 material would simply require the identification of Na within the

collected ejecta or target. The results in Table 5.4 show that very little difference can be identified

between both PCA-1 and MGS-1 through XRF analysis. Hence, to aid in the investigations presented

in Chapter 7, an alternative approach was required when considering the projectile material analysis.

Table 5.4: Elemental concentrations of MGS-1 and PCA-1 measured by XRF analysis. All values are

given in units of wt.% with errors calculated as the standard error of the average over five scans per

sample. Analysis was performed using the spectrometer described in Section 4.2.1.

MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO Ti

MGS-1 9.546± 0.025 14.525± 0.022 43.890± 0.013 0.175± 0.001 1.317± 0.011 0.045± 0.001 0.464± 0.001 9.402± 0.007 0.283± 0.008

PCA-1 10.231± 0.076 5.992± 0.147 34.503± 0.200 0.221± 0.007 5.189± 0.106 0.034± 0.003 3.409± 0.067 9.222± 0.163 0.346± 0.021

Cr Mn Fe2O3 Ni Zn Sr In Eu2O3 Trace

MGS-1 0.173± 0.001 0.091± 0.001 19.614± 0.050 0.138± 0.001 0.011± 0.001 0.042± 0.001 0.197± 0.007 0.069± 0.003 0.038

PCA-1 0.053± 0.002 0.099± 0.009 30.015± 0.232 0.053± 0.001 0.024± 0.001 0.167± 0.002 0.177± 0.006 0.096± 0.002 0.161

5.5 MGS-1 Geopolymer Reactions

During attempts to produce a permafrost analogue target (the process of which is covered in detail

in section 6.2.1) using the MGS-1 Martian simulant material, it was noted that in the presence of

hard water, a ‘pozzolanic’-like reaction [246] occurred producing a cement-like substance. Closer

inspection of this ‘cemented’ target, however, showed the cementing to be limited to only the upper

millimetres of the target; warranting further study. Due to the thin nature of this ‘crust’ material, it

presented as a very brittle substance with low material strength. Additionally, the top and bottom

surface of the initial cement produced show drastically different textures, with the top being relatively
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smooth whilst the bottom was much rougher. The properties of the cement crust are shown in Figure

5.4. Further, if the presence of hard water is required for the MGS-1 simulant to ‘naturally’ cement,

the closed nature of the initial container (those used for target construction discussed in Section

6.2.1) may contribute to the relatively thin nature of the crust produced, as well as the uneven nature

of the bottom layer of this material. The oven during the target preparation heated samples from their

base, thus the closed nature of the container forced the evaporating water within the target upwards.

This process exposed the upper surface of the target to a substantially higher level of ion-rich hard

water.

Figure 5.4: Images of the initial cement crust formed through the combination of MGS-1 and hard

water. Panels a) and b) show the thickness of the ‘crust’ layer whilst panel c) shows the upper surface

and panel d) shows the bottom surface. The target underwent freezing at −20◦ C for a period of 48

hours, and was then heated to a temperature of 90◦ C for a period of 24 hours to remove residual

water-ice from the target. After heating, core samples were removed from the target to investigate

the extent of cementation.

In order to fully understand the cementitious nature of this material, an extensive study of the

cementing reaction and process would be required. This is, however, far beyond the scope of the

study presented here. However, to fully exploit the cementitious nature of the MGS-1 simulant,

attempts were made to enhance the pozzolanic nature of the material. Samples were made from

5 g of MGS-1 simulant, 0.45 ml of deionised water, and 0.5 ml of calcium hydroxide (Ca (OH)2). This

allowed a known quantity of calcium hydroxide to be added to the mixture compared to the unknown

quantity contained within the standard tap water. 0.5, 1.0, or 2.0 g of orthosilicilic acid was additionally
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added to the solution to act as a binding agent. The mixture was heated to a temperature of 80◦ C

for a period of 72 hours to induce the pozzolanic reaction, forming a ‘cement’ material. As shown in

figure 5.5, however, testing of this reaction failed to produce a homogeneously cemented material;

instead forming a solid ‘plug’ surrounded by loose material. XRF analysis of the pre-cemented MGS-

1 simulant identified it as being similar to a fly ash with a mid-CaO content [246]. Thus, rather

than attempting to enhance the pozzolanic reaction occurring within the MGS-1 material, a chemical

activator was added to form a geopolymer cement. Potassium hydroxide was chosen as the chemical

activator (several others are possible), with the justification and precise process detailed in Chapter

7.2.1.1.

(a) 0.5 g orthosilicic acid (b) 1 g orthosilicic acid (c) 2 g orthosilicic acid

Figure 5.5: Pozzolanic cement samples formed with an increasing quantity of orthosilicilic acid (from

left to right). In each sample the cement ‘plug’ can be identified along with lose material from the

reaction. Sample holders had a diamter of 2.5 cm.

5.5.1 MGS-1 Ball Milling

Whilst not discussed in detail here, it is useful to introduce the projectile recipe utilised within Chapter

7 (see Section 7.2.1.1 for a full discussion) and the influence of ball milling on the projectile pro-

duction process. The elemental tracer (or taggant) of choice within this mixture is europium acetate

hydrate (Eu (CH3COO)3 · xH2O) existing as either a sesquihydrate or tetrahydrate. This material was

added for the investigation undertaken within Chapter 7 to assist in the identification of post-impact

emplaced or ejected projectile material. A europium-based material was chosen due to the extremely

limited presence of europium in the analysis of both the MGS-1 and PCA-1 simulant materials, and

the availability of europium compounds when compared to other rare-Earth metals. The chemical

activator and elemental tracer were both added to the MGS-1 simulant before ball milling was carried

out. Specifically, 5 g of MGS-1, 0.9 g of KOH, and 0.5 g of Eu (CH3COO)3 · xH2O were subjected

to the standard ball milling process described in Section 5.2.2. Unlike previously milled samples of

MGS-1, when combined with the KOH and elemental tracer, milling resulted in a paste-like mixture,

as shown in Figure 5.6. As the formation of the paste mixture was unexpected, it is useful to investi-

gate the milling process with each element added to the MGS-1 separately, providing an insight into
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potential processes occurring.

Figure 5.6: Paste material produced by milling MGS-1 with KOH and Eu (CH3COO)3 · xH2O.

Table 5.5: Sample component matrix for the milling performed in Section 5.5.1.

MGS-1 (g) KOH (g) Eu (CH3COO)3 · xH2O (g)

Sample 1 5 0.9 -

Sample 2 5 - 0.5

Sample 3 5 0.9 0.5

The same proportions were used, with the milling jar containing one of the mixtures shown in Table

5.5. Milling was carried out with the same parameters and under standard atmospheric conditions,

meaning that samples were somewhat susceptible to changes induced by variations in humidity and

temperature. Whilst the samples from Table 5.5 underwent milling on a different day to that shown

in Figure 5.6, they were all milled within 24 hours to minimise variation and allowing comparisons

between the three mixtures. The mixtures adhered to the inside of the milling jar, which was similarly

seen in samples of individual simulants, likely due to compaction rather than from chemical processes

induced during the milling procedure. Figure 5.7 (panels a, d, and g) shows the result of the milling

process for Sample 1. Visual inspection of the mixture shows that, when compared to milled samples

of MGS-1 alone, the colour is substantially lighter for much of the sample. Close to the rim of the

milling jar, however, a much darker layer can be seen.

This colour change may be artificially induced, resulting from the lighter coloured smaller dust

grains settling closer to the centre of the milling jar. However, this difference was not observed in other

milled samples of the MGS-1 simulant. This implies that the change occurred due to the presence of

the chemical activator within the sample. After removal from the milling jar, the dichotomy appears

to even out across the sample, appearing approximately uniform in colour. Whilst some chemical

changes may have occurred to account for the observed darkening within the milling jar for the
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Figure 5.7: The results of milling the sample mixtures in Table 5.5. Panels a), b), and c) show close

up images of post-milled samples 1, 2, and 3 respectively. Panels d) and e) show the pre and post

milled state of sample 1. Panels f) and g) show the pre and post milled state of sample 2. Panels h)

and i) show the pre and post milled state of sample 3.

sample, this change appears to have been on a smaller scale. After removal from the milling jar,

the sample exhibited a level of clumping. A flake morphology (irregular with significant size in only

two dimensions) was observed indicative of them being formed through compressive forces.

The results of milling sample 2 are shown in Figure 5.7 (panels b, e, and h). Comparisons show
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the level of clumping are higher than for sample 1, with the coating of the milling jar observed to be

much more irregular. Material appears to have preferentially coalesced during the milling process,

indicating that the elemental tracer has more control over the level of clumping seen than the chemical

activator. This suggests that an increased level of atmospheric water is being consumed during the

milling process in the presence of Eu (CH3COO)3 · xH2O than with KOH alone. The increased level of

clumping observed within the milling jar can also be seen once the sample was removed. Whilst it

again possess flake morphologies, small ‘rubble’ pile morphologies (irregular with significant size in

three dimensions) can be seen within the sample. Unlike sample 1, however, no colour change was

observed throughout this sample.

Figure 5.7 (panels c, f, and i) shows the results of milling with sample 3 and shows considerable

differences to samples 1 and 2. Post-milling, the colour of the entire sample appears darker, with a

slightly lighter coloured ring of material present against the outside of the milling jar. Following the

removal of the sample, however, this colour difference was no longer visible. Additionally, the level of

clumping seen within sample 3 is higher, with the sample consisting of large and small clumps rather

than a fine powder. The inclusion of both the chemical activator and elemental tracer was therefore

required to form the unusual texture for the post-milling sample. Differences, however, can be seen

when comparing sample 3 to that shown in Figure 5.6. The material in Figure 5.6 appears to have a

more paste-like texture than that seen in panel c within Figure 5.7. This difference is thought to be

indicative of the sensitivity of the process on the ambient humidity. Changes may have additionally

been introduced to the milling process through changes to the quantity of ethanol used within the

milling jar.

5.6 MGS-1 Martian Permafrosts

The cementing nature of MGS-1 caused a substantial issue for the work presented in Chapter 6. That

work focusses on the impact of projectiles into ice-silicate mixtures and how variations in the type

of silicate material used affected the outcome of the crater formation process. In order to complete

this with MGS-1 based targets, a new method of target construction required development. For this,

the method of vapour diffusion was selected. Whilst this method presents a substantial increase in

difficulty compared to that described in Section 6.2.1, it minimised the contact between the MGS-1

target and any liquid water. This prevented as much of the cementation as possible. For this method,

a cryogenic vacuum chamber system (using a closed cycle CH-202 SHI Cryogenic cooling system

with a HC-4E helium compressor for cooling and an Edwards E2M5 Two Stage Rotary Vane Vacuum

Pump) was developed (shown in Figure 5.8) in which a 10× 10× 2 cm (width x depth x height) high-

porosity block of consolidated MGS-1 was placed. These blocks were constructed by SRT at the

University of Central Florida. The system is designed to, once under vacuum, release a mixture of

water vapour and nitrogen gas (as a carrier gas) into the chamber. This mixture was subsequently

drawn through and past the cooled MGS-1 block at which point the water vapour begins to freeze.
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The final aim is to produce an MGS-1 permafrost-like block which can then be impacted within the

Kent LGG.

Copper contact

Window

Gas inlet

Cryogenic system

Pump

Thermocouple

Cold finger

Chamber outlet

Thermocouple pass through

Pressure gauge

N2 supply valve

H2O supply valve

1

2

Figure 5.8: The cryogenic vacuum chamber system developed to form MGS-1 and water ice targets.

A target block was placed on the copper contact plate to regulate the temperature. Once under vac-

uum, a mixture of water and nitrogen (as a carrier gas) was introduced to the chamber. To increase

the level of water carried into the chamber it was heated to 40◦. This mixture was drawn through

and around the block allowing it to freeze forming a permafrost-like material. Key components of the

system are labelled within the figure. The areas numbered one and two represent the water reservoir

system and the thermocouple circuitry respectively and are shown in Figure 5.9. The internal diam-

eter of the chamber was ≈ 45 cm and the internal height was ≈ 60 cm tall.

Whilst the cryogenic system shown in Figure 5.8 was capable of cooling the copper contact plate

to a temperature of −30◦ C, it proved insufficient to additionally cool a room temperature block to a

similar temperature (due to the high porosity limiting conductive cooling and the high thermal inertia

of the simulant material limiting the rate of possible cooling). As such, the MGS-1 blocks required

pre-cooling allowing the cryogenic system to simply hold them at a sub-zero temperature rather than

actively cooling them. The MGS-1 blocks were thus pre-cooled within a −120◦ C freezer for a period

of 24 hours. In preparation for this, blocks were placed into a plastic bag into which nitrogen was

inserted to reduce the residual atmosphere within the bag. This prevented the build up of ice from

atmospheric water as much as possible whilst blocks were pre cooled. Blocks were then placed

onto a copper plate and into a polystyrene insulation box before being placed into the freezer. This
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storage method provided two benefits for the process. Whilst stored in the freezer the polystyrene

box provided some level of protection from damage. Before removing the block from the freezer,

the chamber system was evacuated and the cryogenic cold finger was turned on to cool the copper

contact plate. The temperature of the copper contact plate was continually monitored during the

process through a thermocouple. Once the copper contact plate was sufficiently cooled (reaching

a temperature of at least −30◦ C), the chamber was brought back to atmospheric pressure and the

pre-cooled block was placed on the contact plate. The second benefit of the block storage system

whilst pre-cooling the block was its nature as an insulator during transport between the freezer and

the chamber. This extended the time for which the block could be outside of the freezer without the

temperature increasing substantially. The chamber was then evacuated again. This procedure was

carried out as quickly as possible (to prevent build-up of ice on the cryogenic cold finger) whilst taking

care to ensure the block was secure inside the chamber.

N2 input

Micro valve

To chamber
N2 valve

H2O reservoir

Hot plate

Chamber vent valve

Output to PC

Arduino

Input from chamber

Figure 5.9: Close up images of the water reservoir system and thermocouple circuitry for the cryo-

genic vacuum chamber system (areas labelled one and two in Figure 5.8 respectively).

Once the chamber had reached a pressure of ≈ 1 mbar, the flow of N2 was introduced. This

increased the pressure within the chamber to the working pressure of 6 mbar. Due to the manual

design of the experimental set-up, a precise control of this pressure proved difficult meaning that

during the experiment, the nitrogen flow was increased allowing the pressure in the chamber to in-

crease above the working pressure and then subsequently decreased allowing the internal pressure

to fall. This meant that during the experiment the internal pressure in the chamber would consistently

change. This is not thought to have caused any issues, however, as at all times the internal pressure
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remained above the vapour pressure (the point at which ice would begin to sublimate). At a tem-

perature of −30◦C this is approximately ≈ 0.5 mbar. Once the flow of nitrogen into the chamber was

established, the tapered micro-valve to the water reservoir could be opened. The design of this valve

meant that even when fully closed, nitrogen was able to flow into the chamber. As it was opened, the

flow of nitrogen ensured the water vapour travelled into the chamber and past the MGS-1 block. The

idea of this was that water vapour passing through the sub-zero block would begin to freeze forming

a permafrost analogue material suitable of being impacted within the Kent LGG. The most recent

result from this method can be seen in Figure 5.10.

Figure 5.10: The surface and interior of a block having been exposed within the cryogenic vacuum

chamber system for a period of six hours. Very little evidence can be seen for the presence of water-

ice on either the exterior or interior of the block. It was noted, however, that the upper surface of the

block appeared almost desiccated, an appearance not noted during previous tests.

Within Figure 5.10, a block is shown after having been removed from the vacuum chamber sys-

tem. It was exposed to the water vapour for a period of six hours. Visual inspection of the block

interior shows very little evidence for the presence of ice. This is supported by the lack of ice present

on the block surfaces (in particular the face orientated towards the gas inlet). The small pore size

within the block, however, would make the visual identification of pore ice difficult. Further, upon re-

moval of the block from the chamber, it was noted that ice was only visibly present on the cold finger

component of the cryogenic system. The time constraints of the work presented in this thesis meant

that shots into these targets could not be carried out, as the presence of ice within the block could

not be guaranteed. Further, the quantity present could not be reliably measured. Despite this, the

method shows promise as a way to produce a Martian permafrost analogue, with similar processes

having been used to embed CO2-ice within Martian analogue targets [247].
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5.7 Chapter Summary

The work presented in this chapter has shown that, whilst the materials used within the further

studies of this thesis replicate similar surfaces and have similar compositions, they possess different

properties. This furthers the discussion started by Cannon, et al, [239] in regard to the use case

of each simulant material and their application in experimental investigations far outside of these

intended cases. Whilst this may present an issue for some investigations, acknowledgement of these

differences and consideration of how they may be overcome will enable the use of simulant materials

in methods beyond those for which they are designed. The use of chemically matched simulants

provides a much closer approximation to a planetary body than the use of a single mineral simulant

(which have been previously used within numerous impact studies) Whilst not an ideal solution, it

presents a far more practical solution to the development of bespoke simulant materials for each

investigation.

The geotechnical characterisation carried out allows the target materials used within Chapter 6

to be compared, enabling a greater understanding of the role of the simulant during the process of

crater formation within these materials, in particular the morphology of the produced craters. Un-

derstanding the differences between the silicate materials in this chapter highlights variations in the

target materials to be investigated. In particular, MGS-1 was found to behave in a drastically different

way from either KDS or JSC-M, leading to the requirement of a new method of target construction

in a cryogenic vacuum chamber. Whilst the development of this new method has shown only limited

results currently, its development has allowed for the large-scale production of permafrost analogues

through means more analogous to planetary surfaces. In particular, the method of vapour diffusion

ensures a homogeneous distribution of ice and would prevent the inclusion of large fragments of ice

within the sample.

Analysis of the chemical composition of the simulant materials used helped guide the method-

ology and analysis presented in Chapter 7. Whilst the literature compositions of these materials

show some distinguishing components, performing this characterisation and analysis in-house en-

sures that differences in equipment and analysis techniques are capable of identifying constituents

of interest within the simulants. For the work presented in this thesis, this was found to be an issue

with NaO2 being close to the limit of detection for the XRF spectrometer used. Reliance on literature

values would have ensured that no projectile materials would have been identified within the ejecta

collected during Chapter 7.
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A Changing Silicate Material

"As long as we dream, write, and explore,

this world will never cease to grow"

The Voice of Tomorrow
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6.1 Ice-Silicate Mixtures in the Laboratory

Continuing observations of Solar System bodies show that, on almost all rocky surfaces, impact

craters are the most commonly observed geological feature [67,115,130]. The widespread presence

of both ice and ice-silicate mixtures on the surfaces of moons and planetary bodies, particularly in

the outer Solar System [99,107,114,120,190,194,248–253], has led to many studies of the impact

process in these materials via laboratory experiments [101–105, 111, 112, 184, 191, 254, 255], and

modelling [20, 100, 114, 181]. Not only do the impact parameters (e.g. velocity, angle, etc.) and

projectile characteristics (e.g. size, density, etc.) control the size and final morphology of the impact

crater [101,191], but the crater is also strongly influenced by the target type. In ice, cratering can be

significantly affected by the type and temperature of the ice and, if not pure ice, then by the ratio of

material forming an ice-’contaminant’ mixture [102,254,256].

Table 6.1 provides a summary of the ranges of target parameters considered to date in prior stud-

ies of ice-silicate targets. Initial results, reported by Lange and Ahrens [255], found that decreasing

ice temperature (along with the addition of a silicate material) increased the tensile strength of the tar-

get, leading to a decrease in the crater diameter. Grey and Burchell [254] further investigated, in more

detail, the dependence of the cratering process on the temperature of the water-ice. They confirmed

that, as the temperature decreases, the crater volume similarly decreases. Following this, Koschny,

et al., [256], investigated crater formation within porous ice targets, finding that as the porosity was

increased, the crater volume increased although the mass of ejected material remained similar for

all porosities. This finding was confirmed through modelling and similar experiments, Burchell, et

al., [257] and Burchell and Johnson [101], also investigated the effect of varying porosity; confirm-

ing that, as target porosity increases, so does the crater depth (which had previously been stated

by Koschny, et al., [256]). Additionally, over a large range of target porosity values, the crater vol-

ume was found to increase whilst the excavated mass of ice remained constant, again, similar at all

porosities.

Hiraoka, et al. [102] probed the impact cratering process in ice-silicate mixture targets (in which

the silicate component consisted of a serpentine powder possessing a grain diameter of several

microns), confirming the presence of a decreasing crater diameter as the silicate content of the

target was increased; the addition of which led to an increase in the target tensile strength. Crater

morphology was also observed to change as the quantity of silicate material was increased, with

less spallation being found to occur in targets as the silicate content increased. In a subsequent

paper, Hiraoka, et al. [108], confirmed that crater volume scales with the tensile strength of the target

following an inverse relation; with the tensile strength in turn, scaling directly with the increasing

silicate content of the target. However, at a silicate content of 50 wt% (the maximum used during

their investigation), the tensile strength of the target mixture was found to depend on the properties

of the silicate component (composition, density, grain size, etc.), suggesting the cratering process

within such mixtures to have a more nuanced dependence on the silicate component than previously
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Table 6.1: Examples of past investigations that have studied the influence of target properties (com-

position, porosity, temperature, and contaminant content) on the crater formation and target disrup-

tion processes. Targets studied have ranged from pure water-ice to pure silicate material, including

a range of ice compositions and contaminant (silicate or otherwise). Other than those investigations

impacting pure silicate targets, no contaminant concentration exceeded 50 wt%.

Target type Ice material Contaminant Porosity Temperature Reference

Ice-silicate Water-ice 35− 40 wt% not reported 81 K and 257 K [255]

Ice CO2-ice 0 wt% not reported not reported [258]

Ice Water-ice 0 wt% 40− 50% 218− 258 K [256]

Ice-silicate Water-ice 5− 20 wt% not reported not reported [105]

Ice and ice-silicate Water-ice 50 wt%
0− 55% (for ice targets)

not reported [103]
0− 39% (for ice-silicate targets)

Ice Water-ice 0 wt% not reported 255 K [191]

Ice Water-ice 0 wt% not reported 100− 253 K [254]

Ice-silicate Water-ice 0− 50 wt% 0− 37% not reported [104]

Ice-contaminant Water-ice and ammonia ice 0− 50 wt% (ammonia ice) not reported not reported [184]

Ice Water-ice 0 wt% ≤ 70% not reported [101]

Sand n/a 100 wt% not reported not reported [112]

Ice-silicate Water-ice 0, 12.5, 25, 37.5, 50, and 100 wt% not reported not reported [102]

assumed.

Increasing interest in the outer Solar System, and the ice-dominated ice-silicate mixtures identi-

fied in that region, has led to an ever increasing gap between the knowledge of the cratering pro-

cess occurring in the outer regions of the Solar System (where it is assumed that ice dominates

the present ice-silicate mixtures, as seen within the past investigations listed in Table 6.1), and

within the inner Solar System (for example, Mars) where the presumed ice-silicate mixtures are

thought to be silicate dominated. In an attempt to bridge this gap, comparisons are often made

between the crater morphology on Jovian and Saturnian satellites, and the Cerean and Martian sur-

faces [99, 100, 182, 190, 248]. The findings reported by Hiraoka, et al. [108] however, suggest that

such comparisons and assumptions may be invalid, due to the differing silicate content within the ice

and ice-silicate surfaces present on all of these previously compared bodies.

In this chapter, an initial study into the influence of varying the silicate component of such ice-

silicate mixtures on the cratering process is described, using two target types (JSC-M simulant or

KDS). KDS targets contained a silicate content of 50 wt% whilst JSC-M targets contained either

50 wt% or 80 wt% silicate content, with the remaining target mass being composed of water-ice.

Targets utilised for this initial study were impacted with either 1.50± 0.03 mm diameter copper or

1.5± 0.05 mm diameter basalt spheres over a velocity range of 1.98± 0.02 kms−1 to 4.74± 0.05 kms−1

using the two-stage light-gas gun at the University of Kent (see section 4.1);
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6.2 Experimental Protocol

6.2.1 Target Construction

Targets were constructed such that they contained a 50 wt.% silicate content for KDS targets and

either a 50 wt.% or 80 wt.% silicate content for JSC-M targets. The required masses for each com-

ponent were calculated based on the density (0.92 g/cm3 for water-ice, 1.07 g/cm3 for JSC-M, and

1.36 g/cm3 for KDS). Constituent masses for each target type are given in Table 6.2. Targets were

cylindrical with a diameter of 20 cm and a depth of 9 cm. Construction was carried out using a method

based on the one described by Hiraoka, et al. [102]. Water-ice was crushed with an electric mixer,

forming a fine powder. This powder was then combined by hand with the silicate material to form

a homogeneous mixture. Once combined the mixture was then pressed into the target container

forming the target. Targets containers had a volume of 3112.04 cm3. Due to the conditions within

the laboratory (the lack of a cold room) work had to be completed quickly meaning little control over

the porosity was possible. After being formed, the target was stored in an upright (−18◦C) freezer

for a period of at least 24 hours prior to use. Again, due to the experimental limitations of the lab-

oratory, targets were unable to be kept outside of the freezer for an extended time without melting.

This meant that the construction method was not always the same leading to observed variations in

target porosities. The target masses given in Table 6.2 assumed a 0% porosity, thus the ratio of this

compared to the measured mass of the pre-impact targets gives a measure of the porosity. Despite

these difficulties, the average porosity was found to be 25± 4% for KDS targets, 16± 2% for JSC-M

targets with a 50 wt% silicate content, and 25± 2% for JSC-M targets with a 80 wt% silicate content.

Table 6.2: Constituent masses for each target type using in this investigation. Mixture densities were

calculated assuming a 0% target porosity.

Silicate type Mass of silicate material (g) Mass of water-ice (g) 0% porosity mass (g) Average target mass (g) mixture density (g/cm3)

50 wt.%

Kiln Dried Sand 1887.3 1887.6 3774.9 2838± 188 1.21

JSC Mars-1 1539.4 1539.5 3078.9 2582± 119 0.99

80 wt.%

JSC Mars-1 2579.7 645.0 3224.7 2420± 26 1.04

6.2.2 Target Analyses

Following each shot, targets were removed from the LGG for analysis. Initial visual inspection allowed

for the identification of both anomalies occurring during the cratering process (i.e. chunks of ice being

exposed close to the surface) and significant morphological features (e.g. central pits, spallation

regions, etc.). After visual inspection, targets were placed in the freezer to re-freeze. For in-depth

analysis of the formed crater morphology, depth profiles were taken across the crater. Two profiles

were taken across each crater in orthogonal directions using a depth gauge (the set-up for this can

be seen in Figure 6.1). Measurements were taken at increments of 5 mm outside of the crater region,
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Frame
Lab jack

Ruler scale
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Needle tip

Figure 6.1: Depth gauge set-up used to obtain depth profiles across the formed craters. A zero depth

was set to the target surface surrounding the crater and measurements of the depth across the crater

were taken at 1 mm intervals.

reducing to increments of 1 mm close to and inside of the crater. These measurements were relative

to the depth of the target surface from the depth gauge frame outside of the crater. In-between each

profile, the target was re-frozen to prevent changes occurring to the crater shape as it thawed. Due

to the cryogenic nature of the targets, long-term storage for subsequent analysis was unfeasible, and

the obtained depth profiles allowed analysis to be performed without the need to retain the target.

Therefore, the crater diameters, depths, and volumes given in Table 6.3 are all taken from the depth

profiles.

6.2.2.1 Depth Profile Processing

Measured ‘raw’ depth profiles (e.g. Figure 6.2, left panel) were processed to centre them on the

deepest point and to correct for any slope in the surrounding surface. This was accomplished using

Python and was carried out prior to measurements of the crater parameters being made. Centring the

profile on the deepest point was a trivial process of shifting the entire profile horizontally by an amount

equal to the horizontal position of the deepest point (typically close to the crater centre). Accounting

for the slope of the surrounding surface was more complex, requiring a rotational transformation of

the profile. This was accomplished by defining the outermost points of the craterform (the radial

positions of the crater rim or edge). These two points allowed for a straight line to be defined across

the ‘top’ of the crater. From this, a simple transformation of

dcorr = di − (mxi + c) (6.1)

could be applied to the depth profile where m is the gradient of the straight line and c is the intercept

of the y-axis. From the corrected profile (e.g. Figure 6.2, right panel), the depth and diameter of

the crater could then be obtained. For most craters in this chapter the corrections applied were
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minor. In some cases, however, significant corrections had to be applied to account for deformities

in the target (e.g.: excess ice, severely sloped targets, etc.). These target deformities would alter the

apparent volume of the target with excess ice on the surface (being removed prior to the shot being

undertaken) and sloped target surfaces leading to a lower crater volume.

Figure 6.2: An example of a depth profile obtained across the crater formed during shot 8. Left

shows the raw profile measured from the target whilst right shows the post-processed profile having

undergone a rotational transformation to acount for the sloped surface of the target.

6.2.2.2 Crater Volumes

Crater volumes were calculated through a numerical volume of revolution method, using the mea-

sured depth profiles. Whilst typically crater volumes are measured by filling the crater with a fine-

grained sand or glass, the cryogenic and sand-based nature of the targets make this an unrealistic

method. For each profile, a parabola of best-fit was generated from the depth profiles by defining a

series of anchor points across the profile. This formed a smoothed profile from which the area be-

tween consecutive anchor points could be calculated. The area was calculated using the equation:

As =

n∑
i=1

[
(xi − xi+1)

(
yi + yi+1

2

)]
(6.2)

where As is the segment area, x is the horizontal position of the anchor point, and y is the associated

depth of the profile at the anchor point. n corresponds to the maximum index of the listed anchor

points. This generates a summed area of the smoothed parabolic profile from which the volume can

be calculated by rotating through a complete circle:

Vt =
3

4
π

(
x−1 − x1

2

)
As (6.3)

where Vt is the estimated volume and x−1 and x1 correspond to the right most and left most anchor

point respectively.

Figure 6.3 shows an example of this process for a measured depth profile with the anchor points

and smoothed parabola shown. Typically, the anchor points correspond to abrupt changes in the

depth profile (crater rim, edge of the central depression, etc.). Due to the nature of the smoothing

process, the fitted parabola frequently over and under estimates the depth of the crater in areas,
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Figure 6.3: Left shows the pre-processed depth profile centred at the deepest point with the anchor

points for this crater shown by the two blue vertical lines in the plot. Right shows the profile post-

processing with the surrounding surface levelled and the smoothed parabolic profile shown in red.

The profiles shown correspond to data collected from Shot 4 in Table 6.3

as shown in Figure 6.3. This was particularly true within the central depressions due to the often

substantial and rapid increase in depth and their narrow nature. Often, these would cancel out

with over and under estimations across the same profile. For profiles where this was not the case,

however, the volumes given in Table 6.3 are the average of the volume measured from both profiles

with the errors being the experimental error. This calculated error was substantially larger than those

associated with the revolution method, or those induced by substantial deviations from the profile.

Unbalanced deviations typically occurred at the very centre of the crater resulting from the numerical

fitting method and could often be reduced or removed by the tweaking of an anchor point (moving

the anchor point one position left or right within the profile).

6.3 Results

The results from the shot programme carried out within this chapter are shown in Table 6.3. In total 26

shots were carried out into both KDS and JSC-M based targets. Parameters of the shot programme

were varied allowing a variety of scenarios to be considered. Whilst copper is not a material typically

found in large quantities within asteroids or comets, it is a high density material commonly used

within impact experiments and allows for high impact energies to be achieved within an experimental

setting. Shot speeds are calculated via the method discussed in Section 4.1.2 with the errors being

±1% of the calculated value. Energies are the calculated kinetic energy of the projectile given by the

equation:

E =
2

3
πρv2

(
d

2

)3

(6.4)

where d is the projectile diameter (given in Table 6.3) and ρ is the projectile density (8930 kg/m3 for

copper [101] and 2900 kg/m3 for basalt [259]). Two depth profiles were taken in orthogonal directions

allowing averaged parameters to be given in Table 6.3 for all but shot 1, where during analysis

the target underwent significant melting, and thus morphological change, prior to a second depth
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profile being taken. For the results associated with shot 4, the errors are taken to be the average

percentage errors of the remaining dataset rather than the unknown actual experimental error. Shot

9, whilst included in Table 6.3, was excluded from further analysis due to the anomalously small

crater diameter. The average diameter gave this crater a depth-to-diameter ratio of 0.83± 0.22 whilst

other craters within the same data series had an average of 0.31± 0.02. Whilst key depth profiles are

discussed in depth within this chapter, depth profiles for all craters can be seen in Chapter A.

Table 6.3: Shot and crater parameters for the shot programme undertaken within this chapter.

Shot Speed (km/s) Proj. Diam. (mm) Proj. Mat. Energy (J) Silicate Silicate Content (wt%) Diameter (mm) Depth (mm) Volume (cm3)

1 2.22± 0.02 1.5 Cu 39± 3 KDS 50 45.0± 1.4 11.24± 0.04 8.73± 0.07

2 2.97± 0.03 1.5 Cu 69± 5 KDS 50 67.5± 0.5 11.01± 0.38 30.91± 3.08

3 4.12± 0.04 1.5 Cu 134± 9 KDS 50 89.0± 5.0 14.73± 1.02 65.66± 11.63

4 4.74± 0.05 1.5 Cu 177± 12 KDS 50 112.0± 2.0 13.58± 0.13 112.60± 1.17

5 1.98± 0.02 1.5 Cu 31± 2 JSC-M 50 32.5± 10.5 11.57± 1.30 7.05± 4.71

6 2.13± 0.02 1.5 Cu 36± 3 JSC-M 50 30.0± 1.0 9.66± 2.64 4.60± 0.60

7 3.32± 0.03 1.5 Cu 87± 6 JSC-M 50 48.0± 6.0 12.55± 1.01 12.87± 1.81

8 3.67± 0.04 1.5 Cu 106± 7 JSC-M 50 37.5± 3.5 12.90± 0.90 10.46± 2.55

9 4.30± 0.04 1.5 Cu 146± 10 JSC-M 50 21.5± 5.5 17.82± 0.83 5.26± 2.35

10 4.47± 0.04 1.5 Cu 158± 11 JSC-M 50 45.0± 3.0 13.30± 0.36 12.91± 1.95

11 4.60± 0.05 1.5 Cu 167± 12 JSC-M 50 51.5± 8.5 12.95± 0.98 21.16± 8.57

12 1.83± 0.02 1.46 Basalt 8± 1 JSC-M 50 21.5± 2.5 8.62± 0.42 1.21± 0.11

13 2.11± 0.02 1.51 Basalt 12± 1 JSC-M 50 22.5± 4.5 6.43± 0.33 1.22± 0.57

14 3.25± 0.03 1.48 Basalt 26± 1 JSC-M 50 31.0± 1.0 8.73± 0.94 3.35± 0.57

15 3.53± 0.04 1.51 Basalt 33± 1 JSC-M 50 38.0± 1.0 7.03± 0.37 5.40± 0.93

16 3.67± 0.04 1.53 Basalt 37± 1 JSC-M 50 38.0± 1.0 7.22± 0.31 4.80± 0.93

17 4.89± 0.05 1.53 Basalt 65± 2 JSC-M 50 32.0± 3.0 11.15± 0.14 5.51± 1.01

18 4.97± 0.05 1.50 Basalt 63± 2 JSC-M 50 47.5± 2.5 8.83± 0.14 10.75± 0.72

19 0.95± 0.01 1.5 Cu 7.1± 1 JSC-M 80 10.5± 0.5 13.09± 0.76 0.44± 0.02

20 1.80± 0.02 1.5 Cu 25± 2 JSC-M 80 42.0± 7.0 19.39± 0.56 10.63± 2.54

21 2.04± 0.02 1.5 Cu 33± 2 JSC-M 80 35.5± 4.5 17.17± 0.27 6.46± 1.34

22 2.46± 0.02 1.5 Cu 48± 3 JSC-M 80 24.5± 0.5 18.57± 1.28 3.34± 0.65

23 2.89± 0.03 1.5 Cu 66± 5 JSC-M 80 54.0± 0.0 9.91± 0.20 19.99± 0.66

24 3.72± 0.04 1.5 Cu 109± 8 JSC-M 80 34.0± 2.0 14.99± 0.17 7.38± 1.18

25 3.86± 0.04 1.5 Cu 117± 8 JSC-M 80 42.0± 0.0 15.81± 0.08 15.96± 0.28

26 4.95± 0.05 1.5 Cu 194± 14 JSC-M 80 47.5± 1.5 15.95± 0.18 17.09± 1.12

6.4 Influences of Silicate Type

To provide a meaningful comparison to the investigation carried out within this chapter, crater prop-

erties were compared to those of Hiraoka, et al. [102] who impacted ice:silicate mixtures of the

same ratio over a similar energy range. Their simulant mixtures were composed of coarse- or fine-

grained serpentine powder mixed with powdered ice. In contrast to the targets prepared for this

study, however, the targets produced by Hiraoka, et al. [102] underwent pressure sintering prior to

impact providing a high level of control over the target porosity. This process was not possible for

the targets constructed at the University of Kent due to the lack of a cold-room environment. For

comparison purposes, the data provided by Hiraoka, et al. [102] was analysed and put through the

same fitting process as the data collected from this work (as the parametrisation of their fits was not
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provided in the published article); this fitting was carried out for their 50 wt.% silicate content targets

only. Providing a further comparison to previously collected data, the data from this chapter was ad-

ditionally compared to data from Burchell and Johnson [101] presenting impacts into pure water-ice.

The results from Burchell and Johnson [101] follow the power law relations provided in their article.

6.4.1 Crater Dimensions

The crater dimensions are presented here as a function of the impact energy. This allows for varying

projectile materials and impact speeds to be easily compared due to the energy dependencies of

the variations in both projectile density and speed. Thus, considering the results as a function of

the impact energy provides a simple way to compare the crater dimensions for differing target types

and projectile materials. Figures 6.4 and 6.5 respectively show the crater diameters and depths as

a function of the increasing impactor energy for the 50 wt% silicate content targets impacted with

copper projectiles. As to be expected, crater diameters and depths increase with an increasing

impactor energy. However, whilst the crater diameters increase at a differing rate for each target

type, their depths increase at the same rate. The relations plotted in the figures within this chapter

can be plotted as power-law relations. For the equations subsequently presented within this chapter

the subscripts on the left-hand sides provide information on the silicate type, silicate quantity, and

projectile material. Further, in order to provide a comparison to past literature, datasets from Burchell

and Johnson [101] (impacts using copper projectiles into pure water-ice) and Hiraoka, et al. [102]

(impacts using nylon projectiles into serpentine and 50 wt.% water-ice targets) are included within

the analysis in this section.

In Figure 6.4, crater diameters follow the relation:

DKDS−50−Cu = (5.734± 1.617)E(0.570±0.058), R2 = 0.984 (6.5)

for KDS targets and:

DJSC−50−Cu = (12.840± 5.107)E(0.260±0.086), R2 = 0.721 (6.6)

for JSC-M targets where the diameters D are in mm, the impactor energy E is in J, and R2 is the

regression coefficient of the fit. The diameters within KDS-bearing targets increase at a substantially

higher rate than those for JSC-M targets. The largest differences can be seen at higher impact

energies. Whilst JSC-M targets appear to follow a similar trend to that of the Hiraoka, et al. [102]

data (where the diameters follow the power law relation of DH = 16.170E0.223). The trend for craters

formed within pure water-ice can be found in both Burchell and Johnson [101] and within Table 2 of

Shrine, et al., [191] (D = 19E0.36). Within KDS targets, the slope of the trend is significantly larger than

those for the comparison datasets. Indeed, the KDS crater diameters increase at such a rate that

over the energy range considered here their diameters transition from approximating those formed

within JSC-M and the trend found by Hiraoka, et al., [102] to approaching those for craters formed in

pure water-ice.
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Figure 6.4: Logarithmic crater diameter against impactor energy. Diameters for craters formed in

KDS and JSC-M based targets follow the power law relations given in Equations 6.5 and 6.6 respec-

tively. For comparison purposes data from Burchell and Johnson [101] (dashed line) and Hiraoka, et

al., [102] (dash and dot line) are shown representing impacts into pure water-ice and a serpentine-ice

mixture respectively.

When comparing this to the analysed depths, however, the combined trend of

dcmb−50−Cu = (6.312± 1.078)E(0.150±0.037), R2 = 0.682 (6.7)

for both JSC-M and KDS targets with depth d being in mm differs from either of the past literature

trends. The data for the crater depths in the KDS and JSC-M targets was combined for analysis

due to the high level of similarity, individual trends were indistinguishable. The combined dataset is

intermediate in magnitude between that of Hiraoka, et al., [102] who found a relation of d = 4.70E0.118

and Burchell and Johnson [101] who reported a trend of d = 4.4E0.24.

The variation observed in the crater diameters are thought to be due to differences seen within

the silicate materials within the impacted targets. As discussed in Section 5.3, grains within the KDS

are regular and smooth contrasting the irregular, jagged grains seen in JSC-M. This change in mor-

phology can be seen to significantly influence the coefficients of static friction for each material (Table

5.2), with a substantially higher level of force being required to induce motion in JSC-M samples than

KDS.

This increased coefficient of friction means that the energy delivered to the target by the projec-

tile is far more effective at opening up the crater within KDS-based targets than those containing

JSC-M. For crater depths, however, the results show that much of the control resided in the pro-

jectile properties rather than the properties of the target. Equation 6.7 shows the depth to increase

with energy at a rate similar to that found for the Hiraoka, et al. [102] data (following a relation of

dH = 4.704E0.118). This is likely due to the increased material strength of copper compared to nylon

(the projectile material utilised by Hiraoka, et al. [102]) providing it with a significantly higher pene-
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Figure 6.5: Logarithmic crater depth against impactor energy. Crater depths for both target types

in this study were found to increase at the same rate following the power law relation in Equation

6.7. For comparison purposes data from Burchell and Johnson [101] (dashed line) and Hiraoka, et

al., [102] (dash and dot line) are shown representing impacts into pure water-ice and a serpentine-ice

mixture respectively.

tration power. The reduced strength of nylon compared to copper significantly increases the level of

disruption experienced by the projectile upon impact with the target surface. A projectile remaining

coherent for an increased time during the initial impact process will penetrate further through the

target than one which becomes disrupted upon contact with the target surface. In contrast to this,

however, the results from Burchell and Johnson [101] show that some level of control over the crater

depth is exerted by the target. The measured depths for craters formed within pure water-ice in-

crease at a significantly higher rate than the combined relation in Equation 6.7, despite them having

used a copper projectile. This difference is likely due to the nature of the response from the target

material to the impact process. Pure water-ice responds as a brittle material to the shock processing

of an impact, with the material fracturing and splintering rather than flowing [3,7,100].

Ice-silicate mixtures, in contrast, present an increased ductility to pure water-ice due to the inclu-

sion of silicate grains. As the material flows and displaces rather than fractures, it is more effective

at absorbing the energy from the impact resulting in a smaller final crater being produced [3]. It is

interesting to note, however, that due to the occasionally inhomogeneous inclusion of water-ice within

the targets some fracturing is still present in cases where the alignment of the ice allowed fractures

to propagate through the target. This will be discussed in more detail in the next section.

Figure 6.6 shows the changes in the volumes of the final craters for the 50 wt% silicate content

targets hit by a copper projectile as the impact energy increased. It is found that the volume follows

a linear relationship with impactor energy being

VKDS−50−Cu = (0.717± 0.078)E+ (−20.672± 9.190) , R2 = 0.977 (6.8)
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Figure 6.6: Crater volume against impactor energy. Crater volumes for KDS and JSC-M based

targets follow the linear relations in Equations 6.8 and 6.9 respectively. For comparison purposes

data from Burchell and Johnson [101] (dashed line) and Hiraoka, et al., [102] (dash and dot line) are

shown representing impact into pure water-ice and a serpentine-ice mixture respectively.

for KDS-based targets and

VJSC−50−Cu = (0.086± 0.024)E+ (3.110± 2.717) , R2 = 0.756 (6.9)

for targets containing JSC-M where the volume V has the units of mm3. Also shows are the results of

Hiraoka, et al., [102] (V = 0.047E+ 1.038) and Burchell and Johnson [101] (V = 0.008E+ 63.372). Of

particular interest within Figure 6.6 is the comparison between the trend shown by Equation 6.8 for

KDS-ice and that found by Burchell and Johnson [101] for pure water-ice. Figure 6.5 shows that the

depths of craters within KDS-based targets are lower than those in pure water-ice, whilst Figure 6.4

shows that, at all but the highest energies within this investigation, the diameters are smaller. Figure

6.6, however, shows their volumes to be significantly higher at all but the lowest impact energies.

This result is likely again an effect of the brittle nature of pure water-ice and its influence on the

morphology of the produced crater. During the crater formation process, water-ice targets undergo

spallation [100], forming a shallow ‘terrace’ close to the surface of the target surrounding the much

deeper central crater. This drastically increases the diameter of the final crater whilst only contribut-

ing minimally to the final volume. Little to no spallation was observed around the craters formed

within KDS-based targets, with them being observed to posses the typical bowl-shaped morphology

- particularly at higher impact energies. This means that, even with the smaller diameters and depths,

their volumes would be expected to be significantly larger than those found by Burchell and Johnson.

As the analysed results indicate, the volumes found for craters within JSC-M targets are significantly

smaller than those for craters in KDS-based targets, appearing to increase at a very slow rate (similar

to the results found for the Hiraoka, et al., [102] data). Whilst the dimensions of the final crater do

have an influence over the crater volume, the largest contributing factor to this measurement is the
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interior morphology of the final crater produced.

6.4.2 Morphological Comparisons

Figure 6.7 shows the averaged radial profiles across six craters, three KDS and three JSC-M. Profiles

are centred at the deepest point measured, providing four radial profiles for each crater. Averaging

these allows for the interior morphology of the crater to be compared minimising the influence of

extreme morphological features. Cases of severe deviation from the average morphology will be

discussed individually. Within Figure 6.7, the craters are grouped by impact speed, with the speed

increasing for each successive pair. In the figure, the black circle at the origin represents the size of

the projectile compared to the formed crater. Figure 6.7 shows that the interior morphology differs

between each target type, particularly at higher speeds. For the craters formed in JSC-M targets,

the morphology of the central region appears to be similar at all speeds, presenting an irregular

convex cone with a sharp downturn in the very centre - a region similar in size to the initial projectile

diameter. As the speed increases, the morphology outside of this region appears to differ. At the

slowest speeds, the crater is formed from only this central region, being simply an irregular convex

cone. As the speed then increases, a shallower outer region appears surrounding the inner cone,

with an approximately smooth transition between the two regions.

Figure 6.7: Average radial profiles for craters formed in KSD and JSC-M targets. Radial profiles are

formed from the measured depth profiles for each crater with the left and right half of the profile (with

the centre at the deepest point) being averaged. Depths are relative to the pre-impact surface of

the target surrounding the crater. Profiles are grouped by impact speed (shown in Table 6.3), being

≈ 2 km/s in the top panel, ≈ 3 km/s in the middle panel, and ≈ 5 km/s in the bottom panel. Within

each panel, the black circle located at the origin represents the projectile.

As the speed increases further still, this outer region transitions from a shallow and irregular

region to an almost bowl-shaped depression - appearing almost as a crater-in-crater morphology.
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Contrasting this morphological progression, craters formed in KDS-based targets show a changing

morphology for each impact speed. At the slowest speeds, the interior morphology appears mor-

phologically similar to that of JSC-M, with the middle portion of the crater appearing irregular with

both profiles showing the presence of a central pit feature. Contrastingly, however, the crater formed

within the JSC-M target appears to almost bowl-shaped with a central depression whilst that formed

within the KDS target appears almost terraced. The profile shown in panel a) of Figure 6.7 addi-

tionally shows that, for the slowest speed, craters formed in KDS-based targets appear to show a

broad central depression region contrasting the narrow central pit observed in JSC-M targets. This

is then surrounded by an irregular shallow region - forming a crater-in-crater appearance. Unlike

craters formed within JSC-M targets, the central depression is only seen at the slowest speeds for

KDS-based targets. The interior morphology appears much more linear at medium velocities. This

appears to change as the edge of the crater is approached with a sudden jump being seen taking the

profile back to a pre-impact surface level. At the highest impact energies, craters within KDS-based

targets appear to possess an almost bowl-shaped morphology, substantially contrasting that seen for

craters within JSC-M targets.

6.4.3 Unusual Crater Morphologies

6.4.3.1 Shot 2

Figure 6.8 shows the crater formed during shot 2 (KDS-based target impacted at 2.22± 0.02 km/s),

with the measured depth profiles being shown in Figure 6.9. Within the profiles, interior terraces can

be seen in one direction, whilst the other shows an approximate bowl morphology. This irregularity

in the depth profiles is likely the result of the excessive ice observed in Figure 6.8. Whilst stored

within the freezer, ice within the target appeared to melt and rise to the surface. This formed a layer

of solid ice covering the target (which can be seen around the edge of the target in Figure 6.8).

Prior to the shot being carried out, this had to be removed leading to the pre-impact surface being

somewhat irregular. Additionally, this apparent redistribution of ice during target storage may have

led to inhomogeneities forming within the target. During some shots, this was a known occurrence

with ice clumps allowing the propagation of fractures through the target. The observed shocked ice

present within the centre of the target supports this. Despite the excessive ice being present on the

target surface, and the inhomogeneous distribution, the measured crater parameters closely follow

the trends observed for KDS-based targets.

6.4.3.2 Shot 5

The crater in Figure 6.10 was formed during shot 5 (JSC-M based target impacted at 1.98± 0.02 km/s)

with the obtained orthogonal depth profiles being shown in Figure 6.11. The profiles shown in Fig-

ure 6.11 show the crater to be substantially irregular and asymmetrical. The profile shown on the

left-hand side of Figure 6.11 possesses a crater diameter approximately half of that shown on the
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Figure 6.8: The post-impact target for shot 2 (KDS-based target impacted at 2.22± 0.02 km/s) with

the formed impact feature located in the centre of the target. The target is 20 cm in diameter.

Figure 6.9: Depth profiles measured across the crater formed during shot 2. Profiles are taken in

orthogonal (longest and shortest diameter) directions across the target.

right-hand side with the formed crater being a narrow, cone-shaped feature. In contrast, the profile

shown in the right-hand panel of Figure 6.11 is that of a wide bowl-shaped feature with a deep central

depression - as typical for craters formed in JSC-M based targets. An explanation for this irregularity

can be found within Figure 6.10. The surface of the target for shot 5 is seen to be uneven and un-

dulating. This can also be seen within the obtained depth profiles with the surface surrounding the

formed crater seen to be highly uneven with crevices present surrounding the formed crater. These

features are unlikely to have formed as a result of the impact process. Hence, the irregularity of this

surface may have led to the crater becoming preferentially larger.

6.4.3.3 Shot 11

Figure 6.12 shows the crater formed during shot 11 (JSC-M based target impacted at 4.60± 0.05 km/s)

with the measured depth profiles being shown in Figure 6.13. In Figure 6.12 the crater can be seen
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Figure 6.10: The post-impact target for shot 5 (JSC-M based target impacted at 1.98± 0.02 km/s)

with the formed impact feature located in the centre of the target. The target is 20 cm in diameter.

Figure 6.11: Depth profiles measured across the crater formed during shot 5. Profiles are taken in

orthogonal (longest and shortest diameter) directions across the target.

to be highly irregular with the presence of damaged ice around the central depression feature. This

irregularity is also visible in the depth profiles shown in Figure 6.13. Both profiles are highly irregular

showing a jagged, asymmetrical crater. In particular, the profile shown on the left-hand side of Figure

6.13 shows an extensive, almost bowl-shaped feature to the left of the central depression. This high

level of irregularity is thought to be the result of irregular spallation processes and inhomogeneous

ice distribution within the target. This led to the large-scale removal of material plates during the for-

mation of the crater. When looking at the parameters in Table 6.3 for shot 11, diameter and depth are

seen to closely follow the trends observed for JSC-M targets. When looking at the volume, however,

it is seen to be substantially higher than any other target containing JSC-M simulant. This is likely

due to the observed asymmetry and irregularity within the crater.
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Figure 6.12: The post-impact target for shot 11 (JSC-M based target impacted at 4.60± 0.05 km/s)

with the formed impact feature located in the centre of the target. The target is 20 cm in diameter.

‘

Figure 6.13: Depth profiles measured across the crater formed during shot 11. Profiles are taken in

orthogonal (longest and shortest diameter) directions across the target.

6.4.4 Copper or Basalt Projectiles

A potential cause of the apparent central pits inside the craters formed within JSC-M targets is the

impedance miss-match between the primarily basaltic target and the copper projectile used (result-

ing from the large differences in their densities with the density of JSC-M and KDS targets being

0.99 g/cm3 and 1.21 g/cm3 respectively and the density of the copper projectile being 8.93 g/cm3).

Thus, to further investigate this observed morphology, a series of shots into 50 wt% silicate content

JSC-M targets was undertaken using 1.5 mm spherical basalt projectiles - possessing a density ap-

proximately equal to that of the target. The outcome of these experiments can be seen in figures

6.14, 6.15, and 6.16. Whilst the shots with each projectile type covered the same velocity range

(2− 5 km/s), the difference in projectile density means that the respective impact energies are sub-

stantially lower for the basalt projectiles than for the copper ones. Figure 6.14 shows the relationship
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between the impact energy and crater diameter for both projectile types. Both follow power law

relations with basalt projectiles following the relation:

DJSC−50−Bas = (12.019± 4.478)E(0.296±0.102), R2 = 0.675 (6.10)

and the copper projectiles following Equation 6.6. As to be expected, the diameters of craters formed

by basalt projectiles are considerably smaller than those formed by the copper projectiles at similar

impact speeds.

Figure 6.14: Logarithmic crater diameter against impactor energy. Crater diameters resulting from

the impact of a basalt projectile follow the power law relation in Equation 6.10. The significant overlap

within the central region of the plot however indicates that diameters may follow the combined power-

law relation given in Equation 6.11.

Of note, however, is the similarity between these trends, particularly in the region of overlap

between the two datasets. Plotting a power law relation for the combined data presented here, we

find that within JSC-M targets, the diameter follows the relation of:

DJSC−50−Comb = (13.988± 2.840)E(0.246±0.048) R2 = 0.731 (6.11)

This substantial overlap indicates that whilst the projectile material holds some influence over the

crater diameter (through its control over the impactor energy), it presents no direct affect on the final

crater diameter.

When looking at the crater depths, however, differences begin to emerge between the two datasets.

In Figure 6.15, the measured depth for craters formed via the impact of a basalt projectile show a

general trend of increasing with increasing impact energy. They are, however, found to be lower than

those for craters formed from the impact of a copper projectile, even at similar impact energies. There

is, however, a substantial increase in the scatter of these results. The fitting value for the power law

relation is only R2 = 0.239 (hence the line of best fit not being included on the graph presented here),
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showing that whilst a general increase in depth can be seen as the impact energy increases, this is

only a very loose trend.

Figure 6.15: Logarithmic crater depth against impactor energy. The depths of craters formed by the

impact of a basalt projectile show a significant scatter with the regression value for the power law

relation found as R2 = 0.239. The very low regression coefficient is why the trend line has not been

included within this figure. Craters formed within 50 wt% silicate component targets follow the power-

law relation of dJCS−50−Cu = (6.788± 1.336)E(0.132±0.043),R2 = 0.710

As the targets for these datasets remained the same, the increase in scatter is thought to be

due to changes in the projectile material. When targets are impacted by the copper projectile, it is

thought that after first contact with the target, the projectile continues travelling deeper into the target

at a reduced speed but still relatively intact. This is likely the largest contributor to the apparent central

pit features seen in Figure 6.7. This process is thought to occur due to the large difference in density

between the ice-silicate target and the copper projectile. A basalt projectile is much more comparable

in density to the target material, however. Hence, following the impact of the basalt projectile, it likely

undergoes disruption limiting the level of penetration capable. Disruption of the projectile explains

both the shallower crater depth achieved with basalt projectiles and the increased scatter. Whilst

each projectile will undergo disruption, heterogeneities within the target and projectile will influence

this and alter the dimensions of the produced final crater. Figure 6.16 shows the calculated volume

for each crater as a function of the impact energy.

As the impact energy increase, the final crater volume increases linearly; similarly to the trend

observed with copper projectiles. The trend for craters formed by basalt projectiles follows the relation

of

VJSC−50−Bas = (0.123± 0.032)E+ (0.299± 1.330) R2 = 0.741 (6.12)

whilst the trend for copper projectile formed craters follows Equation 6.9. the smaller volumes are

to be expected given both the smaller crater diameters and depths. The volume for basalt formed
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Figure 6.16: Linear crater volume against impactor energy. The volumes of craters formed by the

impact of a basalt projectile follow the linear relation in Equation 6.16. Similarly to the diameters

shown in Figure 6.14 a significant level of overlap is seen with the data in this figure following the

combined linear trend given in Equation 6.13.

craters, however, appears to increase at a rate slightly higher than that for copper projectile formed

craters. Despite this, the results shown in Figure 6.16 show a similar level of overlap as those seen

in Figure 6.14. When plotting a combined volume trend, it is found that the crater volume increases

following the linear trend of

VJSC−50−comb = (0.099± 0.013)E+ (1.455± 1.078) R2 = 0.835 (6.13)

Equations 6.11 and 6.13 possess regression coefficients higher than those for trends shown by basalt

or copper projectiles alone. This suggests that when comparing crater parameters as a function of

the impactor energy, much of the control lies with the target material rather than with the projectile -

particularly for diameter and volume.

Figure 6.17 shows differences can be seen when comparing the interior morphology of craters

formed by the impact of a basalt vs. copper projectile. The biggest differences seen within the interior

morphology for craters formed by basalt projectiles are the increased linearity of the radial profiles.

Those formed by the impact of a copper projectile show at least one distinct transition in the central

region with craters formed at higher impact energies showing additional transitions close to the pre-

impact surface with the formation of what appears to be a very shallow spallation region. A similar

profile is only seen within panel a) of Figure 6.17 when considering those formed by basalt projectiles.

This profile appears to show a sudden drop approximately halfway towards the centre. This is then

followed by a very slight down-turn within the very centre. As the velocity of the impactor increases,

however, this morphology changes completely to an almost linear profile deviating slightly close to

the crater edge. At the highest impact velocity in Figure 6.17 the profile formed by the impact of a

basalt projectile shows an almost perfectly linear profile with depth appearing to increase smoothly
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Figure 6.17: Average radial profiles for craters formed in JSC-M targets by the impact of either a

copper of basalt projectile. Radial profiles are formed from the measured depth profiles for each

crater with the left and right half of the profile (with the centre at the deepest point) being averaged.

Depths are relative to the pre-impact surface of the target surrounding the crater. Profiles are grouped

by impact speed (shown in Table 6.3), being ≈ 2.1 km/s in the top panel, ≈ 3.7 km/s in the middle

panel, and 4.6− 5 km/s in the bottom panel. Within each panel, the black circle located at the origin

represents the projectile.

as distance from the crater edge increases. These differences in interior morphology are indicative

of the central depressions seen in targets impacted by copper projectiles resulting from the impactor

properties.

It is thought that upon impacting with the target surface, the copper projectile remains largely intact

and continues travelling into the target at a now reduced speed. The result of this is a secondary

impact on the floor of the formed impact feature at which time the projectile remnants tunnel into

the target forming the central depression seen; a process similar to the mechanism governing early

armour piercing weaponry [3]. This mechanism is thought to occur due to the substantial differences

in densities between the impacting projectile and target material. It does, however, not explain why

the depressions are primarily observed within JSC-M based targets - disappearing from KDS-based

targets at impact velocities above ≈ 2 km/s. Similar depressions are commonly observed within pure

water-ice targets impacted with their formation due to spallation processes. The localisation of this

feature to only the central region of the formed crater and the secondary transition observed at larger

radii closer to the target surface, however, indicate the central depressions observed here are formed

by mechanisms other than spallation. This mechanism, however, is as of yet unknown.
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6.5 Silicate-Dominated Mixtures

Whilst 50 wt.% silicate content targets allow for comparisons to past data-sets, they are inaccurate

when considering the cratering process on Mars. Current estimates for the ice content within the

near-surface region of Mars predict between a 10− 30 wt.% ice content [23, 67]. Due to the time

constraints of this work, the value of 20 wt.% ice (80 wt% silicate) was chosen as the mid-point for this

range, and used in this initial study into cratering in silicate-dominated mixtures. Silicate-dominated

targets were impacted over the same energy range and with the same projectiles as targets with a

50 wt% silicate content. The results of these impacts can be seen in Figures 6.18, 6.19 and 6.20.

Figure 6.18 shows the change in crater diameter with an increasing impact energy. These diameters

are found to follow a power-law relation:

DJSC−80−Cu = (13.949± 7.883)E(0.237±0.129) R2 = 0.434 (6.14)

The data from silicate-dominated targets, however, shows an almost complete overlap with those

from targets with a 50 wt% silicate content, having a combined trend described by the power law:

DJSC−Comb−Cu = (13.547± 4.815)E(0.246±0.079) R2 = 0.516 (6.15)

Of note for the combined trend is the lower regression coefficient when compared to the trend for tar-

get containing a 50 wt% silicate content in Equation 6.6, which has a regression value of R2 = 0.721.

This is a result of the increased scatter present within silicate-dominated targets. This is seen in

particular within the results for crater depth in Figure 6.19.

Figure 6.18: Logarithmic crater diameter against impactor energy. Diameters of craters within

silicate-dominated targets show an almost complete overlap with those from 50 wt% content tar-

gets despite the increased scatter of the results. The silicate-dominated crater diameters follow the

power-law relation in Equation 6.14.

For silicate-dominated targets, measured crater depths show no clear trend with an increasing
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impactor energy. The fitting line for this data set is not shown for this relation due to the extremely

low regression coefficient (R2 = 0.000). This result is unexpected as previously discussed results

indicate that a significant portion of the control over formed crater depth is held by the projectile

rather than the target material (Figure 6.5). The results shown in Figure 6.19, however, indicate that

some control over the crater depth is still exerted by the target material. There are several potential

factors contributing to the scatter in the data. One is the combination of analytical techniques and the

nature of the target material. The reduced ice quantity within the 80wt% silicate content targets leads

to a much more granular target material, which presents less resistance to the needle tip used to

form the depth profiles. This increases the difficulty in identifying the true surface particularly within

the narrow central pit region.

Figure 6.19: Logarithmic crater depth against impactor energy. Depths of craters

within silicate-dominated targets show an extreme scatter with no discernable trend.

Craters formed within 50 wt% silicate component targets follow the power-law relation of

dJCS−50−Cu = (6.788± 1.336)E(0.132±0.043),R2 = 0.710

Additionally, the narrow nature of the central pit may further increase this difficulty by restricting

the access of the depth gauge to this region. Another potential reason for this increased and ap-

proximately constant depth when compared is the weaker target material. In Figure 6.19, all but one

of the data points representing silicate-dominated craters lie above the trend for those within 50wt%

silicate content targets. As the impact energy increases, however, the gap between the two trends

closes. Both trends follow power-law relations meaning that as the energy of the impactor increases

they tend towards an approximately constant maximum depth. Thus, within a weaker target material

this maximum depth will be achieved much quicker than within a stronger material. This is suggested

to occur here due to the changes observed in crater depth differences. The increased level of scatter

and the lack of low energy impacts within the dataset presented here, however, limit the level to which

this trend can be assessed.
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Figure 6.20: Linear crater volume against impactor energy. The volumes of crater formed in silicate

dominated targets follow the linear relation of Equation 6.16 shown here as the red line (Equation

6.16). Despite the large level of scatter observed within silicate dominated crater volumes, a con-

siderable level of overlap is seen between the two data sets with them following the combined linear

relation of Equation 6.17 shown here in black with the orange line being the fit for 50 wt% silicate

content targets (Equation 6.9).

Figure 6.20 shows the changes in crater volume as the impact energy increases. Within Figure

6.20 it can be seen that errors in crater volume for craters formed in silicate-dominated targets are

significantly lower than those for 50wt% silicate content targets. The errors in crater volume within

Figure 6.20 can be taken as a proxy of asymmetry in interior morphology. Hence, this reduced level

of error seen is suggestive of craters formed within silicate-dominated mixtures having a higher level

of symmetry when compared to craters formed within targets containing a higher proportion of ice.

Craters formed within 50 wt.% silicate content targets follow the linear relation shown in Equation 6.9.

Craters formed in silicate-dominated targets follow the linear relation of

VJSC−80−Cu = (0.070± 0.036)E+ (4.935± 3.438) R2 = 0.380 (6.16)

The trend for both target types are highly similar, with them following a combined relation of

VJSC−Comb−Cu = (0.076± 0.022)E+ (4.354± 2.208) R2 = 0.503 (6.17)

As the impact energy increases, however, the trends begin to diverge. A large portion of the control

over the trends seen in crater volume of the final crater produced is given to the interior morphology.

A comparison of the interior morphology for silicate-dominated targets and those formed in targets

containing a 50 wt.% silicate level are shown in Figure 6.21. Whilst the morphological progression

seen for targets containing a 50 wt.% silicate content follows the same progression discussed in

Section 6.4.2, the morphology of craters in silicate-dominated targets is seen to vary drastically as

the impactor energy increases.
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Figure 6.21: Average radial profiles for craters formed in JSC-M targets with either a 50 wt% or

80 wt% silicate content. Radial profiles are formed from the measured depth profiles for each crater

with the left and right half of the profile (with the centre at the deepest point) being averaged. Depths

are relative to the pre-impact surface of the target surrounding the crater. Profiles are grouped by

impact speed (shown in Table 6.3), being 1.8− 2 km/s in the top panel, 2.9− 3.3 km/s in the middle

panel, and 4.6− 5 km/s in the bottom panel. Within each panel, the black circle located at the origin

represents the projectile.

At the lowest impact energies, within the average radial profiles, the profile appears to follow a

similar trend to that for craters in equal component craters. This, however, is only true outside of the

very central region. Whilst in targets containing 50 wt.% silicate material presented a sharp downturn

in the very central region, this is limited to approximately the size of the projectile. Within silicate-

dominated targets, the central region presents a much deeper and much wider pit-like region. As the

energy increases, however, this morphology appears to change for the crater profiles shown in panel

b) of Figure 6.21. At middle impact energies, profiles appear largely similar in both target types, both

presenting a much flatter morphology. This again changes as the impact energy increases again.

At the highest impact energy, the central pit feature is again observed. Contrasting the profiles seen

within panel a), however, the pit takes up a significant portion of the profile. The increased promi-

nence of the pit feature seen in Figure 6.21 suggests a potential difference in formation mechanism

compared to those within 50 wt.% silicate content targets.

6.6 Conclusions

The results in this chapter have shown how the crater dimensions and interior morphology of craters

within ice-silicate mixtures vary as the silicate material, projectile material and target ice quantity

are changed. The change in grain morphology and size distribution between target types appeared
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to have considerable influence over the crater diameter and interior morphology, thus providing an

influence over the total volume of the formed crater. The crater depth, however, was found to increase

at the same rate regardless of the silicate type within a target. As other parameters were altered it

was found that both crater diameter and volume followed highly similar trends to those observed for

targets constructed with a 50wt% content of JSC-M. Contrasting this, crater depths were seen to differ

considerably. For craters formed by a basalt projectile or those formed in silicate-dominated targets,

no discernible trend was seen in crater depths due to the large amount of scatter. This scatter was

seen to be substantially larger for craters formed in silicate-dominated targets than for those formed

by the impact of a basalt projectile.

When considering the internal morphology of the produced craters, all features formed by the

impact of a copper projectile within a JSC-M based target possessed a central depression. This

feature was only seen in KDS-based targets at the lowest impact speed with craters at progressively

higher speeds showing the expected bowl-shaped morphology. Whilst it is thought that the formation

of these central depressions is due to the density difference between the copper projectile and target

material, the rapid nature of crater formation makes the study of this phenomena difficult. Without

further investigation into the formation of these features, the mechanism behind their formation re-

mains unconfirmed. For craters formed by the impact of a basalt projectile, no central depression

features were seen. Additionally, the craters resulting form these impacts showed an almost linear

interior morphology as opposed to the expected bowl-shape exhibited by simple craters across the

Solar System. Craters formed within the laboratory are formed entirely within the strength dominated

regime of crater formation. Hence, spallation processes can occur altering crater sizes and profiles.

For larger craters in the solar system, however, their growth is gravitationally controlled. The transition

between these regimes for the surface of Mars is thought to occur at crater diameters of 3− 8 km [3].

Thus, smaller Martian craters should form entirely within the strength regime. The differences shown

in morphology are thus likely to have implications for the interpretation of the smaller impact features

within the Northern Lowlands region of Mars (discussed in Section 8.3).

The work presented within this chapter has potential implications for both our understanding of

the Northern Lowlands region of Mars and potential in-situ resource utilisation of future crewed mis-

sions to Mars. More work is required to confirm the trends observed within this chapter. However, the

increased scatter observed as the level of simulant within the target increases indicates that within

silicate-dominated permafrost mixtures the use of crater morphology to infer subsurface properties

may become increasingly difficult as the quantity of ice within the near surface region decreases.

This further applies to the potential future use of ice within the near surface to support the crewed

exploration of Mars. Future missions would require access to water on the Martian surface. The

permafrost regions within the Northern Lowlands region may present the easiest access to this re-

source for future exploration. For this, however, it is vital to quantity the level of ice within this region

to ensure it can support a future mission. The work presented within this chapter shows that when

considering this factor, crater morphology may not provide the answers required.
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The Mysterious Martian Potato

"Every flutter of paper whispers
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CHAPTER 7. THE MYSTERIOUS MARTIAN POTATO

N.B. A note on terminology: In impact studies, it is common to use the term sabot when referring to

the stabilising portion of the overall projectile (see section 4.1.2). Sabot, however, inherently implies

some level of disposability. Whilst this term has long been used in the impact cratering field, to

prevent confusion, a different terminology is used in the chapter presented here when describing

the custom projectiles - as no part of the projectile is discarded during flight. When referring to the

3D printed projectiles, the overall manufactured object is referred to as a shell. A shell is comprised

of a casing (the lower ‘cup’-shaped portion) and a lid (used to seal the shell). Then during sample

preparation, the casing is filled with an effective projectile mass - the projectile material of interest.

7.1 Presenting the Problem

The origin of the Martian satellites has been a topic of long lasting debate [260–265]. From this, either

a captured asteroidal or re-accretion in orbit hypothesis remain prevalent as the most popular mech-

anisms to explain the existence of both Phobos and Deimos. In this chapter, the origin of Phobos

(Figure 7.1) is considered. Whilst numerical studies have largely favoured an in-situ re-accretion sce-

nario (see [260, 265] and references within), observational measurements of the Phobosian surface

and physical properties indicate the moon is more likely to be a captured asteroid (see [263, 264]

and references within). Despite the extensive study of proposed mechanisms, neither are without

flaws; resulting in a considerable lack of consensus within the scientific community on a likely ori-

gin for the Martian satellites. Spectral measurements of the Martian moons show them to possess

spectra in poor agreement with the primitive, carbon-rich material commonly attributed to C-type

carbonaceous chondrite asteroids [260, 266] (some agreement can be found however between the

spectra of Phobos and those of some space-weathered C-type asteroids [264]). They have been

proposed however, to have spectra similar to D-type asteroids, but D-type asteroids are thought to

be very dense [261,263,264,266]. Conversely the estimated bulk density (1.87 g/cm3 [260,262]) and

porosity (ranging between 25− 35% [260]) are, however, thought to differ from typical C-type aster-

oids (e.g. higher density and lower porosity than most C-type asteroids) [260]. Further issues arise

surrounding captured asteroidal origins for Phobos, when the orbital characteristics are considered.

The orbit of the Martian satellite is found to be extremely circular [264, 265], and close to the Mar-

tian ecliptic [265]; atypical for a captured body [260, 264]. Whilst some propose the orbit of Phobos

to have undergone circularisation through tidal perturbations [260], the suggested geological age of

4 Ga for the Martian satellites [264] indicates this to be unlikely.

The in-orbit re-accretion of Phobos, however, is able to account for the orbital characteristics of the

Martian satellite [260,261,265], as well as the relatively low density measured through spacecraft fly-

bys [262,265,268]. Within the re-accretion hypothesis there are two primary mechanisms proposed:

co-accretion with a primordial Mars [264], and re-accretion of ejecta launched into circum-Mars or-

bit by a large impact event [260, 265]. Due to its location inside the Martian synchronous altitude,

Phobos’ orbit is decaying over time. Such decay, accelerating as it gets closer to Mars due to the
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Figure 7.1: An image of Phobos captured by HiRISE onboard the Mars Reconnaissance Orbiter

(MRO) spacecraft during a fly-by of the moon [267]. In the image, a selection of named craters are

identified (blue) along with a selection of geological features (orange). The naming convention for

Phobos dictates that features are named after either scientists who have contributed to the under-

standing of the moon or characters/locations within Gulliver’s Travels. Phobos is triaxial in shape,

being approximately 26× 23× 18 km in size.

increasing tidal force, would rule out co-accretion alongside Mars. Furthermore, whilst the currently

analysed reflectance spectra show no features associated with H2O or OH-bearing mineral species

in the near surface of Phobos, Fobos-Grunt images have shown what are interpreted to be evidence

of past outgassing [263, 269, 270]. Such evidence suggests the presence of water-ice within the

near surface of Phobos; with the presence of water-ice within the deeper ‘mantle’ region of Phobos

being suggested by some to account for the lower measured density [263]. The heat induced by a

large enough impact event, able to launch a sufficient quantity of ejecta to form the Martian satellites,

would remove almost all H2O and OH species from the ejecta disk [264]. Perhaps, the primary issue

with the re-accretion of ejecta model however, is that a sufficiently large enough impact feature is yet

to be identified on the Martian surface. Some have suggested the Northern Lowland Plains region

(Borealis Basin) to be the impact feature responsible [260, 265]. However, evidence for the 7700 km

diameter depression having an impact origin however is at best, tenuous.
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7.1.1 Projectile Emplacement

To complicate studies of the origin of Phobos, it is possible for Martian surface material to be present,

even on a captured asteroid, as a result of capture of ejecta from impacts on Mars. This material will

become emplaced on Phobos, contaminating the Phobosian regolith. Projectile emplacement pro-

cesses have previously been investigated for many Solar System bodies (the lunar surface [212,213],

Ceres [214], Solar System asteroids [6], and even within the Mars system [165,271]), as well as the

identification of projectile material within impact features [5]. Despite the many differences presented

throughout the Solar System, the underlying principle behind projectile emplacement processes are

thought to remain constant [6]. Alongside these investigations, the identification of the SNC [165,272]

meteorite family (identified as originating from Mars), along with the Kaidun meteorite (hypothesised

to have originated from Phobos, although this is disputed and not yet widely accepted [272, 273]),

provide nuanced evidence for the transfer of material between major Solar System bodies and po-

tentially Solar System moons. The transfer of Phobosian meteorites to the Earth, whilst possible, is

currently not thought to be very likely despite the debate about the Kaidun meteorite [272]. By con-

trast, extensive numerical investigations have considered the transfer of Martian material from the

surface of Mars to the surface of Phobos and find it plausible [165, 271, 274]. Ramsley, et al. [271],

for example, predicted that within the upper layers of Phobosian regolith, Martian material should

be detected in the range of 20− 1250 ppm as a result of such transfers. Impact speeds onto Pho-

bos for Martian impact ejecta have been estimated to have a minimum speed of 0.58 km/s, with

a typical range of 1.1− 3.2 km/s or more dependant on the initial launch speed of the ejecta from

Mars [275]. Whilst Martian material will initially become emplaced at the point of impact, the vast

majority of ejecta launched from impacts into the Phobosian surface itself eventually returns to Pho-

bos [271,276]. Thus, subsequent impacts from both additional Martian ejecta and other Solar System

projectiles will redistribute the emplaced Martian material over the entire Phobosian surface [276].

Gardening (through micrometeorite/ejecta bombardment [3]) of the upper layer of Phobosian regolith

tends towards a hypothesised even distribution of Martian material within the upper layer of Phobos,

predicted to present a detectable mean concentration of 255 ppm [271,276].

7.2 Method Development

The work presented in this chapter focuses on the post-impact identification of potential Martian

material within the regolith and near-surface of Phobos. For this, a series of six shots were carried

out, using the Kent light-gas gun in both the 1S-LGG and 2S-LGG configurations (see sections

4.1.1 and 4.1.2), covering both relatively low and high speed impacts. To ensure a significantly

large enough quantity of projectile material reached the target, to enable post-shot analysis of both

collected ejecta and the formed impact feature, projectiles (formed of an Eu-doped MGS-1 mixture

contained within a UV resin 3D-printed shell) were designed for this investigation to fit the 0.22”

(5.56 mm) diameter smoothbore barrel. The projectiles were fired over a speed range of 651.7 m/s
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to 1620.1 m/s crossing from the high-speed physics regime to the hypervelocity regime at speeds

of ≈ 900− 1000 m/s (if the distinction is defined as the point at which impact features change from

having diameters approximately equal to that of the projectile to diameters much larger). This speed

range was selected as it covers the lower end of speeds predicted for the impact of Martian ejecta

onto the Phobosian surface [165,274]. Within this chapter, the speed over which projectiles could be

fired was limited due to the significant decrease in projectile survivability at higher speeds. That is, as

the speed approached 1500 m/s, in some shots the projectiles began to break-up upon acceleration.

This is an important consideration due to the nature of the investigation and the supply of materials.

The quantity of PCA-1 was limited and targets from an unsuccessful shot could not be reused due to

potential contamination by projectile material.

Projectile path

Exit aperture stop plate

Target

Ejecta capture cell

Weight
Target

Base layer foil

Figure 7.2: The experimental set-up used for the shots presented in this chapter. Panel a) shows

an overview with the target shown on the right of the panel. The projectile passes from left to right

once fired. Panel b) shows a close-up of the ejecta capture cell system located on the base of the

blast tank during the shot. This is weighed down to prevent movement and the loss of ejecta material

when venting the chamber after the shot. For scale, the target blocks are 5.8 cm thick.

In order to replicate the upper surface of Phobos, targets were formed of ‘cemented’ PCA-1

simulant [242] blocks. These blocks were constructed at the University of Kent, formed from a mixture

of PCA-1, methanol, and de-ionised water (with each block being formed from a mixture of 630± 1 g

of PCA-1, 315± 1 g of methanol, and 105± 1 g of de-ionised water). This is an approximate ratio of

60 : 30 : 10 wt.% for each component (more details of the blocks and their construction are given in

Section 7.2.2). For each shot, the targets were placed within the LGG, being located within the blast

tank. The set-up for each shot is shown in Figure 7.2. On the base of the blast tank during each shot

was a foil lining and ejecta capture cell. The weight visible in Figure 7.2 held the capture system in

place preventing the loss of material during venting to atmosphere following the shot. Once fired, the

projectile follows the orange arrow in the left side of Figure 7.2. It passes through the exit aperture

stop plate impacting the target. The stop plate is required to prevent damage to the target holder in

the case of the projectile missing the target. The capture system was designed to both reduce the

potential level of contamination from the blast tank itself, and to capture material ejected from the
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target during the impact. The foil lining formed a barrier between the ‘clean’ capture and the inner

surface of the gas gun. Whilst this did not prevent any potential contamination resulting from the

barrel and gun powder charge, it substantially reduced the influence of any residual material left over

from previous shots in the gun (which may have been present despite cleaning attempts between

shots).

Front foil

Back foil

Paper

Figure 7.3: A schematic diagram of the ejecta capture cell used. Blue lines represent foil layers and

orange lines represent paper layers, black arrows represent ejecta.

The capture cell (a schematic of which is shown in Figure 7.3) was designed with multiple layers.

The three upper foil layers are used to slow and capture finer or slower moving ejecta, with the two

lower paper layers present to disrupt, slow, and capture medium to large fragments. The aluminium

foil had a thickness of 16 µm and the paper was cut from typical photocopier paper sheets. Following

each shot, the capture cell was removed from the blast tank and any material lying on top collected.

Upon dismantling the cell and separation of the layers, material contained within the cell was collected

as additional ejecta from the shot. Due to the very small quantity of ejecta collected from each

individual layer, it was impossible to perform any meaningful analysis of the material as a function

of the layer from which it was collected. Thus, the analysis of the ejecta material was conducted on

the sample collected from each shot as a whole. Analysis was carried out in order to both initially

identify and subsequently quantify the level of projectile material (if any) contained within the ejecta,

this was performed through XRF. All samples were put through the standard analysis processes for

each technique as laid out in Chapters 4 and 5.
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7.2.1 Projectile Design Iteration

In order to experimentally investigate the emplacement of Martian material onto the surface of Pho-

bos, an appropriate projectile required development. Whilst it would have been largely appropriate to

replicate Martian debris through the use of a basalt sphere projectile, a key component of the investi-

gation presented in this chapter was the attempted identification of a geologically complex projectile

material within a geologically complex target. As such, MGS-1 Martian simulant [239] was selected

as the projectile material. There were, however, issues still needing a resolution. The first was sub-

stantial inhomogeneity in the simulant. This was often related to grain size effects and the mixing of

minerals during simulant construction. To solve this, the simulant was ball milled to produce a more

uniform size and a better mixing of materials. The second issue was how to deliver the material to

the target. Loose material could be poured into the shell, but a solid projectile was initially preferred

because it would add to the rigidity of the shell (essential to prevent the shell breaking up during initial

acceleration), permitting thinner shell walls and thus an increased volume for the simulant. A solid

simulant could be formed by adding a binding resin, but this introduces an extra organic material. In-

stead, the cementitious nature of the simulant was taken advantage of. As shown earlier, when hard

water (with a strong lime content) was mixed with the simulant, it formed a cement. This permitted a

solid simulant to be obtained.

7.2.1.1 Shell Filling Methods

Accordingly, shells were initially designed to exploit the cementitious nature of the MGS-1 simulant

discussed in Chapter 5. To allow for the use of a cement material within the gas gun, a 3D-printed

resin shell was produced. The shell was designed with a cylindrical 5.06 mm diameter by 5 mm tall

internal (central) cavity to be filled with the geopolymer cement mixture. This shell was formed of

a 1 mm thick base and thin (0.25 mm) walls, to provide support during the curing process and initial

acceleration within the gun. The purpose of the shell was to preventing damage occurring to the

barrel as a result of the solid cement rubbing the barrel walls and causing scarring during launch.

One issue when forming these projectiles, however, was ensuring that the shell was entirely filled with

the cement. First attempts were made to fill the shell with a single dose of the mixture injected from

a pipette. However, This led to a substantial cavity forming underneath a cement cap, because when

injected, the surface tension of the cement prevented it from reaching the floor of the central cavity

(shown in Figure 7.4). After this, filling was done by adding a small amount of the cement mixture at a

time and partially setting it, gradually building the projectile material up layer by layer. This, however,

had difficulties in ensuring that no small gaps or fractures formed between layers during the proving

time of the cement (Figure 7.5).

In addition to the issues with the shell filling methods, issues also began to arise regarding the

strength of the cement material formed. Even with the presence of minimal inhomogeneities within

the cemented projectile, it was found that the set material was highly friable. Once set, even the
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Figure 7.4: First filling attempt of 3D printed shell. Once the shell was filled with a cement mixture

and set, it was embedded in resin allowing a slice to be taken through the shell. This allowed the

interior to be observed. A large trapped air bubble can be seen taking up the lower half of the shell.

This was caused due to the single stage filling of the shell and the surface tension of the cement

holding it at the upper surface of the cavity.

Large crack

Figure 7.5: Second filling attempt of 3D printed shell. Shells were filled in two steps to prevent the

formation of a large trapped air bubble at the bottom of the shell. Once the cement material has set,

the projectile was embedded within resin enabling a slice to be taken through the projectile. This

allowed the interior to be observed. A concave cavity can be seen at the top of the shell in which

cracks form into the cement. A large crack is indicated by the blue arrow.

slightest shock led to the whole sample of cemented material crumbling and falling out of the shell.

This is thought to be due to the method used for mixing the simulant, chemical activator and ele-

mental tracer and then pipetting the sample into the empty or partially full shells. This favoured the
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liquid and fine-grained components of the mixture, leaving the large-grained material behind which

is traditionally required to increase the strength of cement materials. In an attempt to improve this,

two methods were used. The first was to increase the quantity of chemical activator used and then

the second was to combine the materials before ball-milling the simulant. The effects of this led to

the discovery of the MGS-1 paste discussed in Section 5.5.1. When setting this mixture in the resin

shells, however, the strong alkali nature of the potassium hydroxide used as the chemical activator,

led to the redin dissolving. This rendered the projectiles unusable within the Kent LGG. The damage

caused to the 3D-printed shells can be seen in Figure 7.6. Whilst the cementing nature of the MGS-1

simulant may have applications for use within the LGG as a projectile material in the long term (pro-

viding the issues highlighted here are addressed), the time constraint of the work presented in this

chapter required a new form of projectile to be developed.

Figure 7.6: High alkalinity cement led to the shells dissolving during the curing period leading to them

being unusable within the Kent LGG. The shells shows are 6 mm in length.

7.2.1.2 Shell Lids

Due to issues surrounding the setting of an MGS-1 simulant cement within the 3D-printed resin

shells, a redesign was required. Development work led to a slight increase in the wall thickness -

from 0.25 mm to 0.375 mm - and the leading edge to be countersunk. The thicker walls aided in the

shell rigidity, whilst the countersunk top allowed for the placement of a resin lid to the front of the shell.

The purpose of this is to allow for the use of a granular material within the printed shell. Due to the

fragile nature of the resin material, particularly the thin shell walls, care had to be taken when both

filling the shells and emplacing the lids. Initial designs for the lidded shell included a 1 mm thick lid.

Such a design increased the ease of handling when working with the shells, and allowed the affixing

of the lid (by pressing it into place) without the use of adhesive materials when using a granular

material. It, however, substantially increased the mass of the shell, reducing the relative mass of the
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projectile material. A single test shot was carried out using the lidded shell, firing at a speed of 1 km/s

into a 50 mm diameter aluminium plate target (Figure 7.7). Whilst this showed the lidded shell was

able to contain the majority of the material most of the way down the barrel, damage to the plate in

some locations caused by the impact of the projectile was substantial. This is primarily thought to be

due to thinner thickness of the target in this region (the central region contained a threaded hole for

target mounting).

Figure 7.7: The results of an impacting lidded shell into a 50 mm diameter aluminium target. The

projectile was fired at 1 km/s and impacted close to the centre of the target. The heavy damage within

the very centre of the target is due to the thinner nature of the target in this region. Surrounding this,

several marks can be seen indicating the projectile broke-up upon impact with the target. Additionally,

the lower half shows some level of orange staining indicating the simulant material to have been

emplaced on the surface.

Other than the central region of the target shown in Figure 7.7, where the shell body is thought

to have impacted, a large population of smaller impact craters can be seen resulting from what is

thought to be the impact of sand grains. Despite this, however, the relatively concentrated location

of these - as opposed to them having occurred over the entire target surface - suggests that the

sand material was contained for some distance down the barrel. For this shot, the lidded shell was

placed into the barrel with the lid facing backwards, towards the launch tube of the light-gas gun.

This configuration caused the expanding gas to force the lid into the shell, preventing it becoming

dislodged during the initial acceleration. Despite this, the lack of adhesive securing the lid in place

led to the opening of the shell before impact with the target. This is thought to have occurred due to

the uneven fitting of some shell lids; a flaw that was overcome for the remainder of the shots through

careful selection of the projectile. The extensive damage close to the centre of the target, however,

led to a further redesign to decrease the mass of the empty shell.

The design of the shell should permit a sealed shell to reach the target prior to the release of
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Figure 7.8: The projectile casings developed for the work presented in this chapter. Panel a) shows

a close up image of a shell with the front lid in place. Panel b) shows the schematic design of the

shell with the orange area representing the projectile material.

material. Along with this, the fraction of the shell filled by simulant material had to be optimised.

In the shell designs at this stage, when filled with crushed MGS-1 simulant, the shell possessed

a mass of ≈ 0.18 g, with the empty mass being measured to be ≈ 0.09 g, this gave an effective

projectile material mass of ≈ 0.09 g (≈ 50% of the impacting mass was simulant material). Due to

the similarity in masses between the projectile material and the resin shell, it would be difficult to

distinguish processes resulting from the projectile material and resin shell respectively. Thus, it was

deemed vital to increase the effective projectile mass, reducing the influence of the resin shell on

the crater formation process. This was done through substantially reducing the thickness of the lid to

0.5 mm, and increasing the wall thickness to 0.375 mm (Figure 7.8). Whilst this increased the difficulty

in handling shells during filling and preparation, it changed the mass distribution of the shell, reducing

the overall effect it had on the impact process. When filling the new iteration of lidded shell, care was

taken to tap the base of the casing between each addition of projectile material. This allowed the

loose granular material to settle, reducing the porosity and minimising the possibility of air bubbles

existing within the sample. Casings were filled as much as possible before the lid was put in place,

reducing the possibility of blow-out when under vacuum. This brought the mass of a filled shell to the

range of 0.16− 0.19 g. The mass of simulant material was retained at ≈ 50% of the impactor mass,

but the decrease in lid thickness ensured that the resin shell played as minimal a part as possible

in the cratering process. To ensure that the lid was held in place during each shot, projectiles were
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again fired with the lid facing away from the muzzle.

7.2.2 Target Construction

The initial targets intended for this investigation were produced by Space Resource Technologies

(SRT) in Florida [277]. They were produced from a PCA-1 mixture and formed into a block shape

with an average depth of 2 cm. This was done by the company prior to shipping using the method

described by Landsman, et al. [242]. During initial shot testing, however, the weak strength of these

sourced blocks was found to be unsuited to the desired purpose (with the blocks being completely

broken apart due to fractures at speeds as low as ≈ 300 m/s). As such, an alternative target produc-

tion method was required. It was decided to attempt to reproduce the SRT blocks ourselves following

a similar method to that of SRT. The raw PCA-1, methanol, and de-ionised water (in the ratio of

60 : 30 : 10 wt.%) mixture from which the solid targets were formed was combined into a slurry, which

was then poured into a 10 cm cube silicone mould. The inclusion of the methanol within this mixture

allowed for the porosity of the blocks to be increased.

Figure 7.9: The pre-impact surface of a target block. The block has a side length of 8.5 cm and a

depth of 5.8 cm. Blocks had an average porosity of 9.6%.

This was then heated in a vacuum oven at a temperature of 80◦ C for a period of 24 h causing

them to set. During the heating process the oven remained at atmospheric pressure, with the air only

being removed towards the end of the heating period removing any remaining methanol vapours prior

to opening. Once removed from the oven, the now set block was left to cool and rest for a period of

48 h allowing the residual volatile water and methanol to evaporate away before use. This ensured as

little mass loss as possible whilst under vacuum throughout the shot. On average blocks had a side

length of 8.5± 0.2 cm with a depth of 5.8± 0.2 cm and a porosity of 9.6% (see Figure 7.9). The blocks

were notably thicker than those produced by SRT (Figure 7.10). All other aspects of the method

were kept the same as that carried out by SRT. Despite this, the blocks produced at Kent appeared
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to show some level on internal horizontal layering. This is not thought to have impacted the cratering

process, however.

Figure 7.10: A block produced at the University of Kent (left) and one produced by SRT (right).

Both blocks have been sectioned providing a view of the internal structure. Blocks produced at Kent

were notably thicker than those produced at SRT. Note for the block produced at Kent, the smooth

appearance close to the edge of the block was due to the cutting method. Despite following the same

method, the blocks produced at Kent show some level of internal layering whilst those produced by

SRT do not.

7.3 Results

The results of the shot programme carried out within this chapter are given in Table 7.1. Six shots

were carried out over a speed range of 650− 1620 m/s. Targets were weighed before and after each

shot to find the mass lost during the impact. The design of the ejecta capture system meant that

only a fraction of the ejecta was able to be captured, with the size of the capture system limited by

the size of the blast tank. After each shot, targets were removed from the gun to undergo detailed

analysis. To aid in post-shot identification, shells were filled with a mixture of MGS-1 and a europium

elemental tracer (Eu (CH3COO) · xH2O).

7.4 Crater Analysis

Figure 7.11 shows the results of the shots carried out for the investigation presented in this chapter,

with the speed and shot number increasing in each panel (the shown scale is in cm). It shows a

clear morphological progression as the impactor velocity increases. For the impact features formed

here, diameters and depths were not physically measured to prevent any potential contamination

to emplaced projectile material. Crater diameters can be approximated from images and relative
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Table 7.1: The parameters and results of the shot programme carried out within this chapter. For

shots 2 and 3, the quantity of ejecta collected was too small to be measured.

shot Speed (m/s) Projectile mass (g) Target mass (g) Target mass loss (g) Collected ejecta mass (g)

1 652± 33 0.16± 0.01 581.9± 0.1 1.5± 0.1 0.0026± 0.0002

2 720± 36 0.17± 0.01 586.8± 0.1 8.8± 0.1 n/a

3 858± 43 0.16± 0.01 584.4± 0.1 7.0± 0.1 n/a

4 995± 50 0.19± 0.01 624.6± 0.1 43.2± 0.1 0.0386± 0.0002

5 1581± 79 0.17± 0.01 618.2± 0.1 36.0± 0.1 0.2838± 0.0002

6 1620± 81 0.17± 0.01 635.1± 0.1 20.5± 0.1 0.0670± 0.0002

depths can be used to investigate the morphological progression. Hence, for the investigation pre-

sented in this chapter, analysis of the post-impact targets was limited to a semi-quantitative visual

interpretation. For the slowest impact speed (panel a), the formed feature is approximately the same

diameter as the projectile (5.56 mm), with the depth being extremely shallow. In this regime, due to

the extremely shallow impact feature, it is thought that the projectile simply rebounded from the target

leaving only the slightest indication of an impact having occurred. As the speed increased, the level

of damage occurring to the target increased.

Panels b and c in Figure 7.11 show the resulting features from shots 2 and 3 respectively. At

these speeds it is thought that the entire or majority of the projectile became embedded within the

target. In panel b and highlighted in Figure 7.12, what appears to be fragments of projectile material

can be seen on the target surface. At higher impact energies, whilst fragments of projectile could be

identified they appeared to be smaller and less frequent. As the impactor speed increases, a central

pit begins to appear (being clearly visible in panels d and e in Figure 7.11), indicating that projectile

material may have become emplaced deeper within the target. This trend changed, however, for the

highest impact speed (panel f). In this shot, it is thought that the acceleration to the higher speed

caused the shell to break-up in-flight substantially increasing the surface contamination of the target.

This can be seen in Figure 7.13 where projectile material on the surface is highlighted. This pre-

impact break-up further accounts for the distinctive change observed in crater morphology. Rather

than a single projectile impacting the target, a cluster of smaller fragments formed a wide shallow

impact feature.

For analysis beyond visual inspection of the target, it was required to reduce the size of the blocks

after the impact so that they could fit into various instruments. For this, cuts were made through the

blocks around the crater taking care to ensure minimal disruption was made to the crater. However,

the size to which the blocks could be cut was limited due to the formation of fractures and the semi-

friable nature of blocks once cut. Despite reducing the size of the target blocks (to an approximate

side length of 5 cm and height of 2 cm), the limitations of the equipment design meant that Raman

analysis of the post impact target was impossible. The height of the reduced targets proved to be

a significant issue leaving insufficient room for the instrument to focus. This is because the friable
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Figure 7.11: Images of the impact features formed during the shots carried out for this chapter. Within

each panel, the red circle provides an approximate outline of the formed feature. The parameters

for each shot can be found in Table 7.1. Panels a) to f) show the craters formed during shots 1-

6 respectively. Crater diameters were approximately 0.5 cm, 1 cm, 1 cm, 1.5 cm, 2 cm, and 1.5 cm

respectively.

nature of the target blocks (in particular when making lateral cuts) severely limited the height to which

blocks could be cut before the impact feature would undergo damage. As such, SEM-EDS analysis

was considered instead. Due to the time limitations surrounding this part of the work presented within

this thesis, however, analysis of the Phobos simulant targets was limited to purely visual analysis.

Nevertheless, despite these issues, the targets have been preserved for future analysis of the impact

sites, with detailed crater morphology to be analysed along with further attempts to section the targets

to repeat analyses searching for emplaced projectile material.

7.5 Ejecta Analysis

Attention then turned to the ejecta collected from each shot which was subjected to analysis to

identify post-impact projectile material. The quantity of collected ejecta (given in Table 7.1) varied

considerably for each of the shots but were sufficient for XRF anaylsis. The results of the XRF

analysis are shown in Table 7.2 (with the errors given being the standard error for the sample runs

- see Section 4.2.1) and a comparison for the key elements are shown graphically in Figure 7.14,
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Projectile fragment

Projectile fragment

Projectile staining

Figure 7.12: An image of the feature produced during shot 2 (speed 720 m/s). Details given in Table

7.1. Potential projectile material is highlighted within the figure. Additionally, close inspection of the

target shows what appears to be some orange staining on the left hand side of the impact feature.

The shown scale is in cm.

Projectile debris

Stained arc

Figure 7.13: An image of the crater formed during shot 6 (speed 1620 m/s). Details given in Table

7.1. Possible projectile debris is marked, along with the extent of what appears to be a large quantity

of projectile material staining the target surface. The shown scale is in cm.

normalised to the values for PCA-1. Within Figure 7.14, the results for the europium levels are not

shown due to the influence of the projectile material and the large quantity of the europium compound.

The results in Figure 7.14 shown that, despite their similar chemical compositions, distinctions can be

made between the projectile and target materials with differences being present between PCA-1 and

MGS-1. When looking at the collected ejecta material, it appears that they somewhat follow the trend

set by the analysed projectile material (Eu-doped MGS-1) with some influence of the PCA-1 target
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Table 7.2: Raw XRF results of the components used for comparison within this chapter. All values

are given in the units of wt% with the standard errors being given for each value.

Oxide PCA-1 MGS-1 Doped Projectile Capture Cell 5 Capture cell 6 Capture cell 7 Capture Cell 8

Shot 1 Shot 4 Shot 5 Shot 6

MgO 10.231± 0.076 9.546± 0.025 6.085± 0.043 3.215± 0.945 11.342± 0.046 9.732± 0.053 11.450± 0.203

SiO2 34.503± 0.200 43.869± 0.013 25.604± 0.077 27.583± 0.403 41.851± 0.143 34.220± 0.044 41.741± 0.668

SO3 5.189± 0.106 1.317± 0.011 4.355± 0.014 0.000± 0.000 3.795± 0.126 3.704± 0.035 4.225± 0.160

K2O 3.409± 0.067 0.464± 0.001 0.616± 0.002 1.829± 0.077 2.900± 0.042 3.415± 0.008 3.607± 0.048

CaO 9.222± 0.163 9.402± 0.007 8.001± 0.023 12.682± 0.161 9.130± 0.059 10.033± 0.056 9.756± 0.385

TiO2 0.346± 0.021 0.283± 0.008 0.370± 0.002 0.475± 0.020 0.342± 0.011 0.311± 0.007 0.334± 0.012

Cr2O3 0.053± 0.002 0.173± 0.001 0.157± 0.001 0.062± 0.005 0.040± 0.003 0.052± 0.002 0.043± 0.001

MnO 0.099± 0.009 0.091± 0.001 0.000± 0.000 0.051± 0.003 0.059± 0.001 0.085± 0.002 0.065± 0.001

Fe2O3 30.015± 0.323 19.614± 0.050 18.949± 0.045 16.830± 0.325 15.682± 0.075 31.455± 0.064 19.409± 0.844

NiO 0.053± 0.001 0.138± 0.001 0.175± 0.003 0.042± 0.021 0.018± 0.002 0.044± 0.001 0.023± 0.002

Eu2O3 0.096± 0.005 0.068± 0.006 27.646± 0.110 0.308± 0.087 0.103± 0.008 0.130± 0.005 0.134± 0.010

composition. In general, however, they lack the expected PCA-1 concentrations of Cr2O3 and NiO.

What is clearer, however, is that all of the ejecta samples contained elevated amounts of europium

compared to the raw MGS-1 and PCA-1 materials.

Using the europium values given in Table 7.2, the quantity of projectile material within the ejecta

can be calculated. To calculate this, the background level of europium within the PCA-1 has to be

subtracted to isolate the projectile material. This value can then be multiplied by the reciprocal of

the analysed value for the europium content within the projectile material (wt.%). The calculated

percentage weights of projectile material within the collected ejecta can then be multiplied by 10,000

to convert to parts per million (ppm). The level of projectile material within the collected ejecta from

each shot can be calculated to be 7833± 1594 ppm for capture cell 5 (shot 1), 260± 166 ppm for cap-

ture cell 6 (shot 4), 1259± 105 ppm for capture cell 7(shot 5), and 1407± 199 for capture cell 8 (shot

6). The wide range in the weights of collected ejecta and the calculated values of projectile concen-

tration are indicative of the shot series having transitioned through a range of projectile emplacement

regimes, starting with the projectile rebounding from the target with minimal shock processing or

contamination, and ending with the pre-impact break-up of the impactor and transfer of the projectile

material to the ejecta, as described below.

Discussing this in more detail, shot 1 is in the rebound regime with the ejecta sample size being

the smallest collected sample and the analysis finding the highest level of projectile material. As

the sample size for this shot was, however, only a few grains of sand, the variability if the shot was

redone here is likely to be very high and the shell itself was not found in a post-shot inspection of

the inside of the blast tank. For shots 2 and 3, the projectile is thought to have become emplaced

within the target with very little to no ejecta being found despite capture cells being present. Shot 4

appears to be on the border between emplacement of the projectile and the standard crater formation

process. The final two stages are covered by shots 5 and 6. Shot 5 represents the standard crater

formation stage with an approximately bowl-shaped crater being produced and ejecta being formed

Page|137 jejf3



CHAPTER 7. THE MYSTERIOUS MARTIAN POTATO

Figure 7.14: XRF data from Table 7.2 normalised to the values for PCA-1. Note that measured values

for europium are excluded from this figure.

as normal. The analysed ejecta from this shot represents a mixture of both target and projectile

materials. During shot 6, it is thought that the shell broke-up prior to impact with the target surface.

In this shot therefore, the projectile material impacted the target as multiple fragments leading to the

production of a cluster of smaller craters and the coating of the target surface by projectile material.

More work would be required to further test this, however, to reproduce this and see if the potential

break-up was due to a flaw within the shell used for this shot, or due to the speed being close to

the upper limit of the shell design. The quantity of ejecta produced within in shot 6 is reduced below

that expected from the other shots. This is likely associated with the enhanced contamination of the

target surface (shown in Figure 7.13) and the smaller size of the craters, formed within the cluster.

7.6 Conclusions

The work presented in this chapter focuses on the transfer of material from the surface of Mars to

Phobos. For this, a custom projectile required development for use within the Kent LGG, enabling a

Martian ‘meteorite’ analogue to be fired. This involved the repeated redesign of a 3D-printed resin

shell capable of containing a projectile until it impacts onto the target. Development of a suitable

target was additionally required to prevent their break-up during the impact. A series of six shots was

carried out for this investigation over the speed range of 260− 1620 m/s with a measurable quantity

of ejecta being collected from four of these.

Whilst projectile material could be visually identified in the initial post-shot analysis of the formed

impact features, subsequent initial analysis of the craters within analytical equipment failed to locate
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this material. Hence, whilst the transfer of projectile material to the formed ejecta could be success-

fully demonstrated, at this stage the level of projectile material transferred to the target cannot be

quantified.

Analysis of the collected ejecta identified the presence of projectile material with a concentration

between 652− 7833 ppm (which overlaps with the lower end of the range of Martian impact ejecta

striking Phobos). Whilst this range is large, it is thought that the impacts passed through a variety of

projectile emplacement stages. These range from the projectile almost entirely rebounding from the

target at the lowest speeds (despite no intact shell fragments being recovered) producing the highest

level of projectile material within the ejecta, to the brink of hypervelocity with much of the projectile

being emplaced leading to lower detected concentrations within collected ejecta. At higher speeds,

‘normal’ crater formation processes occurred leading to an ejecta formed of primarily target material

with a projectile component on the order of ≈ 1000 ppm.

The transfer of projectile material to the ejecta formed during an impact event is a known phe-

nomenon in general [278]. Here it is shown that this can happen in processes specific to Phobos, and

thus, this is the first experimental step into the investigation of Phobos’ origin. More detail regarding

the implications of this work and the potential further steps are discussed in Chapter 8. However, we

can already say that this it is fairly clear that material ejected from Mars can become emplaced on

the surface of Phobos, both within the crater formed when it strikes Phobos, and via ejected material

which is subsequently re-accumulated elsewhere on Phobos.

Based on the ejecta analysis results obtained here, it is suggested that Martian material (that ar-

rived as ejecta from impacts on Mars) is highly likely to be identified within the Phobosian regolith. By

contrast, it is not possible (based on the results so far) to quantify how much Martian material is likely

to be found by the MMX mission within, and underlying impact craters on the Phobosian surface.

More work is needed on this point. What can be said about the presence of Martian material in the

crater, is that, if the three impact regimes identified within this work (projectile rebound, projectile em-

placement, and the standard impact cratering regime) are found to occur on the Phobosian surface,

it can be reasoned that a subset of the Phobosian crater population will lie within the emplacement

regime. From the work presented here, it can be inferred that ejecta from these craters is likely to be

formed of material originating from Phobos, with MMX likely to find concentrations of Martian material

underlying this subset of craters. Therefore, when analysing results from the mission, the influence

of where samples were obtained on the Phobosian surface should be borne in mind.
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CHAPTER 8. CONCLUSIONS

8.1 Introduction to the Thesis

This thesis was motivated by the desire to better understand Mars and its moons. The intention

was to do this by considering impact processes. Accordingly, various simulants were obtained and

studied. Martian simulants were used to investigate impacts in ice-silicate targets (to represent the

surface of Mars) and to impact asteroid simulant targets to try to better understand the processes to

which Phobos is subjected. In this conclusion, the results and implications of this work are considered

alongside possible future work.

8.2 Simulant Materials

The results presented in this thesis have shown that the responses of planetary simulants to con-

ditions and the introduction of volatiles varies considerably, despite their similarity in chemical com-

positions. At times, this led to unexpected outcomes such as the cementation of MGS-1 based tar-

gets, when combined with tap-water in what had been an attempt to form a permafrost target. This

response was a drastic deviation from the behaviour of both kiln dried sand and the JSC Mars-1 sim-

ulant under similar conditions. Whilst the differing mineralogy in the various simulants (independent

of the chemical composition determined by XRF) is thought to contribute to the drastically different

response to the introduction of water, the primary cause is thought to be the lack of weathering ex-

posure experienced by the newer generation of ‘synthetic’ simulants. In contrast to the older JSC

generation, which were sourced from exposed weathered minerals, the newer SRT era of simulants

are sourced from mined minerals. As such, when exposed to volatiles, the minerals within the newer

generation of simulants may be more prone to chemical reactions due to more active grain surfaces.

This is supported by the examination of the older JSC Mars-1 and newer MGS-1 simulants within this

thesis. This unexpected result advances further the discussion started in the paper by Cannon. et

al., [239]. Each simulant is produced with a specific use-case in mind and utilisation outside of this

may have unintended outcomes.

Whilst a full comparison of the simulant materials is beyond the work presented in this thesis,

the identification of the cementitious properties associated with MGS-1 highlights the often unknown

properties of simulant materials, which can control how they respond to experimental investigations.

Although, some level of prior research has been undertaken into the response of simulant materials

to varying conditions [?, 239, 242, 279] there is, as of yet, no large-scale publicly available source

for cataloguing these properties. As a result, simulants may continue to be used far outside their

intended use cases. This is somewhat accounted for within the investigations carried out in the

preceding chapters through comparing different silicate materials to each other and to past results.

The known influences of the simulant materials on experimental results are often accepted by the

scientific community, however, issues arise when these influences are unknown. The wide array of

investigations utilising simulant materials mean that the intended use cases will always be exceeded.
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The only way to prevent this is the production of a bespoke simulant for each investigation, a costly

and time consuming process. Hence, variations in simulant responses must be accounted for and

documented to prevent unrealised influences on the results of future investigations. The examples

considered in this thesis are described next.

8.3 Impacts into Varying Simulants

Chapter 6 shows the results from impacts into ice-silicate mixture targets. These targets were de-

signed to replicate the permafrost surfaces of Mars thought to be present in the northern polar re-

gions. Both the silicate type and quantity within the constructed targets were varied to investigate

how variations in the grain composition, morphology and the quantity of ice would influence the cra-

tering process. The results in Chapter 6 have shown that whilst the dimensions of the crater depend

on both the type of silicate and the quantity within the target, crater depth is more sensitive to just

the quantity of silicate within the target. Craters formed in targets of varying silicate types possessed

crater depths that increased at approximately the same rate whilst diameters increased significantly

faster for targets formed of larger, smoother KDS grains than those containing JSC Mars-1. The

significant results from this chapter, however, lie in the impacts into targets containing 80 wt.% JSC

Mars-1 and the craters formed by the impact of a basalt projectile. When these changes were in-

troduced to the shot programme, the experimental scatter of measured crater parameters increased

dramatically.

Whilst this increased scatter meant that for several parameters accurate trends could not be

identified, it is indicative of a substantial change having occurred in the cratering process. The in-

creased scatter is observed within almost all of the presented results. It is, however, seen to be most

prominent within the measured crater depths, particularly for those associated with craters formed in

silicate-dominated targets. This may simply be due to the nature of analysis used for obtaining the

crater depths (as discussed in Section 6.5). It could, however, be indicative of a change occurring

within the cratering process as the silicate content of the target is increased beyond 50 wt.%. Fur-

ther impacts into targets with a silicate content in the range of 50− 80 wt.% would provide greater

insight into this. If this scatter is the result of a change in the impact process within silicate-dominated

targets, the increased scatter seen for impacts of basalt projectiles into 50 wt.% silicate content tar-

gets suggests that the impact of basalt projectiles into silicate-dominated targets would be enhanced

even further. This would have substantial consequences for the analysis of craters within the North-

ern Lowland Plains. The increased uncertainty induced from the scatter would suggest that it would

be harder to infer the quantity of ice within this region from the crater properties alone.

When considering the Northern Lowlands of Mars, the similarity observed for the trends in crater

diameter and volume in Chapter 6 as the quantity of silicate within the target changes shows that

without further investigations, crater size alone may not provide sufficient data to infer information

regarding the quantity of ice within the region. Despite this, the increased depth observed within

Page|142 jejf3



CHAPTER 8. CONCLUSIONS

silicate-dominated targets (particularly at lower impact energies) may provide some information re-

garding the quantity of ice within the region surrounding smaller Martian craters. Crater morphology

may provide a means to investigate this region. In particular, profiles taken across silicate-dominated

targets appear to show a drastic change only for the central pit region, whereas craters formed within

a 50 wt% content target show typically two transitions. The first of these being from the central pit to

the inner crater and a second from the inner crater to a shallow spallation region. Despite this, how-

ever, the lack of these transitions within craters formed by the impact of a basalt projectile suggest

these features may be related to the difference in density between the projectile and target rather

than the properties of the target alone. Whilst inferring detail regarding the quantity of ice within the

Martian North Polar region is difficult at this stage, the identification of the central depressions and

transitions within the profiles may provide some information regarding terraced craters on the Martian

surface. The occurrence of transitions within profiles of craters formed by the impact of a copper pro-

jectile may indicate terraced craters to form by the impact of a high-density (or iron/metallic) meteorite

whereas other craters are formed by the impact of carbonaceous or stony meteorites.

However, caution is needed. Whilst the presence of ice may alter crater depth, as discussed in the

earlier chapters on cratering processes, subsequent infilling may mean the crater forms presented

today on the surface of Mars may not show the original crater floor. For more detailed comparisons

to be made between Martian craters and those formed within the laboratory setting, this requires

accounting for. Similarly, as indicated within Section 6.6, laboratory experiments are conducted

within the strength-dominated regime. Hence, the result can only be applied smaller craters on Mars

(with diameters ≤ 8 km).

8.4 Phobos

The work presented within Chapter 7 focused on investigating the origin of the Martian moons fo-

cusing on the hypothesised geological and mineralogical properties of the Phobosian regolith. The

investigation covered a range of impact velocities (652− 1620 m/s) using custom projectiles. This led

to the projectile transitioning through what are assumed to be different stages of projectile emplace-

ment during impact. Analysis of the material collected from shots which produced ejecta (shots 4, 5,

and 6 - with shot 1 producing rebounded projectile fragments) was able to identify projectile material

amongst target material. Focusing on the shots thought to have undergone typical cratering and

ejecta formation processes (shots 4, 5, and 6), XRF analysis of the collected ejecta found projectile

material in the range of 260 (±166) to 1407 (±199) ppm. Comparing this to the range previously found

from numerical investigations it is found to be highly similar, with the upper limit here being ≈ 200 ppm

higher than in the numerical estimates [271]. However, this is about the magnitude of the uncertainty

in the experimental measurements. Potential ways to narrow and confirm this range are discussed

in the next section. If we consider the impacts where no ejecta is thought to have been produced,

several implications present themselves for the upcoming MMX mission.
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At the slowest speeds (650 m/s), the collected fragments following the shot are thought to be

rebounded projectile material, rather than ejecta. This is largely due to the lack of a substantial

impact feature present on the target surface (as seen in Figure 7.11) and the extremely high levels

of projectile material detected within XRF analysis - a value of 7833± 1594 ppm. Whilst the high

level of projectile material detected may be a sampling bias due to the analysed sample consisting

of only a few grains, there should be no preference as a result of any collection bias for ejecta vs.

rebounded material in this shot. Thus, the collected sample should be representative of the total

sample produced. Given the low escape velocity of Phobos (11.4 m/s) rebounded material is likely to

escape the surface. However, this material is unlikely to escape the Mars system entirely and may

well re-impact the surface of Phobos at a later date at a velocity set by the orbital speed of Phobos

around Mars (≈ 2.1 km/s).

This assumption (that the ejecta samples collected are truly representative) has also been applied

to the results from shots 2 and 3. These shots (at speeds of 720 m/s and 860 m/s) produced no

measurable quantity of ejecta material, leading to the conclusion that the majority of the projectile

became emplaced during the impact. This extremely high concentration of projectile material and the

lack of measurable ejecta, implies that whilst previous investigations have suggested that gardening

processes have tended towards an approximately uniform distribution of Martian material over the

surface of Phobos, this may not be the case for impacts at slower velocities. These results suggest

that there may exist regions on the surface of Phobos which possess much higher concentrations

of emplaced Martian material, indicating that care should be taken when selecting sampling sites

for the MMX lander. In the highest speed impacts (1000− 1600 m/s), there is a central pit on the

target which may contain some projectile material. This region has not be analyses here, thus the

potential quantity of projectile material within this region is unquantified. Projectile material was also

positively identified within the ejecta via the elemental tracer used. At these speeds and above, the

normal process of crater formation is now occurring, and the spread of impactor material across the

Phobosian surface is proceeding as presumed in various numerical models [271,274,276].

It has long been considered that determining the fraction of the Phobosian surface that is Mar-

tian, would potentially be a discriminator when discussing possible origins of Phobos and its surface

evolution. However, given the results here which indicate that there may be different local concen-

trations due to Martian meteorite impact speed, this becomes more problematic. Additionally, before

full conclusions can be drawn or further implications for MMX can be made, more work is required.

8.5 Possible Future Improvements in Experimental Design

Much of the future work stemming from this thesis originates from the results presented in Chapter

5 and 7. In these chapters, novel methods were developed in an attempt to investigate the crater-

ing processes in permafrost materials and on the Phobosian surface respectively. Due to the time

constraints of the project, however, the scope and extent of these investigations were reduced. Initial
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plans for the project involved a series of further impacts mirroring those presented in Chapter 6 but

onto permafrost-rich targets constructed from the MGS-1 simulant. The cementing nature of this

material, however, led to the development of a new method for target formation. It required a way to

implant water-ice within the MGS-1 material with as little interaction as possible between the MGS-1

simulant and liquid water. For this, the method discussed in Section 5.6 was developed to vapour

diffuse the water into a set MGS-1 matrix. Due to the extra time spent on developing this method,

the planned shots were unable to be performed as part of the analysis presented within this thesis.

Hence, further investigations would involve carrying out this shot programme to investigate the cra-

tering process within an MGS-1 material. Impacts would be carried out into both permafrost and dry

targets, to enable the identification of effects due to ice within the coherent target blocks.

Following this, the next stage would be additional development of the method. This would involve

both the automation of the process but which the water is added to the block within the cryogenic vac-

uum chamber and the introduction of CO2. Automation is needed because the current design intro-

duces a water-vapour-nitrogen mixture to the chamber to induce vapour diffusion. This is controlled

by hand with the valves for both the water reservoir and nitrogen supply being adjusted manually to

retain some level of control over the pressure. This is to ensure that the pressure within the chamber

remains within the range suitable for vapour diffusion to occur. However, this is a time consuming

and difficult requirement to achieve due to the response delay in the pressure gauge and the difficulty

with identifying an ideal equilibrium point. The addition of motorized gas control valves and electric

actuators to the chamber, along with additional sensors to monitor the gas flow rate around the block

and the quantity of water flowing into the chamber, would provide a much higher level of control over

the process. The addition of CO2, alongside the water vapour, would generate conditions much more

analogous to the Martian surface. With a sufficiently efficient cryogenic system, it would also enable

generation of CO2-ice alongside the water-ice, providing the means to investigate how changes to

this ratio may influence the crater formation process on the Martian surface.

Additional future work resulting from this thesis can also arise from the work presented in Chapter

7. This work forms only an initial experimental investigation into the identification of Martian material

on the surface of Phobos. Hence, there is substantial space for improvements and follow-up work

that were unable to be completed due to the time constraints of this project. In order to aid in the post-

shot identification of the projectile material used, a europium-based elemental tracer was included

within the projectile material. Issues with this, however, were identified during the XRF analysis of the

collected ejecta. Whilst initial scans confirmed the presence of europium and this projectile material

within the collected ejecta, the obtained values varied considerably for consecutive scans. This is

thought to be due to the overlapping spectral peaks within XRF analysis for iron, europium, and

manganese, all of which are present within the doped MGS-1 projectile. The variation was further

enhanced due to the small sample size, changing the distribution of material during scans where

the sample was set to spin. Whilst this was overcome for the analysis by restricting the spinning of

the sample, for further work changes to the doping agent would significantly reduce potential errors.
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This would be particularly useful for samples collected from slower speed shots. When selecting

a doping agent, however, consideration of both contamination and the compounds already present

within the projectile and target materials must be made. Whilst rare-Earth metals provide good

elemental tracers due to their low abundance within terrestrial samples, prior use of these within

the LGG would lead to high levels of contamination and many possess spectral overlaps with more

common elements during spectroscopic analysis. One alternative may be the isotopic doping of the

projectile sample, allowing emplaced projectile material to be identified through scattering processes

(e.g. neutron scattering, mass spectroscopy processes, etc.). In addition, an improved capture

system should be designed to increase the solid angle seen from the target and thus increase the

fraction of ejecta that is collected.

Additionally, when undertaking subsequent shots for this investigation, as well as increasing the

upper impact speed limit to ≈ 3 km/s it would be useful to consider repeated shots at approximately

equal speeds. This would allow for a comparison of projectile emplacement and ejecta contamination

under approximately constant conditions; allowing for outliers to be identified and accounted for.

Further work would also involve a more in-depth analysis of the post impact targets. For this, changes

would be required to the production of the target blocks or a new method would be required to

extract the formed crater. Whilst the targets presented a coherent block easily handled pre-shot,

they proved highly friable and often fractured during attempts to cut them down to size for analysis.

Hence, extracting the formed impact feature (particularly those resulting from higher speed shots) is

a delicate and time consuming task. The analysis of the blocks undertaken within this thesis also

encountered difficulties when attempting to identify projectile material within the craters and upon the

target surface. Due to the size of the formed impact features, mapping the target within the SEM was

impractical with a single map taking ≈ 350 hours (15 days) to complete. Within future investigations,

internal scanning and scattering techniques (e.g. neutron scattering, CT-scanning, etc.) may provide

a means to identify and located projectile material without requiring post-shot alterations to the target

block.

8.6 Topics for Further Investigation

The results presented within this thesis indicate the need for several further investigations into the

impact cratering processes related to the Martian system. The targets used within Chapter 6 con-

tained either 50 wt% or 80 wt% silicate content. Hence, it is difficult to precisely say why the increase

in scatter was observed, particularly within crater depths (which appeared to show no trend within

silicate-dominated targets). Further investigations impacting targets with a silicate content between

the range used within this thesis may provide further insight into this. Additionally, the gradual in-

crease of silicate content would indicate whether the observed scatter increases uniformly with an

increasing silicate content or appears after a threshold silicate content is passed. This could be car-

ried out using the same method described in Chapter 6 by varying the quantity of silicate and ice
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within the targets. Further investigations impacting silicate-dominated targets with a range of projec-

tile materials and sizes would also provide further insight into the central pit-like features seen within

targets impacted with copper projectiles. This may provide further understanding for the formation of

terraced craters on the Martian surface.

Further investigations may also stem from the work presented in Section 5.6. Whilst previous

studies have investigated the deposition of CO2-ice within Martian simulant materials [247], the work

presented here may allow for the combination of water-ice and CO2-ice within a Martian material

to investigate how the precise ratio of these influences the cratering process. This is particularly

applicable to the high-latitude polar regions on Mars where both water-ice and CO2-ice is present

throughout the surface.

Further development of the shell projectiles utilised within Chapter 7 may allow for the use of

a wider range of projectiles within impact studies. Custom designs would reduce the requirements

currently placed on projectile studies (with coherent projectiles required to fit within a sabot). Addi-

tionally, alterations to the current design (i.e. increased structural supports or the utilisation of higher

strength resin - this process is difficult to assess due to the proprietary nature of many 3D-printer

resins) would enable their use at higher velocities before in-flight break-up occurs. Current models

were designed for used within a smoothbore barrel, limiting their use for shots where the target is

placed within the blast tank of the Kent LGG (Section 4.1). Thickening of the shell walls, however,

may allow for the recessing of channels within the sabot. In effect this would place the rifling on the

outer surface of the projectile required to increase accuracy to allow the projectile to reach the tar-

get chamber, with the residual atmosphere within the LGG during firing inducing the spining motion.

Whilst this process would be far less effective than the rifling within the barrel (due to the typically

low (0.5− 50 mbar) pressures within the gun during shots), it may provide sufficient stability to the

projectile to allow the use of custom sabots for shots within the target chamber whilst maintaining a

relatively large quantity of projectile material.

The current design of shell additionally allows the use of liquid projectiles to be considered. Whilst

the friction fit of the lid used within Chapter 7 would likely prove insufficient to hold a liquid projectile

within the sabot, the careful application of adhesive to the countersunk ring would secure a liquid pro-

jectile; opening up the opportunity for further work utilising organic or biologically relevant compounds

to study their potential delivery and survivability during impact processes (providing the contamina-

tion of the adhesive and shell are accounted for). This has been done previously by drilling holes into

sabots and adding lids (see [280]), but 3D printing such shells and lids would permit finer control of

the process. This work, however, would require the use of a high-resolution 3D printer to ensure print

quality was maintained over shell prints. Extensive testing would also be required to ensure shell

reliability.
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8.7 Closing Remarks

The work presented in this thesis aimed to investigate two main aspects of cratering within the Mars

system. It involved the development of numerous new techniques to achieve this, as well as the

impact testing and chemical analysis of samples used. This work presented a multi-disciplinary

project and triggered a range of future applications to impact investigations and potential further

studies related to Mars and its moons. It has shown that the presence of volatiles (such as water-ice)

in the target is important in determining the size and shape of an impact crater. Further, the nature

of the silicate simulant also influences the final craterform. These are important factors that need

to be allowed for if Martian craters (particularly within the Northern Lowlands) are to be properly

understood. The ability to study experimentally the placement of impactor material on Phobos has

also been shown. This demonstrates a need to consider carefully the impact speed in such process,

by at speeds in the hypervelocity regime suggests impact delivery of Martian material to Phobos is

at levels predicted by models.
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Appendix A

Chapter 6 Depth Profiles

A.1 50 wt% Kiln Dried Sand Craters

Figure A.1: Depth profiles taken across the crater formed during shot 1 (speed 2.22 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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APPENDIX A. CHAPTER 6 DEPTH PROFILES

Figure A.2: Depth profiles taken across the crater formed during shot 2 (speed 2.97 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.3: Depth profiles taken across the crater formed during shot 3 (speed 4.12 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.4: Depth profiles taken across the crater formed during shot 4 (speed 4.74 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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APPENDIX A. CHAPTER 6 DEPTH PROFILES

A.2 50 wt% JSC Mars-1 Craters

A.2.1 Copper Projectiles

Figure A.5: Depth profiles taken across the crater formed during shot 5 (speed 1.98 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.6: Depth profiles taken across the crater formed during shot 6 (speed 2.13 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.7: Depth profiles taken across the crater formed during shot 7 (speed 3.32 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.8: Depth profiles taken across the crater formed during shot 8 (speed 3.67 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.9: Depth profiles taken across the crater formed during shot 9 (speed 4.30 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.10: Depth profiles taken across the crater formed during shot 10 (speed 4.47 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.11: Depth profiles taken across the crater formed during shot 11 (speed 4.60 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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A.2.2 Basalt Projectiles

Figure A.12: Depth profiles taken across the crater formed during shot 12 (speed 1.83 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.13: Depth profiles taken across the crater formed during shot 13 (speed 2.11 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.14: Depth profiles taken across the crater formed during shot 14 (speed 3.25 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.15: Depth profiles taken across the crater formed during shot 15 (speed 3.53 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.16: Depth profiles taken across the crater formed during shot 16 (speed 3.67 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.17: Depth profiles taken across the crater formed during shot 17 (speed 4.89 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.18: Depth profiles taken across the crater formed during shot 18 (speed 4.97 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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A.3 80 wt% JSC Mars-1 Craters

Figure A.19: Depth profiles taken across the crater formed during shot 19 (speed 0.95 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.

Page|193 jejf3



APPENDIX A. CHAPTER 6 DEPTH PROFILES

Figure A.20: Depth profiles taken across the crater formed during shot 20 (speed 1.80 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.21: Depth profiles taken across the crater formed during shot 21 (speed 2.04 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.22: Depth profiles taken across the crater formed during shot 22 (speed 2.46 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.23: Depth profiles taken across the crater formed during shot 23 (speed 2.89 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.

Page|197 jejf3



APPENDIX A. CHAPTER 6 DEPTH PROFILES

Figure A.24: Depth profiles taken across the crater formed during shot 24 (speed 3.72 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.25: Depth profiles taken across the crater formed during shot 25 (speed 3.86 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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Figure A.26: Depth profiles taken across the crater formed during shot 26 (speed 4.95 km/s). The left

column shows the raw profiles and the right column shows the corrected profiles and fitted parabolas

for calculating volume.
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