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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 in�uence 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 �owed across the

surface introduces the extensive collection of hydrological features identi�ed on Mars. The potential

in�uence 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 in�uence 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 identi�ed 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 re�ned over time and follows the chronological rock history

record [12]. De�ning 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 de�ned 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 �uid 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 identi�ed 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 signi�cant, 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 identi�ed a signi�cant number of

apparent out�ow 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 �eet 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 signi�cant 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 �uid activity over the surface of Mars can be seen on both large and small scales.

Whilst orbital images �rst identi�ed large scale features indicative of �uid activity [17,18,21], subse-

quent analyses by lander and rover missions have further identi�ed medium and small scale indica-

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

scopic instruments indicating this �uid 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 �lled 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 identi�ed 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 kmbeing rare [40]. Many valleys on

the Martian surface are seen to span several 1000s 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 in�ow and out�ow channels [8,40,41], with some depressions seen to link

chains of valley networks covering 1000� 4500 kmacross 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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