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Abstract

Evidence exists for great volumes of water on early Mars. Liquid surface
water requires a much denser atmosphere than modern Mars possesses, probably
predominantly composed of CG. Such significant volumes of CO. and water in the
presence of basalt should have produced vast concentrations of carbonate
mi nerals, yet I|little carbonate has been disc
carbonatesd comprise t he M©sthesisptosidebiasigirat e conu
to the conundrum via three distinct lines of investigation. Firstly, using engineering
to expand our ability to locate carbonates on the Martian surface. A Micro -Optic
UltraSonic Exfoliator (MOUSE) was designed and built that was tested on a range of
rock types and wavelengths. Using ultrasonics demonstrates many advantages over
the rock abrasion tool currently used on Mars rovers, including a smoother grind
finish and a lower rate of tool tip wear when using tungsten carbide.  Secondly,
carbonates present in our only samples of the Martian regolith on Earth,
meteorites, were studied. Carbonates found in Martian meteorites can provide a
record of aqueous and atmospheric conditions extending back over 4.5 billion
years. This thesis observes carbonatesin two meteorites, ALH 84001 and
Lafayette, representing early Mars and more recent Mars respectively, and finds
evidence for two types of carbonate replacing glass in ALH 84001. The aqueously
altered minerals of these two meteorites were compared with those found in the
terrestrial ophiolites of Leka (Norway), and Semail (United Arab Emirates), and
these ophiolites were assessedfor suitability as Mars analogues. Chemically zoned
carbonate rosettes similar to those in ALH 84001 are foun d in the Semail ophiolite
samples. No carbonates were identified in Leka samples, but extensive
serpentinisation was present. Finally, this thesis sought to replicate alteration
processes and products that are recorded by Martian meteorites within a Mars
analogue laboratory environment. The effects of differing initial atmospheric and
mineral compositions were explored, specifically the comparison of CO » and SQ

with basalt versus CQ with olivine.

These three interdisciplinary strands of investigation pro vide some novel
tools, ideas and evidence to help solve the Mars carbonate conundrum.
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1.1 The Mars carbonate conundrum.

Evidence exists for great volumes of water on early Mars. Liquid surface water
requires a much denser atmosphere than modern Mars possesses probably
predominantly composed of CO2. Such significant volumes of CO, and water in the
presence of basalt should have produced vast concentrations of carbonate
minerals, yet little carbonate has been di scovered thus far

c ar b o ncampese the Mars carbonate conundrum and are the central focus of

this thesis .

Experimental

‘J.
Pressure/Temperature/Gas
periments Attempting To

eate Mars Like Carbonates

Identifying Martian
Carbonates & nalogue
rmation Process

errestrial Ophiolite
Carbonates As Mars
Analogues

Figure 1.1. The carbonate conundrum that this PhD thesis seeks to address (red
circle), along with the different spheres of research used to approach this

guestion. These spheres of research correspond to the three main thesis chapters:
engineering (chapter 2), analogues (chapter 3), and experimental (chapter 4).
Overlapping circles indicate where chapter and research content overlap and

support each other, allowing for comparative miner alogy.
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Figure 1.2. Phase diagram of the stability of water on Earth and Mars. Courtesy of
Paul B Niles, personal communication, March 2017 .

The temperat ure and pressures prevalent on modern Mars do not support
liquid wa ter. Pure water will sublimat e directly from the solid (ice) phase into the

gas phase with seasonal and diurnal fluctuations of temperature (Fig. 1.2).

Salt in water, called brine, allows liquid water to be stable at much lower
temperatures and plays an important role in Martian hyd rodynamics. When frozen
the term cryobrine is used. Many species of brine are p ossible on Mars, including
brines of sulphate, chloride, perchloride and carbonate (M6himann & Thomsen,
2011). Despite this possibility of brine, evidence for liquid water on modern Mars
remains minimal; however, s urface features , topography and geomorphology

indicate that water may have played a major role in the Martian past (Fig. 1.3).
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Figure 1.3. Topography of Osuga Valles indicates a geological past with a
significant wate r component. Taken with the High Resolution Stereo Camera on

Mars Express. Red = High elevation. Blue = Low elevation (Website 1).

For such significant amounts of water to be present on the Martian surface
then there must have been a much thicker atmos phere at some point in the
pl anetds past, poosmessork (Pollack & Kastipgl 1687;H-arges&
Pierrehumbert, 1997). Some researchers suggest a more cautious estimate of <1
bar pressure, but still greater than the modern 0.006 bars pressure (Carr, 1999;
Edwards & Ehlmann, 2015). In either case, this atmosphere is now lost. The sun
was fainter by ~25 % during early (Noachian) Mars history (Gough, 1981),
exacerbating the need for a thicker warming atmosphere to permit liquid water to
create t he observed surface features. An early thick Mars atmosphere is further
supported by the isotopic studies of nitrogen in Martian soil, atmosphere, and
meteorites (Wong et al . 2013). The modern surface of Mars is enriched in heavy
nitrogen (°N) to levels supporting an initial partial pressure indicative of a

multiple bar atmosphere (Wong et al. 2013; McElroy et al. 1976).

The precise composition of this early atmosphere is not currently known. An
atmosphere composed solely of CG is unable to produce a wet early Mars
regardless of pressure (Kasting, 1991) and SQ is required (Pollack & Kasting, 1987;
Yunget al. 1997; Halevy et al . 2007). CG and SQ are the two gases scrutinised

the most in this study , although methane (CH4) is another important atmospheri ¢
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gas that can exert significant control over surface water stability and is
investigated extensively by other studies ( Kite et al. 2017; Wordsworth et al .
2017).

Some of this early atmosphere was lost to space via the solar wind induced
sputtering (Jakosky et al . 1994) and impact induced erosion (Brain & Jakosky,
1998). Some was storedasCQo6dry i ced i n the Mtalr?20llyn
But some was also stored as carbonatet
al. 2008).

Assuming a thick atmosphere allowing for surface liquid water to form the
observed surface features, water in contact with the basaltic Martian surface
would be expected to precipitate significant volumes of carbonates, perhaps
analogous to terrestrial archean deposition of massive carbonates under an early
Earth atmosphere of ~60 bars of CG; and in the presence of liquid water (Holland,
1978).

No such massive carbonate formations have been located on Mars, instead,
massive sulphate beds have been found. In Meridiani the average composition
appears to be ~40 % sulphates, 10% hematite and the remainder siliciclastic
particles (Clark et al . 2005). That massive sulphates are present is not in itself
surprising considering Tharsis volcanism which would output SO2, H20, CG and
minor H2S, HCL, HF (Bullock & Moore, 2007). SQ gashas a short atmospheric
residence time and would oxidise to H 2SQ aerosols, and in order for a thick early
Martian atmosphere to exist and persist it must have been dominated by CO»>
(Bullock & Moore, 2007).

Determining how much CO; was stored as carbonate minerals, locating these
carbonates on the Martian surface, determining the species of carbonate and the
precise formation processes involved all constitute elements of the Mars carbonate

conundrum and are the focus of this thesis.
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1.2 What are carbonate minerals?

121 Carbonate mineral structure and classification.

A carbonate is a salt, possessing the ionic structure CO3%, consisting of a
strong covalent double bond to one oxygen atom and singl e bonds to the other two
oxygen atoms (Fig. 1.4. A, B). A carbonate mineral is any mineral with this ion in
its structure. Most carbonate minerals consist of the carbonate ion combining with
a metal cation (Fig. 1.4. C, D), commonly iron (Fe), magnesium (Mg), potassium

(K), sodium (Na), calcium (Ca), but also a wide variety of less common elements.

A. B.

000

o0

o = Electron

o O
o =Electron .

Figure 1.4. Example of how a metal cation, in this case Ca 2* bonds with a
carbonate salt (CO3%) to form a carbonate mineral. A. Lewis structure of CO3> B.
Atomic structure of CO 3> C. Lewis structure of CaCOs D. Atomic structure of

CaCQ. Atomic angles are not represented.
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The carbonate molecule can then combine with others to form lattice
structures. Sometimes sparsely populated metals can be included wit hin a
carbonate lattice sandwiched between non -metal bearing carbonate lattices, Pb
being associated with cerussite, Cu 2 with malachite, Cu 3 with azurite, Zn with
smithsonite etc . Calcium carbonate, for example, consists of regularly alternating
lattice la yers of carbonate and calcium, whereas dolomite consists of alternating
lattice layers of carbonate, calcium, carbonate, magnesium, carbonate, calcium,
and so on. In systems where multiple metal elements are available, the metal
cations in the carbonate mi neral structure can be exchangeable. Two of the ma jor
crystalline structural polymorphs of calcium carbonate are calcite and aragonite
(Fig. 1.5), calcite being rhombohedral and aragonite being orthorhombic. Calcite is
more stable than aragonite, and over time aragonite can rearrange its structure to
become calcite. Sea creatures often prefer using aragonite as opposed calcite in
their shell structures due to aragonite being more resistant to stress in high energy
environments, although this preference chan ges in low pH waters as aragonite is
more prone to dissolution in acidic waters. Anthropogenic climate change and
increased ocean CQ uptake is increasing ocean acidity and raising the calcite and
aragonite saturation horizons in the oceans by 1 to 2 m per year (Feely et al .
2012).
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Aragonite Calcite

v“o

Figure 1.5. Differences in crystal structure between calcite and aragonite. Green =
Ca, Red = O, Brown = C.A. Aragonite in a lattice structure. B. Aragonite possesses
9 connections with O atoms. C. Calcite in a lattice stru cture. D. Calcite possesses 6

connections with O atoms (Soldati et al . 2016).

Carbonates fall into class 5 of the Dana mineralogy index (Gaineset al.
1997), which subdivides the carbonates into acid, anhydrous, hydrated, hydroxyl,
halogen and compound classes. Most carbonates under consideration in this work
fall under the anhydrous (class 14) carbonates, such as calcite, dolomite,
magnesite, siderite etc. The author is currently compiling a series of reference
books combining idealised mineral spectra fro m INCA SEM software and combining
this with basic mineral data for all 4714 minerals in the Dana index, the most

relevant of these with respect to this thesis have been compiled into  appendix 1.

The different polymorphs of calcium carbonate can be difficu It to identify in
thin section light microscopy , but they all possess high relief, colourless and are
grainy in plane polarised light, with perfect cleavage. When viewed i n thin section

between crossed polarisers they have high interference colours.
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1.2.2 Carbonate mineral formation processes.

Biomineralised carbonate shell formation is a process whereby sea creatures such
as molluscs and foraminifera secrete carbonate and small amounts of protein to

form exoskeletons. CO. atmospheric gas dissolvesfrom the atmosphere into
seawater and one of the products is free carbonate ions COs?> (equation 1.3) which
sea creatures can combine with Ca?* cations available in the water to form
carbonate exoskeletons. These exoskeletons consist of an inner pearly layer of
calcified nacre, a middle layer of prismatic carbonate and an outer layer of
proteinaceous periosteum (Horne, 2016). When these creatures die, their skeletons
can collect in vast volumes on the seafloor, potentially becoming stratigraphic

layers of chalk, limestone or marble if buried

CQO(AQ) + HOT HCQ (carbonic acid)

Equation 1.1
H.CQ; (carbonic acid) T HCQ (bicarbonate ion) + H™

Equation 1.2
HCQ  (bicarbonate ion) T CQ?* (carbonate ion) + H*

Equation 1.3

Abiotic carbonate formation can also occur in seawater, and freshwater (e.g.
caves), with the carbonate ions combining with metal cations abiotically and

sinking via gravitational settling into lime stone sediment, although most marine
carbonate formation is biotic (Morse et al. 2007). Outside of oceanic

environments, CO. can dissolve into rainwater , forming carbonate ions ( equations
1.1,1.2,1.3), which thenreactwith si | i cat e r ocks causintgh e
them to release metal cations such as calcium, which combine with the carbonate
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ions in the rainwater. These carbonates can pr ecipitate out of the fluid, often
crystallising in cracks, fissures and interstitial rock pore spaces (Matter & Keleman,

2009). This process is referred to as mineral carbonation.

The mineral products resulting from abiotic carbonation of  basic/mafic
rocks will vary dependent on the pCO 2 regime of the interacting fluid, with low
pCQ producing secondary calcites, clays, zeolites (Neuhoff et al. 1999) and high
pCQ producing secondary Fe, Mg, and Ca-carbonates; both regimes can produce
guartz/chalcedony (Ro gers et al . 2006). A useful simplification of mineral
carbonation is that to proceed, inghree Oingre

o6carbonation triangled (Fig. 1.6).

Basic / mafic rocks containing
Ca, Mg, Fe, Mn silicate minerals.

Carbonation
Triangle

co,

Figure 1.6. The carbonation triangle. Basic minerals, CO > and HO are the

fundamental in gredients needed for mineral carbon sequestration to proceed.
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Whether carbonates form within rocks is highly dependent on the fluid pH ,
as carbonates dissolve in acidic environments. When CQ; dissolves in liquid water,
the solution becomes acidified v ia the increase in dissociated protons (equations
1.2, 1.3). When this slightly acidic water comes into contact with ~ silicate rocks it
causes them to release divalent cations such as magnesium, calcium and iron into

solution, which further increase fluid acid ity by combining with bicarbonate ions:

(Ca, Mg, Fe¥* + HCQ = (Ca, Mg, Fe)CQ + H'
Equation 1.4

Or a neutral combination:

(Ca, Mg, Fey* + CQ?% = (Ca, Mg, Fe)CQ
Equation 1.5

This excess of H must be removed from the system if stable ¢ arbonate
minerals are to form, and this can occur via Caplagioclase dissolution and clay

formation:

CaAbSiOs (Ca-plagioclase) + 2H* + H,O = Ca&* + ALSOs(OH) (kaolinite clay)
Equation 1.6

Incorporation of water into precipitated mineral structure s demands
volumetric expansion, often >44% (Keleman et al . 2011), which causes cracking
(Keleman & Hirth, 2012) and exposure of fresh mineral surfaces for continued
reaction (Keleman & Matter, 2008) :

2M@SiQ (forsterite) + Mg 2SkOs (Mg-pyroxene)+ 4HO = 2MgSbOs(OHu (serpentine)
Equation 1.7

In addition to serpentinisation and hydration of silicates, shown in equation
1.6 and 1.7, carbon from CO2 becomes incorporated into the structure of

secondary minerals deposited in vein s, i.e. simple carbonation o f olivine (equation
Page |18



1.8) and carbonation of a mixture of olivine and pyroxene (equation 1.9) (Keleman
& Hirth, 2012) :

M@SiQ (forsterite) + 2CQG = 2MgCQ (magnesite) +SiG; (quartz)
Equation 1.8

M@SiQ; (forsterite) + CaMgSi 206 (CaMgpyroxene) + 2CG + 2H0 =
MagSkOs(OH)s (serpentine) + CaCQ; (calcite) + MgCQOs (magnesite)
Equation 1.9

The variety available on such equations is nearly endless in complex natural
systems and the equations above are merely a few simple examples. When
peridotite carbo nation proceeds to completion i.e. 100% magnesite and quartz, it
is known as a lisvenite (Keleman & Hirth, 2012). Neutralization of water acidity by
equation 1.5 commonly proceeds beyond neutral pH on Earth, with hyper alkaline
waters (pH>11) reachingthe Ear t hdés sur f ac gavertimesprinmgs f or m of
(Pentecost, 1995; Keleman & Matter, 2008; Blank et al. 2009; Arcilla et al. 2011).
It is not known whether travertine springs do or have ever existed on Mars.
Equations 1.1 to 1.9 provide a simplified repre sentation of how CO> can be
naturally removed, aopl ashettaiinespherc desidefice o m

time reservoirs and into long residence time geological storage.

1.2.3 Importance of carbonate minerals for planetary evolution.

The weathering of silicate rocks, serpentinisati on and the formation of
carbonate minerals is an important factor controlling planetary atmospheric CO-
levels, influencing atmospheric composition, density, surface pressure and
temperature. This is called the silicate -carbonate cycle (Urey reaction). On Earth,
for example, silicate continental weathering associated with the Himalayan uplift
~50 Ma ago with concomitant CG drawdown as a consequenceof (predominantly
biological) carbonate formation and burial caused major cenoz oic global cooling
initiating glaciation (Garzione, 2008). Himalayan silicate weathering and
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associated carbonate formation continues to act as a negative feedback offsetting
current anthropogenic global warming (Walker et al . 1981; France-Lanord & Derry,
1997). In reverse, when carbonate minerals become exposed to acidic conditions
or temperatures high enough to cause them to melt , they release CQ back into
the atmosphere (IEAGHG, 2005%.

Yet carbonate minerals do not just play an important role in contro  lling
terrestrial climate evolution. Any planet that contains basic/mafic minerals, CO >
and water will likely form carbonate minerals, particularly when sources of heat
are available such as volcanism and meteorite impacts. Carbonate formation will
thenadj ust the planetds atmosphere; even
cause major planetary system adjustments. The drawdown of atmospheric CO: by
the formation of carbonate minerals is a mainstream theory of how at least part of
a hypothesised multi -bar early Mars atmosphere was lost ~4000 Ma ago(Pollack &
Kasting, 1987; Leshin et al. 1998; Chassefiere & Leblanc, 2004; Halevy et al . 2011

and others).

Investigating the validity and evidence associated with this theory is the
principal goal of this stu dy, achieved via developing a new rover tool to advance
the search for carbonates on Mars (chapter 2), studying terrestrial ophiolite
analogues of Mars carbonates (chapter 3), and controlled laboratory experiments

attempting to replicate carbonates in Mart ian meteorites (chapter 4).

1.3 Terrestrial warming and carbon sequestration lessons from Mars.

Mineral carbon sequestration is emerging as a potentially effective method
of terrestrial carbon capture and storage (Park et al. 2003; Xu et al . 2004;
Schuiing & Krijgsman, 2006; Oelkers et al . 2008). The precipitation of carbonate
minerals that are stable over millions of years potentially has a long -term
advantage over other carbon capture and storage (CCS)methods. The technology is

currently at the pilot stage, deployed in only a handful of countries, with many
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unresolved questions regarding the science and technology of industrial mineral

carbonation.

Natural processes of mineral carbon sequestration have recently been
observed on Mars(Edwards & Ehlmam, 2015) and may have been partly
responsible for the |l oss of the planetds ear
transfer across seemingly diverse scientific disciplines may be the key to resolving
many of the outstanding questions involved in coping with ter restrial climate
change and associated carbon management, as well as advancing our
understanding of the evolution of planetary bodies within our Solar System.
Although many studies have compared Martian features with their terrestrial
counterparts (see sedion 1.6) , there has been little evaluation of how recent
geological and geochemical discoveries on Mars can inform terrestrial carbon

capture and storage technology.

There exists overwhelming consensus within the scientific community that
climate change is occurring and t hat global warming is real ( Anderegget al. 2010;
Cooket al . 2013; Doran & Zimmerman, 2009; Oreskes 2014). Furthermore, over
200 scientific organisations formally state that they believe the rapid rate of
warming is predominantly anthro pogenic(The Gover nor 6s Office of
Research 2011). A primary mechanism for this planetary warming is the rise in
atmospheric CO;,whichbackscatters infrared radiation e
interior, returning some of it to the  surface and lower atmosphere (Andrews,
2010). Atmospheric CO, abundance is currently inc reasing almost exponentially
(NOAA, 2014) and is higher now than at any point since the late Pliocene and early
Pleistocene 3.6 to 2.2 million years ago ( Naish et al . 2009; Schneider & Schneider,
2010). Sources of CQ can be divided into natural such as volcanic eruptions,
ocean-atmosphere exchange, decomposition, soil respiration, and anthropogenic
such as industrial burning of fossil fuels, agriculture, cement production, trans  port

and waste decomposition.

The negative effects of global warming are multitude: r ising sea levels
caused by ocean heat expansion and melting terrestrial ice deposits threaten to

flood low altitude communities (S i mo n, 8012),tas well as creating storms of
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higher frequency and ferocity ( O6 Go r ma n.,Dro@gbtd abe)increasing in size
and intensity with arid areas expanding; this affects food security by damaging
arable land (Verstraete, 2008). The rise in temperature adjusts habitat, disrupting
predator -prey and plant -insect dynamics when one species is affected by warming
and not the other ( Parmesan 2006). Longer, warmer summers have increased
disease carrying mosquito populations (Benitez, 2009; Epstein, 2005). The full
effects of climate change and glo bal warming are still being resolved, yet the
harmful implications appear to outweigh any potential benefits, both ecologicall v,
financially and socially (IPCC, 2007).

Governments are beginning to act on climate change. In 1992 the Rio Earth
summit was held and the UN Framework on Climate Change (UNFCC) incorporated
into the O6Rio charterd, which now has 195 me
economic integration organisation (United Nations, 2014, A) . Every year since
there has been a Conference of Parties (COP), most recently COP21 in Paris. These
summits are becoming increasingly legally binding to member parties. In 1997 the
Kyoto Protocol differentiated responsibility between developed and developing
nations and set internationally b ringing emissions reduction targets which were
adopted into COP7 in 2001 and entered into force in 2005 (United Nations, 2014,
B). The overall goal is to keep average global temperatures beneath a 2°C rise

from pre -industrial revolution values.

Greenhouse gas emissionf GHCds) can be reduced by a n
The obvious method would be to lower industrial activity, but the economic loss
associated is undesirabl e, especially in eco
alternative technologies for power producti on can be expanded, such as wind,
solar, tidal and other renewable energy sources, although the investment in
infrastructure, social acceptance and old technology decommissioning replete with
business transfer are lengthy and ambitious affairs. Purely fisc al disincentives can
be used such as carbon taxes, as well as incentives such as carbon credits, both of
which promote economic restructuring towards lower emissions (Arazmuradov,
2015). However, despite climate summit pledges and increasingly legally bind ing
international carbon laws it is becoming doubtful whether we will manage to
remain beneath the 2°C rise in average global temperature ( Johanssonet al .
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2015). Other technologies and geoengineering methods are being considered more

carefully.

Carbon capture and storage (CCS is one such area of geoengineering.
Certain types of CCS have been operating for many years and their efficacy tried,
tested and well characterized such as storage in underground depleted oil and gas
reservoirs. Other types remain i n the pilot scale stage, whereby the basic concepts
have been demonstrated to be valid but the full array of chemical and ecological
effects remain unresolved. One of these CCS pilot scale technologies is called
mineral carbon sequestration (MCS). In MCS aheated fluid supercritical in CO 2 is
injected down a borehole to the desired rock formation, usually a porous olivine
rich rock type with an impermeable cap rock above for containment. When the
aqueous fluid contacts silicate rocks it can cause them to re lease cations which
react with the CO » to precipitate a variety of secondary minerals such as
carbonates; this chemical rea ction is called carbonation (Keleman & Matter, 2008).
These carbonates are stable over geological time scales potentially providing a
long-term advantage over alternative CCS methods. However, many questions on
the carbonation process remain inadequately answered, such as fully
understanding the reaction pathways and mineral -CQ interactions, especially the
changes of mineral surface morphology (Shaoet al . 2010). Other questions arise in
implementing the pathways with sufficient speed to be industrially applicable, and
in quantifying CO2 mineralisation capaciti es and rates more precisely (Goldberg et
al. 2008). Further research is clear ly required to advance mineral carbon
sequestration into a mainstream commercially viable solution for carbon

management.

Carbonates, carbonation and mineral weathering processes on the planet Mars
have been extensively studied over the last few decades, and many of the findings
and lines of inquiry are directly relevant to MCS and CCS development on Earth.
Industrial and scientific connections and collaboration remain sparse between the
terrestrial carbon management and Mars research communities, and cons iderable

scope exists for exchange of this hard -won knowledge.
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Current carbon capture and storage technology.

CCS isot a single uniform technique . A brief review of key CO » capture and
storage methods are presented to highlight the diversity of the tec hnology, and to
assist in understanding where mineral carbon sequestration fits in to the wider CCS

landscape.

COz2 capture techniques.

Air capture technology began emerging ~2009 through t
Thermostatd and r emai nt®chaque usels aninps (typestof scal e.
ammonia that have had their hydrogen atoms substituted) that bind with CO > to

produce carbamate molecules (Goeppert et al. 2012).

Post-combustion CO» capture is undertaken at the point of industrial

effluence, and via a r ange of processes.

A Aqueous amine solvents, commonly monoethanolamine, can be used to
absorb the CO,. Solvent and CO, are later dissociated from the we akly
bonded solution using heat and the CO; gas compressed ready for storage
(Wanget al. 2011).

A Solid sorbents such as carbonates, polymeric resins, silica and zeolites
absorb CQ and later go through a desorption process uniqg ue to the material

selected (Samanta et al . 2012).

A A variety of membranes can be placed at the industrial exhaust and filter
out CQ (Favre, 2011).

A Oxyfuel combustion is where a fuel is combusted in pure (~95%) oxygen
instead of air, which provides a flue gas composed of CO 2, H20 and
impurities such as Hg, S and N. These impurities can be treated and

removed during compression prior to storage. In comparison to pre - and
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post-combustion technologies this technique requires the additional
infrastructure of a cryogenic Air Separation Unit (ASU) and a CO >

purification unit.

A Cryogenics can be used on high volume CQ exhausts and is usually
combined with oxyfuel combustion and/or membrane technology. CO >
condenses at-56.6°C at 1 atmosphere and can therefore be condensed out
of an effluent and removed, althou gh this technique is costly ( Scholeset al .
2013).

Pre-combustion CO» capture converts solid, liquid or gas fuels into a
synthesis (syn) gas mixture of H and CQ, usually through an Integrated Gasification
Combined Cycle (IGCC) or reforming. Many of the methods described for post -
combustion are also applied to pre -combustion, such as the use of porous

membranes (Franz et al . 2014) and cryogenics (Atsonios et al . 2013).

COz2 storage techniques.

1 Deep geological formations can be used to store CO, by injecting fluid
supercritical in CO 2 down a borehole into depleted oil and gas reserv oirs,
unminable coal beds, saline aquifers or permeable sandstone layers
(Rutqvist, 2012). As the injected CO : fluid possessesa tendency to migrate
back up towards the Earthods surface, thes
impermeable cap rock formation abov e the target injection layer in order to

trap the injected fluid.

1 Ocean water injection involves pumping CQ directly into the ocean either
from onshore pipelines or from a ship. The ocean is a vastly greater carbon
reservoir (~40, 000 GtC) than the atmosp here (~750 GtC) (Houghton et al .
1995); however, this storage method increases ocean acidity. Ocean acidity

dissolves carbonate, thinning the shells of sea creatures, as well as
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interrupting the communication soundscapes of marine wildlife (Illyina  etal .
2006). Although this storage technique may play a useful part in offsetting

anthropogenic climate change, it comes with considerable drawbacks.

1 Mineral carbon sequestration is the transformation of atmospheric CO > gas
into carbonate minerals. It can happen either as a natural process or

through geoengineering.

Natural mineral carbon sequestration.

Mineral carbon sequestration proceeds naturally on Earth, in low
temperature environments, over geological time scales. This process is an essential
component of the global carbon cycle, with significant atmospheric CO > removal
via silicate weathering partly balancing volcanic CO 2 output. Rock types do not
react uniformly to mineral carbonation. Those with high olivine co ntent such as
ultra -basic peridotites exhumed from the mantle and out of chemical equilibrium
with their new environment alter most efficiently  (Keleman et al . 2011).
Ophiolites, where oceanic crust has been obducted onto the continent, e.g. Oman,
are a good example of carbonating peridotite. Alt ernatively, basalt can carbonate,
albeit less efficiently than peridotite, however, if the region affected is great
enough, such as large igneous provinces (LIPs) like the Siberian and Indian Deccan

traps, then basalt becomes an important natural carbonati on rock type too.

Geoengineered mineral carbon sequestration.

MSC is already in use in some precombustion carbon capture techniques,
where mineral groups such as serpentines are carbonated at a solid -gas steam
mediated interface ( Larachi et al. 2012). What remains at an experimental pilot
scale, however, is in -situ post-combustion mineral carbon sequestration within

natural rock formations.
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The problem with natural mineral carbon sequestration as a mechanism to
offset anthropogenic climate change is that it sequesters carbon too slowly (i.e.,
over geological time scales). Pilot scale test sites in Iceland (Matter et al. 2009),
the United States (McGrail et al . 2011) and elsewhere, are now seeking to
accelerate the mineralisation process. This can be achie ved by injecting water,
super critical in CO 2, down boreholes to the desired rock formation. The
carbonation pro cess works optimally ~185°C (Keleman & Matter, 2008) which is
initially achieved by pre -injection heat input. Carbonation is exothermic  (Matter &
Keleman, 2009) and rocks are naturally heated at depth (to a degree that depends
on the local geothermal gradient); as a result, the carbonation reaction can remain

at a near optimal temperature subsurface.

There has been rapid progress in understanding, testing and developing
geoengineered MCS, with kinetic databases being developed for minerals
associated with MCS(Oelkers & Declercq, 2014). However, many research
guestions need answering in more detail before MCS can be employed at a scale
that is suf ficient to tackle global climate change and so be deployed as a
mainstream commercially viable solution for carbon management. This research
development includes creating a more robust experimental and empirical
cataloguing of the reaction pathways; implem enting these pathways with sufficient
speed to be industrially applicable; quantitatively estimating CO 2 mineralisation
capacities and rates more precisely. Perhaps surprisingly, current research on the

planet Mars may assist this advancement.

Terrestrial lessons from Martian atmosphere loss.

There is a near endless variety of ways that unpicking the chemical
evolution of one planet might better inform geoengineering actions on our own.
For example, understanding the long term fate of Martian carbonates and how they
interact with the atmosphere and hydrosphere might teach us how effective this
form of carbon storage might be on Earth and what the large scale long term

feedbacks are.
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Analysing the carbonates found on Mars, looking at the reaction pathways
and how they have changed over geological time and how concentrations of carbon
have changed spatially across the planet may help us to better understand the
process of mineral carbon sequestration, from modelling to application. New
carbonate types might be discovered that provide clues about carbon based

minerals we think exist on Earth but have yet to be discovered (Wilson, 2015).

Currently there is little communication between Mars scientists and Earth
climate change specialists. By combining the kn owledge of these two groups, we
may be able to control our global climate problems by using the rock reservoir as a

thermostat using mineral carbon sequestration.

1.4 Exploration of Mars and instrumentation for locating carbonates.

No crewed missionto Mars has yet been attempted and for the moment all
oin-situ6 data from the planet comes from remote ly operated instrumentation.
Early efforts to send instruments to Mars began in 1960, when the USSR launched
the two OMarsni kd prolmesd, 5dr i WK®Ruaslsli /a®p utermick
460kg, but unfortunately both failed before reaching Earth orbit ( Lundquist, 2009),
and brought dangerous radioactive debris back to Earth ( Wasson, 1964). Marsnik
was followed by a string of failed USSR attempts in 1962 wit h Sputnik 22 (Korabl
11), Sputnik 23 (Mars 1) and Sputnik 24 (Korabl 13) all failing before reaching Mars
(NASA, 2016a).Most missionsto Mars have failed; testimony to the difficulty and
high precision engineering involv ed. For the sake of brevity, only mission successes
will be discussed in this section. A full list of Mars missions is presented below (Fig.
1.5):
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Missions to Mars

1960 1964 1971
1M No.1/2 el Mariner 8 (Failed)
Soviet: Failed 3 Mariner 9 (Success)
NASA: NASA
Failed 3MS No.170 (Failed)
Mariner (Kosmos 419)
4 4M No.171/2 (Success)
NASA: (Mars 2/3)
Success SA 4M No.172 (Failed)
Soviet
1960 1970 1975 1980
Viking 1/2
NASA: Success
2MV-3/4 1562
Mariner 4/7
(Mars 1) NASA: Success 1973
Soviet: Failed 3MS No.52/3S
2M No.521/522
Soviet: Failed 3MP No.50/1P
(Mars 4/5/6/7)
Soviet: Failed
1988
1F No.101/2 1996
(Phobos 1/2) Mars Global Surveyor
Soviet: 1, Failed, 2, Partial Failed Mars Pathfinder
Sojourner
NASA: Success
M1 No.520
(Mars 96)
Rosaviakosmos: Failure
19ISO 1990 1998 "(!00
Mars Climate Orbiter =
NASA: Failure
Nozomi
:A?é Observer ISAS: Failure
NASA: Failure
1999
Mars Polar Lander
Deep Space 2
NASA: Failure
2003 2013
mms e Mars Orbiter Mission
= ISRO: tional
(MER - B) Phoenix Pt
Nasa: Operational NASA: Success NASA: Operational
Spirit 2004 Dawn 2018
“:i -SA’ Rosetta NASA: Success InSight
NASA: Success : NASA: Planned
Boagle 2 ESA: Success
ESA: Failure
| [ |
2000 2005 2010 2020
Mars 2011
Reconnaissance Fobos - Grunt 2016
Orbiter (MRO) Roskosmos: Failure| Exo Mars Trace
NASA: Operational Yinghuo-1 Gas Orbiter
CNSA: Failure ESA: Operational
Curiosity Schiaparelli EDM
2001 NASA: Operational iESA: Failure
Mars Odyssey
NASA: Operational
Figure 1.7 . Missions to Mars. All dates are launch dates only.
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The first successful mi ssion to Mars

(Fig. 1.7), collecting photos of the Martian surface during a flyby. Mariner 4 was
followed in 1969 by another two flyby mi ssions from Mariners 6 and 7 (NASA, 1969)
The Mariner missions are important as they were the first time the Martian  polar
ice had been investigated. The missions discovered that large quantities of CO; ice
was present at the poles (NASA, 2016B) The existence of water, whether liquid or
solid, on the surface or subsurface became suspected (Pimentel et al. 1974), and
through spectral analysis CQ was predicted to dominate the atmosphere . The
Mariner 6/7 mission spectral data also rai sed the hypothesis that carbonates

existed on the Martian surface ( Calvin et al. 1994).

In 1971 the USSR missions Mars 2 and 3 were the first to land on Mirs and
were identical spacecraft. Mars 2 crashed into the surface, but Mars 3 landed
successfully, measuring temperature, atmospheric data and 20 seconds of video
stream before all contact failed (2M 522, 1969, Fig. 1.7). This data has contributed
to atte mpts to model the sol ar wind interaction with Mars ( Slavin, 1991), and early
informationabout t he pl anet 0 sRusadald978).tTledoliolviagyear, (

NASA6s Mariner 9 began orbiting Mars and

photography than all previous missions, documenting basins, gullies, and
geomorphological features indicative of past water flow on the planet (NASA,
1976), and documenting electron density profiles of the ionosphere during dust
storms (Withers et al. 2015).

Following a great many failed missions, the NASA Viking missions of 1975/6
successfully sent landers and orbiters t o Mars. The Viking missions involved
searching for signs of life via on board experiments, monitor ing weather, taking
colour photographs and mapping the surface (Soffen, 1976). The Viking missions
analysed the Martian soil and dust, finding mineral carbonat e a near ubiquitous
component and this has since been verified many times with estimates of 2 to 5
wt. % carbonate in the dust which could potentially a ccount for multiple bars of
sequestered CQ (Bandfield et al. 2003), at least partially answering some of the

Mars carbonate conundrum.
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In 1996, after 20 years characterised by mostly unsuccessful Soviet missions
and a hiatus in Western missions, the Mars Global Surveyor (MGS) successfully
reached Mars and remains in a low altitude near polar orbit. The MGS carries high
resolution wide angle cameras that build daily global maps. MGS discovered that
Mars had no magnetosphere via magnetometer readings, and it can be inferred
that a great deal of any early atmosphere would have been lost to space, stripped

away by the solar wind.

The first mission to land a rover on the Mars surface was the Pathfinder
mission, also in 1996. The rover module of the mission was called Sojourner, and
the rover successfully operated for about a year on the Martian surface and was
the first to carry chemical analysis instrumentation ( Golombek, 1997). The rover
landed at the mouth of the outflow channel of Ares Vallis and a key part of its
mission was to analyse the geology for water reaction, including carbonate
formation (Golembek et al. 1999).

In 2001 the NASA mission Mars Odyssey successfully placed an orbiter sund
Mars (Saunderset al . 2001), its function was to act as a communication centre for
future missions to the planet. Two years later ESA launched the Mars Express
orbiter, which also carried the UKBeagle 2 lander. The lander failed, but the Mars

Express orbiter continues to transmit data.

The nextroverson Marswer e NASAOGs Spirit and Opportu
(Squyres, 2005). Termed the Mars Exploration Rovers (MER) they are particularly
important to this work as they were the first missions to carry tools on board
capable of analysing the interior of Mars rocks. The se tools were mounted on an
extendable arm called an Instru ment Deployment Device (IDD) (Baumgartner et
al., 2005), which consists of a Mossbauer Spectrometer (Klingelhofer et al . 2003),
an Alpha Particle X-ray Spectrometer (APXS)(Rieder et al . 2003), a Microscopic
Imager (Herkenhoff et al . 2003) and a Rock Abrasion Tool (RAT)(Gorevanet al .
2003). The RAT has diamond resin pads that grind in a 40 mm circle to a depth of 5
mm. The spectrometers analyse the dust as the grind proceeds, and the end grind

is documented by the microscopic imager. The RAT also contains four magnets that
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seek to identify any magnetic minerals in the Martian dust and soil (Madsenet al.
2003).

In 2005 the NASA Mars Reconnaissance Orbiter (MRO) successfully made Mars
orbit. The MRO carried on board a High Resolution Imaging Science Experiment
(HIRISE), which allows photography of extremely fine details gulley and crater
features (McEwen et al. 2007). It also has the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM), whichhas allowed planet wide spectral analysis of
surface chemistry, including the mapping of carbonates and serpentinised silicates
(Murchie et al . 2007). The MRO Shallow Radar (SHARAD) emits radar at 225 MHz
over a 0.3-3km horizontal resolution and 10 -15m depth, and this is capable of
locating near surface water ice, and allowing calculation of dielectric contents of

overlying materials (Stuurman et al . 2016).

In 2011 NASA launched the Mars Science Laboratory (MSICuriosity rover,
landing on Mars in 2012 (Grotzinger et al . 2012). Like the MER missions the
curiosity rover carried an IDD, RAT and microscopic imager which assists grinding
away surface rock weathering so as to observe the pristine rock beneath. In
addition it carried three spectrometers for mi  neral and soil element identification.
One of these spectrometers is a Lase-Induced Breakdown Spectroscope(LIBS)
mounted within a ©6chemcama@tal.B042) repletesvithta s ui t e
laser and camera. MSL also hasthe ability to scoop soil in to a quadrupole mass
spectral analysis chamber called a Sanple Analysis at Mars suite (Mahaffy et al .
2012). Curiosity also carries a Environmental Monitoring Station for weather,
temperature, pressure measurements ( GOmezElvira et al . 2012) and a Dynamic
Albedo of Neutrons (DAN) capable of measuring underground hydrogen content to a
depth of one metre, thus assessing potential subsurface water and hydration
(Mitrofanov et al . 2012). Finally, MSLalso carried the Chemistry & Mineralogy
(CheMin) tool, which could conduct x-ray fluorescence/ X - ray diffraction ,
identifying mineralogy and quantitative phase abundances for soil and dust (Blake
et al. 2012). Curiosity landed at Gale crater (Fig. 1.8.F) and one of its mission
objectives was to search for minerals such as carbonates, clays and sulphates

associated with an aqueous early Mars (Grotzinger et al . 2012).
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The basaltic terrain around Gale crater is unusually alkaline and
fractionated compared to the Fe rich Al poor tholeiitic basalts of the majority of
Martian terrain and thought to stem from a more water rich mantle source
(Grotzinger, 2013). Amorphous soil content was analysed and emitted CO during
analysis thought to stem from a carbonate origin beneath the XRD detection limit
of 2% (Grotzinger, 2013). The curiosity mission is ongoing in its search for
carbonates (Fig. 1.7), although a lack of carbonate discoveries and a surfeit of

hydrated Ca sulphates appears to be a theme (Nachon et al . 2014).

An exciting future mission is the InSight lander which is the first mission to
Mars equipped with seismic monitoring capability ( Banerdt et al . 2012). The launch
was initially planned for a 2016, now rescheduled for a 2018. One of the points of
interest from a carbonate discovery view point is that because carbo nate minerals
have a much lower density of ~2.2 to 2.8 gm/cm 3 compared to basaltic rocks
average density of ~2.8 to 3.0 gm/cm 3 (EduMine, 2017) it may be possible to

detect subsurface carbonates.

Chapter 2 of this thesis seeks to further this history of M ars exploration and
the search for carbonates by improving upon the design of the Mars rover rock
abrasion tool. The RAT currently uses standard common grinding techniques,
analogous to revolving diamond sand paper. Part of the research contained in this
thesis is adding ultrasonic vibrations to the RAT to improve the efficiency and
grinding capability, wultimately aiding

carbonates and hence solve the Mars carbonate conundrum.
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Figure 1.8 . Distribution of minerals of interest to mineral carbon sequestration on
Mars overlain onto a NASA Mars Orbiter Laser Altimeter (MOLA) map. The
distribution shows a high abundance of Fe oxide and dust in the Northern low lands
(B, C) and high abundance of pyroxene and hydrated minerals in the Southern
highlands (A, E). A. Hydrated minerals. B. Ferric oxides. C. Dust. D. Olivine. E.
Pyroxene. Credit: ESA/CNES/CNRS/IAS/Université ParisSud, Orsay F. Principle
Mars landed mission sites. Credit: JPL & Caltech/NASA.
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1.6  Solution to the Mars carbonate conundrum 1: Terrestrial analogues.

It is impossible to know any one phenomena unless in relation to another.
(Dickson, 2004).

This statement can be viewed as equally &rued Wwin lhoth philosophical
epistemology, quantum physics or empirical planetary exploration. Knowledge of Y
is conducive, if not essential, to the understanding of X. X is meaningless in
isolation and the contrast between Y and X is the foundation for every sc atter plot
in academia. So it is with planetary science, with comparison and contrast of
appropriately similar terrestrial minerals with Martian ones allowing for inference
and support for hypothesis of early Mars environmental conditions, fluid chemistry
and crust-atmosphere exchange. Terrestrial analogue studies form the backbone
support of nearly all planetary missions (Preston & Dartnell, 2014). A terrestrial
analogue can be selected for one or many specific similarities with a target planet
environment, such as geology, fluid chemistry or habitability. Clearly defining the

criteria which makes a proposed analogue appropriate for the target is essential.

No single terrestrial analogue is suitable to match the entire history of Mars,
and particular terre strial sites might be selected to represent different epochs in

Martian history. Common terrestrial sites used as Martian analogues include:

1 Rio Tinto (Iberian Pyritic Belt) is used as an analogue for Martian iron
leaching, sulphur deposition, heavy metal concentrations and the microbial

utilisation of iron ( Amils et al. 2006).

1 Yellowstone National Park, Wyoming, USA possesses hydrothermal systems
studied as both an analogue of early terrestrial and Martian potential
microbial formation sites, as well as u sing the systems as test sites for Mars
mission instrument spectroscopy and mineral identification (  Bishopet al.
2004).

1 Acidic saline lake systems (SW Australia, Kansas USA etc.) possess low pH

<1 contain evaporites with extensive sulphates, Al dFe dSirich ground
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waters, acidophilic microbial communities and a lack of carbonates (Benison
& LaClair, 2004; Benison & Bowen, 2006). These sulphate rich-carbonate
poor-environment makes them a interesting analogues of Amazonian Mars
and ties into the carbonat e conundrum by asking whether acidic sulphur
may have dissolved pre-existing carbonate deposits (Benison & LaClair,
2004; Benison & Bowen, 2006).

1 Dry Valleys of Antarctica (McMurdo) appear barren and have been used as
fluvial, glacial and microbiological analogues of Mars Qoran et al. 2010;
McKayet al. 2005). They are arid, cold, icy environments possessing little
fluvial activity but produce geomorphological features similar to those
observed on Mars. Such analogue environments have led some researches to
conclude there was no era of significant water flow on Mars, hence no need
for thick atmospheres and carbonate deposition ( Arcone et al. 2002; Head &
Marchant, 2014). Further, liquid water can exist even in near -surface
temperatures below the freezing point of water (~-14to -30°C), as ice
sheeting can act as an insulating surface barrier allowing for subsurface
liquid water, with obvious analogues for water environments in a cold early
Mars. Potential Mars mission instrumentation testing is also cond ucted in
Antarcticads drgroundpdnétratipgsradar sfar sulbsurface ice

and water (Arcone et al. 2002).

1 Chilean altiplano (Atacama) possesses an extremely arid environment that
has been used extensively as a Martian analogue site for microbi ology (Bull
& Asenjo, 2013; Barbieri & Cavalazzi, 2014), geomorphology ( Irwin et al.
2014), evaporite salt and brine mineralogy including sulphates, jarosite and

redox coupling (Escuderoet al. 2013).

1 Semail ophiolite Oman is one of the most common ophiolite s cited as a
Martian analogue (Clenet, 2009; Greenberger et al. 2015) for its rich
combination of Mars-like mafic primary olivine rich mineralogy of basalt,
gabbro and peridotite and secondary mineralogy of serpentinisation with
concomitant methane and hydrogen gas production. The formation of

carbonates, sulphates, evaporites and highly alkaline travertine springs also
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make it an exciting analogue for Mars carbon processes. Other ophiolites
used as Mars analogues include theChimaera seep and Tekirova gphiolites of
Turkey (Etiope et al. 2011; Etiope et al. 2013), the Leka ophiolite in Norway
(Daaeet al. 2013), Tablelands Ophiolite in Gros Morne National Park Canada
(Szponaret al. 2013), Del Puerto Ophiolite in California (Blank et al. 2009),
Bay of Islands ophiolite in Newfoundland (Suen & Frey, 1979) and the

Maizuru Terrane in Japan (Sugawaraet al. 2014).

In chapter 3 of this thesis the author initially attempted to gain samples from
the Leka ophiolite with the purpose of us ing them as analogues for Martian
carbonate formation processes. However, rock samples from the fieldwork showed
extensive serpentinisation but little mineral carbonate. The British Geological
Survey provided samples from the Oman ophiolite with well -developed
serpentinisation, cla ys and carbonates filling fractures and these have been used

as an analogue for carbonate veins found in the Martian meteorites.

1.7 Solution to the Mars carbonate conundrum 2: Experimental mineralogy.

Controlled laboratory simulations of Mars environme nts and reactions
therein provide a crucial aspect of quantifiable ground truthing to both Mars
exploration observations and instrumentation results, as well as to terrestrial

analogue results relating to Martian conditions.

Laboratory experiments will ne ver accurately replicate real planetary
conditions in all their rich complexity (White & Brantley, 2003) and this is both an
advantage and a drawback. The advantage is that by reducing variables to a known
and calibrated few, that any changes in the system can be traced to causal
variables with relatively high confidence (Lasaga, 1998); one that is unobtainable
in real planetary environments where many thousands of variables interact
organically and stochastically. By simplifying the natural system to an

understandable, data manageable and mathematically approachable level it is
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possible to observe the fundamental principles of a system, with noise reduced to
a minimum (Maher et al . 2009). The drawback is that this simplification of
variables means that labo ratory data will never truly simulate natural planetary
conditions, but remain an approximation (Holland & Turekian, 2011). As an
example, mineral dissolution rates tend to be orders of magnitude slower in

natural systems compared to laboratory simulations (Renforth et al . 2015), due to

a natural system complexity not replicable in the laboratory.

The skill of the experimenter is to include enough experimental variables
and measurements to reasonably reflect actual dynamics whilst avoiding

unnecessary data clutter.

Laboratory simulations of geological processes, specifically mineral
reactions, are challenging to represent in real systems due to the long time frames
involved in the real systems ( Krevor & Lackner, 2011). In comparison, short lived
biological or water chemistry responses can be considered as operating in partial
equilibrium and observable in their entirety in experimental real time (Morel &
Hering, 1993). The former is attempting to provoke and simulate dynamics that
occur over geological epochs within a time frame restricted by grant and project
timings of months, or years at best. Where biological experiments have recourse to
techniques such as adding enzymes to catalyse reactions, the geochemist is
restricted to relying on increasing pressure or temperature, or both, in order to
speed up reaction time; high water to rock ratio also aids reaction, as can using

highly acidic or alkaline solutions.

An increase in pressure, temperature and water volume is effective in
inducing mineral change to wi thin academically useful timeframes, however, if the
goal is to simulate low pressure, cold or arid environmental mineral changes as is
often the case in early planetary environments such as Mars, then the resulting
mineral suites and monitored fluid dynam ics will not be perfect replicas of those

observed by oin-situ6 planetary missions.

This is where geochemical modelling can help, acting as a further validation
to the experiment data. A wide range of geochemical modelling packages are
available, such as PHREEQQUSGS, 2017)and Geochemist Workbench (The
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Geochemist's Workbench, 2017) that can act as a validation check to the

petrological and fluid chemistry experiment data results.

The objective of controlled laboratory simulations, much like the objecti  ves
of terrestrial analogues, is to create informed approximations of Mars conditions,
from which inferences and generalised trends can be discerned. These advantages
and drawbacks are important to bear in mind when contrasting and comparing 0in-

situd, analogue and laboratory data and conclusions.

Below is a brief review of valuable laboratory simulations of specific aspects
of the Martian environment relevant to crust datmosphere coupling and the loss of
the early Martian atmosphere via mineral carbonate formation. Also included are
sulphur experiments seeking to explore the possible role of late acidifying
planetary reactions on Mars that may have removed large carbonate deposits and

thus potentially resolve a Martian carbonate conundrum.

Table 1. 1. A collection of important laboratory analogue experiments attempting
to recreate conditions relevant to either terrestrial mineral weathering conditions

or a variety of Martian conditions including brines and sulphur.

Reference Target  Time (Days) Temperature (°C) Aqueous Phase Gas Phase Mineral Phase Pressure (Bars)
Giammar et al. 2005.  Terrestrial 1/7/10/14 30/95 H,0 + MgCl, + NaHCO, co, Forsterite Olivine 1/100
Giammar et al. 2005. Terrestrial 1/7/10/14/26 30/95 H,0 CO, Forsterite Olivine 1/100

Chen & Brantley, 2000.  Terrestrial 0.4 (5 hours) 65 HCI +H,0 Air Forsterite Olivine 1
Gysi & Stefansson, 2012. Terrestrial 125 75 to 250 H,0 Co, Basaltic glass 10/25
Qafokuetal.2014.  Terrestrial 124 35/50/80 H,0 co, Forsterite Olivine 91.19
Schaef et al. 2014 Terrestrial 48/98 30 H,0 C0,+50,+0, Basalt 100
Luce et al. 1972. Terrestrial 0.66 to4.16 25 H,O + HNO,/KOH Air Forsterite Olivine 1
Lafay et al. 2012 Terrestrial 1to 90 150/200 NaOH Air Forsterite Olivine 5/16
Malvoisin et al. 2012.  Terrestrial 8.3t0500  250/270/300/350 H,0 +NacCl Air Forsterite Olivine 500
fHausrath & Brantley, 2010. Mars 56 34/22/6/-9 H,0/CaCl,+NaCl +H,0 N,/Na-Ca-Cl/air Forsterite/fayalite or basalt 1
Golden et al. 2012. Mars 10to 12 80 H,S0, Air Forsterite Olivine/siderite or basalt 1
Baker et al. 2000. Mars 4to7 23/75 H,0 Cco, Basalt 1to2
Dehouck et al. 2013 Mars 30 45 H,0 CO,/H,0,/air Forsterite Olivine 1.5
Tosca et al. 2004 Mars 14 25 H,0 +HCL +H,S0, Air Basalt 1
Schwenser et af. 2017. Mars 4to07 23/75/200/400 H,0 +CO, CO,/H,0+CO, Basalt 1/2/500/1000
Moore & Bullock, 1999. Mars 30/90/270 35 H,0 Modern Mars mix Olivine/pyroxene/plagioclase/basalt Unstated
Booth et al. 1982. Mars 2 25t0-94 H,0 H,0+0,+50,+CO0, Olivine/tholeiite basalt 0.025 (S0,)/0.1(CO;)
Mukhin et al. 1996. Mars 0.5 Room to 200 - Degassed Ca/Mg carbonate + Mg sulphate  Vacuum (1.3 x 10“)
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1.7.1 Experiments replicating Mars: Water.

The stability of surface water on Mars is complex to determine, yet plays a
critical role in the process of atmospheric removal of CO » via carbonate
mineralisation. Laboratory simulations of water formation in modern Mars
conditions support the t heoretical possibility of liquid water on the Martian surface
(Kuznetz & Gan, 2002).

Experiments on the evaporation rate of pure water under modern Martian
conditions of 0°C and 0.007 bar produce average evaporation rates of 0.73 £0.14
mm/h (Sears & Mook, 2005). It is proposed that water on Mars, whether modern
or ancient, would be brine in order to be temporarily stable and to flow, due to
the hyper aridity and water under -saturation in the atmosphere ( Martinez &
Renno, 2013). Brine ice possesses a lowe melting point than pure water ice.
Laboratory experiments of the evaporation of brine at temperatures between 0 to
-26°C show that brine is both liquid at colder temperatures but also evaporates
much more slowly at 0.04 mm/h compared to pure water (Sears & Chittenden,

2005). Evaporation rates are also heavily influenced by wind and insolation.
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1.7.2 Experiments replicating Mars: Olivine and CO..

A great wealth of literature and controlled laboratory experiments exist
exploring the reactions of olivine and CQ, usually in a fluid filled titanium lined
reaction vessel with a gas component (table 1.1). The combination of olivine, CO >
and water leads to a vast array of interdependent dissolution 8 precipitation and
reduction doxidation pathways. Quantitatively exploring and documenting these

reactions and their products is fundamental to understanding:

1 Carbonate formation for the curtailment of terrestrial global warming and

investigation of planetary atmosphere loss, such as occurred on Mars.

1 Industrial production and processing of commercially valuable secondary gas

and mineral products from an olivine feedstock.

1 High pressure and temperature deep mantle dcore dynamics of planets.

Curtailment of terrestrial global warming and investigation of planetary
atmosphere loss such as on Mars covers a plethora of experiments. Table 1.1
highlights a range of literature exploring CO », water and olivine experiments
conducted at a range of temperatures and pressure. This research has the specific
aim of addressing either terrestrial climate change and attempts to simulate
conditions such as deep saline aquifer storage and sequestration of CO2 (Giammar
et al. 2005; Chen & Brantley, 2000; Luce et al. 1972); or Martian questions such as
the dissolution rates of olivine and other basaltic minerals under low temperature
or brine conditions ( Hausrath & Brantley, 2010), diagenesis ( Schwenseret al.
2017), Martian hydrothermal conditions (Baker et al. 2000) or the formation of
brine and sulphate mineralogy via con trolled replications of the modern Mars
atmosphere (Moore & Bullock, 1999 Booth et al. 1982; Mukhin et al. 1996).
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Industrial production of secondary gas and mineral products using an
olivine feedstock seeks to utilize and enhance the natural reactions of olivine to
CQ and water, such as serpentinisation, carbonate formation and production of
abiogenic methane and other hydrocarbon gases along with metals. Such
experiments can use a wide range of conditions from 300 °C and 500 bar ( Berndt et
al. 1996), producing dihydrogen (Hz) from the conversion of Fe 2 to Fe? in
magnetite, along with ethane, propane and the production of graphite ( Berndt et
al. 1996). Many lessons learnt from these industrial experiments can shed light on

planetary and Martian topics.

The topic of commercial abiogenic methane production is of particular
interest to Mars research as methane can be used as a metabolic energy source for
chemosynthetic microbes (Russellet al. 2010). Several researchers have proposed
that methane release f rom serpentinised olivine is a robust mechanism for both
the creation of life on early Earth ( Russellet al. 2010) and a source of energy for
life past or present on Mars (Oze & Sharma, 2005; Atreya et al. 2007).
Serpentinisation being the hydrolysis of fe rromagnesian silicates such as olivine
and pyroxene, forming hydrated secondary minerals such as antigorite, crysotile,

brucite etc.

Methane has been detected via orbital Mars Express measurements at 10 + 5
ppbv global average in the modern Mars atmosphere (Formisanoet al. 2004), albeit
with diurnal, seasonal and spatial variations between 0 to 30 ppbv ( Formisano et
al. 2004; Geminale et al. 2008). It is difficult to distinguish abiotic from biotic
methane production from remote sensing instrumentation, wi th H2/CH4 ratios

being deemed unreliable (Langet al. 2012).

Controlled laboratory experiments are a useful means of validating abiotic
methane release from serpentinisation under Martian conditions. These
experiments indicate the absolute importance of m agnetite abundance in the

initial mineralogy for determining methane volume production (Oze etal. 2012).

Caution in calculating rates and volume of methane production via rock
serpentinisation based on laboratory experiments have been voiced by some

researchers who have used isotopic carbon tracing to suggest that the majority of
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the abiotic methane data recorded in such experiments may in fact be
experimental artefacts caused by H > rich vapour phases in the experimental
reaction systems and background contamination sources (McCollom, 2016). Such
examples highlight the need to be aware of the possibility of artefacts in all

experiments seeking to replicate planetary conditions.

High pressure and temperature deep mantle dcore dynamics of planets
utilises experimental mineralogy on water immersed peridotites with a CO > gas at
very high pressures and temperatures, such as 27000 bars and 1160 °C Brey &
Green, 1977). Although interesting, such olivine and CO > experiments will not be
reviewed here as they are not relevant to the lower pressures and temperatures of

Martian surface and near-surface environments.

1.7.3 Experiments replicating Mars: Sulphur.

Sulphur can occur as mineral sulphides (3 ) such as pyrite, pyrrhotite and
sphalerite, or alternatively as sulphates ( SQ?2 ) which are salts and esters of
sulphuric acid such as anhydrite, gypsum, jarosite and alunite. There are
widespread Mg and Ca and local Fe?*- sulphates on Mars (King & Md.ennan, 2010).
This widespread sulphur on Mars may have come from an FeqNigS core that
extensively degassed and erupted (King & McLennan, 2010; Halevy & Head, 2014).
Such sulphur core and mantle outgassing may have added significantly to the
density of an early atmosphere in the form of H,SQ- aerosols, thus supporting the
possibility of early surface liquid water flow (Halevy & Head, 2014).  Sulphur plays
an extremely importan t role in Martian geochemistry, both past and present.
Sulphur minerals have been observed via remote sensing satellites and rovers, as
well as in a wide range of Martian meteorites ( Farquhar et al. 2000). The dominant
atmospheric species are SQ and H:Sand these can become deposited at the
Martian surface as both oxidised and reduce d minerals (Farquhar et al. 2000). The
widespread deposition of sulphates on the Martian surface and associated late

stage acidity could explain the removal of pre -existing carbonate deposits.
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Early laboratory controlled environment experiments on the rol e of sulphur
on Mars sought to investigate the 7-9% S@contents on the Viking lander regolith
measurements (Booth et al. 1982) and whether these were from evaporitic
deposition or SO; interaction with silicates. Later researchers used chambered
experiment s using SQ gas to monitor the photo -decomposition of carbonates and
sulphates on Mars, forwarding photo -decomposition as a possible solution to the
Mars carbonate conundrum (Mukhin et al. 1996); they conclude that ultra -violet
light dissociating carbonate s into atmospheric CO; is a plausible mechanism to

explain the loss of major early Hesperian carbonate beds.

The experiment conducted in chapter 3 uses sulphur both in the forms of an
SQ gas component, as well as using pyrite as an initial mineralogy in some of the
experiment runs. The effect of sulphur on olivine dissolution and carbonate

formation is key to understanding the carbonate conundrum.

1.8 Structure of the thesis.

This thesis does not solve the Mars carbonate conundrum. The question of
the potential existence and fate of large carbonate reservoirs on Mars remains a
tantalising playground of ideas, theories and lines of enquiry, continuing to divide
the scientific community (Edwards & Ehlmann, 2015; Lee et al. 2016). Some
researchers propose hypothetical solutions to the carbonate loss, such as widescale
SQ output during Tharsis volcanism and the subsequent H.SQ production removed
the carbonate sedimentary layers or prevented significant carbonate precipitation
(Bullock & Moore, 2007) and seek evidence to support this. Other researchers
doubt whether the carbonate conundrum is even a valid question and that perhaps
no massive atmosphere draw down into carbonate minerals occurred; that carbon
loss to space via CO photo dissociation combined with minimal carbonate
deposition is adequate to explain Martian terrain and chemistry (Hu etal. 2015).
What this thesis aims to achieve is to provide a broad and interdisciplinary
framework with which to approach the carbonate conundrum. An approach

combining technical engineering, geochemical modelling, laboratory
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experimentation and physical planetary sample observation in the form of Martian
meteorites. It is an approach that synthesises pre dexisting work on the carbonate
conundrum, but also provide s a wide angled framework that other researchers
might adopt and build on, especially developing rover instrumentation with

specific geological and geochemical questions and hypothesis in mind. This
approach to the Mars carbonate conundrum is divided into three complementary
lines of enquiry, which form the three principal thesis chapters, supported by this

introduction and a conclusion.

1 Engineering: The effects of ultrasonics on Mars rover rock abrasion tool

performance.
1 Analogue: Terrestrial ophiolites as Mars carbonation analogues.

1 Experimental: Laboratory reproduction of Martian type carbonates and

clays.

1.8.1 Effects of ultrasonics on rover rock abrasion tool performance.

Objectives.

The first part of the thesis acts as a practical engineering coun terweight to
the observational, analogue and geochemical aspects of the earlier chapters.
Understanding the history of Martian atmosphere, water, CO > and carbonates as
investigated in the previous chapters is only possible if the carbonates can be
physically located and identified on the planet. Locating carbonates on Mars
requires efficient tools mounted on any remote equipment such as rovers. This
chapter determine s whether ultrasonic assisted grinding as yet unused in Mars
exploration performs better tha n the currently used common grinding techniques;
assessing both a NASA rock abrasion too(RAT)type diamond resin grinding tip and

a tungsten carbide cutting tip . Objectives under investigation include:
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A. Post grind surface roughness.
B. Power consumption.
C. Thrust force.

D. Material removal rate.

Carbonates cawsibeof cundedi via sat el
Mars rovers contain a suite of instruments for analysing rock samples and
identifying minerals, for example the Chemistry and Mineralogy (CheMin) Xray
diffraction (XRD) (Bish et al. 2013). However, the Mars surface is dusty and
weathered. In order to remove the outer oxidised and reacted surfaces of rocks to
view their pristine interior requires targeted mechanical abrasion. To achieve this
abrasion current Mars rovers use an instrument called the rock abrasion tool (RAT)
which uses two diamond resin pads which mechanically grind to an arbitrary depth
of 5 mm into the rock ( Gorevanet al. 2003). The smoother the resulting surface
grind is, t he better the rover imaging systems can identify features, such as

delicate weathered veins hosting carbonates and clays, for further analysis.

In this methodical chapter a new prototype rover abrasion tool called the
Micro-Optic UltraSonic Exfoliator (M OUSE) is designed, modelled, constructed and
a diamond resin very similar to the NASA rock abrasion resin developed. The
prototype tool uses ultrasonics with the aim of enhancing Mars rover grind surface
smoothness. Ultrasonics have repeatedly and consistently demonstrated smoother
surface grinds compared to their common grinding counterparts in terrestrial
industrial applications of ultrasonics ( Brehl & Dow, 2008; Agarwal, 2015). It is
hoped this rapidly evolving technology can be applied to rock grinds on Mars,

assisting in the search for carbonate minerals.
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1.8.2 Terrestrial ophiolites as Mars carbonate analogues.

Objectives.

A. To review Mars geology, specifically the interaction of water and CO 2 with
the planets crust through geological time.

B. To analyse carbonates and hydrous minerals in two Martian mete orites, ALH
84001 and Lafayette. These meteorites representing early and recent Mars
respectively. To highlight the differences and similarities between the two

samples and how this relates to obje ctive A.

C. To analyse carbonates and hydrous minerals in terrestrial ophiolites . To
compare and contrast the results with the Martian meteorites of objective
B, and relate both terrestrial and Martian samples in the context of
objective A.

Ophiolites are te rrestrial sea floor that has been obducted onto contin ental
crust. Composed dominantly of basalt , gabbro and peridotite , with high mineral
olivine content, ophiolites are strongly out of equilibrium with the surface
environment and highly reactive as a consequence; this reactivity is termed
retrograde metamorphism. Olivine and pyroxenes react with water, forming
secondary minerals including carbonate and clays, which tend to form in rock
fractures, pore spaces and other lines of weakness in the rocks . Ophiolites and
exposed olivine rich igneous intrusions and global mineral weathering account for
~3 x 10° Kg draw down of atmospheric carbon, or ~1.11 x 10 1° Kg draw down of
terrestrial atmospheric CO » (IPCC, 2013) and are therefore an important part of
ourplanet s carbon budget (Fig. 1.9). THhoe Oman
~1C kg yr! of CO, (Kelemen & Matter, 2008).
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Figure 1.9. Terrestrial global carbon budget from the IPCC 2013 report (IPCC,
2013). Rock weathering draws down 0.3 PgCyr-! from t he atmosphere via mineral
carbon sequestration, more than compensating for the 0.1 PgC yr ! released into

the atmosphere by volcanoes and 0.1 PgC yr? by fresh water outgassing.

Mafic, olivine rich ophiolites are similar in composition to many Martian
rocks and can therefore act as analogues. The surface of Mars is predominantly
basaltic (McSweenet al. 2009) with carbonates, clays and other hydrous minerals
having been discovered by both satellites (Calvin et al. 1994), rovers (Morris et al.
2010), landers (Hecht et al. 2009) and in Martian meteorites (Grady et al. 1995).
There has not yet been any sample return missions of Martian rocks, therefore
detailed mineralogical comparative work relies significantly on the Martian

meteorites, and a terrestrial anal ogue to compare these meteorites to is helpful.
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This broad third chapter blends a literature review with applied quantitative
observation of Martian meteorite and terrestrial ophiolite carbonates, with
particular attention paid to the oscillating zonation s in the carbonates, contrasting
and comparing terrestrial and Martian carbonate zonations. The review aspect
covers the geology of Mars with a focus on carbonate and clay minerals, it also
discusses CQ@and water in current and past Mars, along with an a nalysis of the
lines of evidence used to assess the CQ and water histories. Particular attention is
paid to the Martian meteorites, as these provide us with the only Martian
carbonates we can observe under the microscope. Sulphur is also covered in
review, as acidic environments are important in accounting for carbonate
inventories. Terrestrial ophiolites, their typical fluid chemistry and carbonate
types are briefly summarised. The quantitative analysis aspect of the chapter
begins by observing carbonatesin two famous Martian meteorites of very different

ages.

A. ALH 84001: A 4100 Ma old orthopyroxenite ( Mittlefehldt , 1994) with a
relatively high abundance (~1 wt . %) of chemically and physically varied
carbonates compared to younger Martian meteorites (Lap en et al. , 2010).
This carbonate abundance in the older meteorite may be an indication of a

greater abundance of water on early Mars compared to young Mars.

B. Lafayette: A 1300 Ma oldolivine clinopyroxenite (Swindle & Olson, 2004).
The meteorite possesses \eins of clay and hydrated minerals including
ferroan saponite, iddingsite, goethite, Fe rich smectite and carbonate which
has replaced olivine, pyroxene and high Si glass (Vicenzi & Eiler, 1998;
Treiman et al. 1993; Tomkinsonet al. 2013). The carbonate is not as
extensive, varied or zoned as in the older ALH 84001, this difference is
probably due to less availability of water on Mars ~633 + 23 Ma ago when the
Lafayette carbonates formed (Borg & Drake, 2005) compared to ~4100 Ma
ago. However, the intimate a ssociation of the carbonate with other hydrous
phases, combined with the dating of the clays to 633 + 23 Ma ago (Borg&
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Drake, 2005) demonstrates that water has remained available on Mars until

at least this age.

These meteorites are selected to represent the change in carbonate
mineralogy, and by proxy water and CO2, through geological time on Mars. The
results of the meteorite analysis work are then compared to terrestrial ophiolites

of Semail, Oman and Leka, Norway.

1.8.3 Experimental reproduction of Martian type carbonates and clays.

Objectives.

A. To observe how compositionally identical minerals react with differing gases
that chemically represent a simplified Mars atmosphere. Specific focus is on
carbonate and sulphate mineral formation. Gases used :

- CO

- CQ:SQ (2:1) initial atmosphere.

B. To observe the evolution of mineralogy and fluid chemistry during carbonate
and sulphate formation under identical gas conditions (CQ or CQ:SQ) but

differing initial mineralogy. Initial minerals and rock types us ed:
- Olivine (Mg,Fe?)2SiQ; (Fo ~50%)

- Basalt (Glass & olivine rich).

- Basalt (Glass& olivine rich) with pyrrhotite.

C. To compare the results of objectives D and E with the results from objectives
B and C, the Martian meteorite samples ALH 84001 and Lafayette,
representing early and modern Mars and the terrestrial ophiolites; ultimately
synthesising all data from chapters 2 and 3 within the context of Martian

geological and atmospheric history, objective A.
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D. To test whether Mars meteorite olivine altera tion sequences form via
isovolumetric replacement of primary minerals or via dissolution and

precipitation of secondary minerals into fractures and pore spaces.

E. To assess whether South African hortonolite is a more suitable Martian

olivine analogue than San Carlos olivine.

F. To observe the effects on mineral alteration and fluid chemistry when
sulphur (either as a gas or mineral) is added into a traditional CO > Mars

analogue system.

When studying carbonates in Martian meteorites, or by remote observation,
the precise formation conditions can only be inferred from analytical data, and a
formation environment hypothesis proposed, not known. A powerful way to
support such hypothesis is to use precise laboratory environments that attempt to
recreate the same type of carbonates observed within Martian samples within a

controlled and accurately known set of conditions. The analogue maxim being:

If laboratory carbonates are physically and chemically similar to Martian

carbonates then similar formation environmental conditions can be inferred .

This concise chapter uses closed batch reactor vessels under fixed pressure
and temperature conditions, while varying the atmospheric gas mix and water
immersed mineral composition. The resulting minerals and the dataset of evo Iving
fluid chemistry are compared with the two Martian meteorites, ALH 84001 and
Lafayette, described in the previous chapter. A great number of difficulties and
flaws beset such experimental replications of secondary mineral formation. The
minerals observed oin-situé on Mars and in meteorite samples formed over
geological time frames, and attempting to recreate these minerals precisely on a
laboratory time scale measured in weeks or months is problematic; the goal is to
create approximations rather than i dentical replicas. Both advantages and
disadvantages exist in having a minimal number of environmental controlling
factors. The main advantage is that it becomes easier to attribute mineral,
chemical and system changes to specific environmental factors and known system

variables. The main disadvantage is that by having so few environmental factors in
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the laboratory it is impossible to fully recreate the wide panoply and rich diversity

of natural aqueous systems.
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Chapter 2

The effects of ultrasonics on Mars rover rock abrasion tool performance.

Experimental |

Pressure/Temperature/Gas
periments Attempting To
eate Mars Like Carbonates

Carbonates As Mars
' Analogues

Figure 2.1. The carbonate conundrum that this PhD thesis seeks to address (red
circle), along with the different spheres of research used to approach this

guestion. These spheres of research correspond to the three main thesis chapters:
engineering (chapter 2), analogues (chapter 3), and experimental (chapter 4).
Overlapping circles indicate where chapter and research content overlap and

support each other, allowing for comparative mineralogy.
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2.1 Key points.

1. Surface roughness. Ultrasonic grinding can enhance rock surface
smoothness compared to current Mars rover common grinding rotary
techniques. Smoother surface s permit clearer image data, making geological

analysis easier, and ultimat ely increasing science return per mission.

2. Power consumption. Surface smoothness results differed little between
using 2.1 O mor 4.0 O mwavelength. However, power consumption is
considerably higher at 4.0 O m Increased weight on bit made no significant
difference to surface smoothness but did consume more power. Less power
consumption on grinding operations allow a rover to operate over a wider

range of conditions, and for a longer time period.

3. Tool tip wear rate. On current Mars rover grinding operation s diamond resin
wears down relatively quickly. A hard -wearing tungsten carbide tool tip
possessingvirtually negligible wear is a suitable and better performing
alternative when using ultrasonic vibrations. This research contrasts diamond

resin and tungsten carbide tips under a variety of variables.

4. Material removal rate. Reducing grinding time on the Mars rovers would
allow greater time for travel, or other instrument deployments, increasing
data yield per mission. The use of ultrasonic assisted grinding could
potentially penetrate rock at a faster rate than the common rotary grinding
technigues that the Mars rovers currently employ, although this was not

sufficiently demonstratedi n t hi s studyods experi ment al
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2.2 Abstract.

The Mars exploration Athena science goal is to explore areas where wat er
may have been present, and investigate the palaeo -environmental conditions of
these areas in relation to the existence of life. The Rock Abrasion Tool (RAT) is one
of four key Athena instrument s mounted on the Spirit, Opportunity and Curiosity
Mars Exploration Rovers. Exposed rock surfaces weather and chemically alter over
time. If the geological history of a landing site is to be constructed, then it is
important to analyse the unweathered rock interior as clearly as p ossible. The role
of the rock abrasion tool is to substitute for a geology hammer, removing the
weathered and chemically altered outer surface of rocks to view the pristine
interior. The R AT uses a diamond resincommon grinding tec hnique, producing a 5
mm depth grind with a relatively high surface roughness, achieved over several
hours per grind and consuming approximately 11 Watts. This study investigates the
benefits of replacing the common grinding techniques currently employed o n the
RAT with ultrasonic assisted grinding, to make smoother surfaces. The research
explores using both ultrasonically excited diamond resin tips and hard wearing
tungsten carbide tips. A prototype Micro -Optic UltraSonic Exfoliator (MOUSE) is
tested on a range of rock types and demonstrates many advantages over common
grinding. These advantages include a smoother grind finish, a lower rate of tool tip
wear when using tungsten carbide and fewer moving parts. The study also
demonstrates that higher weight on bit load and/or higher ultrasonic wavelengths
do not correlate with enhanced surface smoothness when using ultrasonics;
therefore low ultrasonic wave lengths, low power and low weight on bit loads can
produce very smooth rock grinds. Faster penetration ra tes can potentially be
achieved using ultrasonic grinding; however, this would require further

investigation to demonstrate clearly.
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2.3 Abbreviations

APXS Alpha particle X -ray spectrometer
CG Common grinding

CMIF Complex modal indicator fun ction
ED Eigenvalue decomposition

EMA Exploratory modal analysis

FEA Finite element analysis

FFT Fast Fourier transform

FOS Full scale output

fres Resonant frequency

FRF Frequency response function

IDD Instrument deployment d evice
ITAR International traffic in arms r egulations
MER Mars exploration rover

MAHLI Mars hand lens imager

Mi Microscopic imager

MOUSE Micro optic ultrasonic exfoliator
MRR Material removal rate

PVD Plasma vapour deposition

Ra Roughness average

RAT Rock abrasion tool

RPM Revolutions per minute

RUG Rotary ultrasonic grinding

RUM Rotary ultrasonic machining

Rz Roughness root mean square
SGE Specific grinding e nergy

SR Surface roughness

SVvD Singular value decomposition
TWR Tool wear rate

uvC Ultrasonic vibration cutting

UAD Ultrasonic assisted drilling
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UAG Ultrasonic assisted grinding

UAM Ultrasonic assisted machining
VAM Vibration assisted machining
WOB Weight on bit
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2.4 Introduction

When operating in the field, one of the most essential tools at the
g e o | o dispssal & the rock hammer. It is by breaking a rock open and exposing
the fresh surface beneath the dusty, oxidised and weathered exterior, that
fundamental rock and mineral identification  occurs. Usually a geologist would
break open many rocks around a location, slowly build ing up a picture of the local
geology. For a human geologist on Earth, breaking rocks with a hammer is a
relatively simple, yet essential, science task. On Mars, there is no human
presence; therefore exposing fresh rock surfaces for geological analysis requir es a
great deal of technological design and missiontime. The more efficient the
process of remotely exposing fresh rock surfaces on other planets can become, the
greater the science return will be from each mission. This study demonstrates
some of the potential advantages of utilising ultrasonics onboard Mars rovers,
testing the addition of ultrasonics on both a traditional diamond resin tool tip and
on a solid tungsten carbide tool tip. The results may enhance current rock

exposure technology.

The principal tool used to expose fresh rock surfaces on the Mars
exploration rovers (MER) has been a small mechanical grinder called the rock
abrasion tool, affectionately kn own as the RAT (Fig.2.2). This instrument,
designed for the Athena payload of 2003 by Honeybee Robotics, can grind a 45 mm
wide hole to a depth of 5 mm into a hard rock surface, with an average grind time
of two hours for 5 mm of basalt rock penetration (Squyreset al. 2003). Once fresh
rock is exposed by the RAT then other instruments mounted on the arm of the
instrument deployment device (IDD), such as the M 6ssbauer spectrometer
(Klingelhofer et al . 2003), microscopic imager (MI) or Mars Hand Lensimager
(MAHLI) (Herkenhoff et al . 2003) and Alpha Particle X-ray Spectrometer (APXS)
(Rieder et al . 2003), can begin analysing the less weathered interior, thereby
adding information to local geological history and planetary development

processes.
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Figure 2.2. The rock abrasion tool (RAT). Built by Honeybee Robotics Ltd. A. The
RAT is mounted on an instrument deployment device (IDD) arm. B. The RAT
operates in conjunction with a microscopic image (Ml), an Alpha Particle X -ray
Spectrometer (APXS) and a Missbauer spectrometer. Credit: A. Website 1. B.
Website 2.

The RATalso provides an approximation of rock physical prop erties (density,
hardness etc.) by comparing the machine engineering data during grinding
operations on Mars (current, torque, penetration rate, temperature and encoder
readouts)wi t h t hose in a terrestrial O6standar dsod
(Bartlett et al.2005; Thomsonet al. 2013; Thomsonet al . 2014). Any rock
mechanical failures (such as faults and fractures) are useful as they provide
informati on on the target rocko&s mass strengt h,
(Hoek & Brown, 1997). One key measurement used is &Specific Grind Energyd (SGE),
which is the energy consumed per cubic mm of rock removed, expressed as J/mm 3
(Thomsonet al. 2013, Thomsonet al . 2014). SGE on the RAT is calculated via Ml
images of RAT rate of progress in the final 0.25 mm of a designated grind, and the
observed value extrapolated. A terrest rial standards rock database provides ideal
SGE for the RATto compare against for each rock type encountered, thus allowing
the rock type to be inferred ( Bartlett et al. 2005). Environmental factors , such as

accounting for the Mars gravity, are included within these SGE calculations.
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Because the Ml is one of the key instruments of the IDD, the smoot her a
target rock surface can be polished during the grinding procedure, the clearer the
MI images of petrologic features such as weathering veins, grain size and inclusions
will be; as well as allowing a greater degree of accuracy in the SGE calculations.
Weathered rock veins can provide important clues about the role rock weathering
and mineral carbon sequestration played in the loss of a hypothesised early Mars
atmosphere. Further, if these veins are hydrothermal in nature , they may provide
evidence for assessing past habitability and life on Mars. Such improved imagery
would greatly add value to the science return of any mission. In its current state
the RAT is effective at penetration, but does not produce particularly smooth

surface finishes (Fig. 2.3).

Figure 2.3. 45 mm diameter RAT grinds acquired via the microscopic imager. A.
8.9 mmdeepgrindinto 0 Cl o v i $ytherSpirit fover. B. Grind into

0 Ch a mp argck ey the Spirit rover . C. Grindinto 06 Ma n i traclby the
Opportunity rover . D. Grind into 0 Gr a s brack by the Opportunity rover . E. A

relatively smooth grind showing rock vein structure on sol 85 of the Spirit rover
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mission. F. Grind into 0 Pr o g r e s sSpiritrower .KThelrgsin has entirely worn
away by this point (sol 830), leaving only brush and metal stub rotation.  Credit:
NASAA. Website 3. B. Website 4. C. Website 5. D. Website 6. E. Website 7. F.
Website 8.

This research investigates how the introduction o f ultrasonic vibrations into
grinding proce sss affects the end result, primarily with respect to an improved
surface smoothness (ower roughness), but also observing power consumption,
optimum weight on bit, force dynamics, tool tip wear and rate of advancement
into the rock. These variables will be tested on three different rock types,
intended to encompass the range of rock strengths and mineral properties that a

rover might encounter on Mars.

241 What is ultrasonic?

Ultrasonics is the application of ultrasound waves , which act as a time
varying vibratory force upon a target. This vibratory force is often called acoustics.
Ultrasound waves are simply regular sound waves but with a higher (ultra)
frequency (Fig. 2.4). Ultrasonics has a wide and ever growing number of
applications, from ultras ound imaging and sonography in hospitals (Eyding et al .
2002), to cleaning objects by disintegrating dirt (Spier, 1961), to communication
and military appli cations (Vig, 1993). Specifically, within the field of grindinga nd
polishing there exists a plethor a of terminology (often overlapping) , and

application, which will be reviewed briefly.
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Figure 2.4. Components of sound waves and the value boundaries between wave

types.

Frequency (Hz) can be defined as the number of cycles per unit of time.
Amplitude (m) can be defined as half the osci llation amplitude (from zero, or
oscillation mean, to wave peak). Wave length (R or | amb dnacanb81 uni t
defined as the distance bet ween istafunctoequal st
of velocity (m/s) and frequency (e quation 2.1), where c is velocity and f is
frequency. For f to be ultrasonic (>20 kHz ) velocity must be high, or the

wavelength small, or both (e quation 2.2).

R = ¢/ f
Equation 2.1

f=c/R
Equation 2.2
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The atoms that comprise solids can be made to vibrate in a variety of
motions, directions and patterns. These atomic kinetics are sometimes referred to
as excitation modes. Assuming the stress and tension of the vibratory force does
not exceed the brittle deformation limit of the material excited , and then the
material will oscillate at the atomic  and particle level. T he applied mechanical
force will displace the particle fro m its resting equilibrium state and restoration
forces return it in a cyclical motion . In a larger scale of wave propagation,
earthquake waves pass through solids in several different ways, or modes. The

principal wave mode types in a soli d are:

1 Longitudinal waves (P waves) which oscillate parallel to the dire ction of
motion.

1 Transverse waves Ehear or Swaves) which oscillate perpendicular to the
direction of motion.

1 Surface waves (Rayleigh waves) that possess an eliptical and symmetri cal
motion.

1 Lamb waves (symmetric and asymmetric) and Love (sideways Rayleigh)
plate waves.

1 Stoneley or Scholte (leaky Rayleigh waves).

1 Sezawa antisymmetric waves (Website 9).
Longitudinal (P), transverse (S), Rayleigh and Love waves are the most

commonly used in ultrasonics (Fig. 2.5). The developed rig presented here utilises

a longitudinal wave mode.
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Figure 2.5. Principal wave modes in a solid medium. Credit: Website 10.

Vibration assisted machining (VAM)/ultrasonic assisted machining (UAM) (Xu
& Zhang, 2015) is a technique harnessing ultrasonic kinetics and can be applied to
ultrasonic assisted drilling (UAD) (Li, 2014), ultrasonic assisted grinding (UAG)
(Chenetal. 2013; Wanget al . 2014) and ultrasonic vibration cutting (UVC) (Li et
al. 2013). Both one-dimensional (linear) and two-dimensional (orbital) tool paths
are possible using these machining techniques. Of considerable interest to Mars

rover tool grinding research, is that by reducing force during the VAM process, a
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smoother surface fi nish and reduced tool tip wear is possible (Brehl & Dow, 2008) .
The subdivision of VAMthat this research is concerned with is UAG, in which an
abrasive composite, usually diamond resin, rotates upo n a target material. The
individual diamonds, w hen embedded in a composite resin, are ultrasonically
oscillating in a more complex lateral pattern compared with non  -ultrasonic
technique s (common grinding), and this complex ultrasonic pattern means the
diamonds travel a greater distance and cover a greater surface area than with
common grinding (Fig. 2.6). This greater area coverage helps provide an increased
target surface smoothness, by causing a greater amount of abrasion per rotation

pass on a target area.

Figure 2.6. Single diamond track (black line) for A. Ultrasonic assisted grinding B.

Common grinding.

One of the most aggressive types of grinding is UAM (Fig. 2.7) and is when a
relatively sharp tool piece is ultrasonically vibrated and dragged over a surface
whilst under weight on bit (WOB) force. The o scillatory impacts between the tool
tip and target caused by the ultrasonic vib ration, create a series of very small
serrated troughs and peaks. The post-machining surface roughness (SR) and tool
wear rate (TWR) will depend upon the target material hardnes s and initial SR, as
well as on grit size and composition, water grit ratio of the slurry, rate of tool
motion across the target and the ultrasonic resonant frequency ( fres) of vibration
(Teimouri et al . 2015).
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Figure 2.7. Principal and components of ul trasonic machining. In all varieties of
ultrasonic machining a horn vibrates ultrasonic frequency. This horn may have A. A
sharpened tool piece that chisels the target surface away or B. The horn tip can be
blunt and a fluid slurry passes between to tool t ip and target surface (B. and Fig.
2.8).

The tool piece does not in theory need to be sharp, depending on the target
material and purpose of machining. Even a flat, blunt tool tip will smooth the
target area via ultrasonic vibra tion of the slurry, which w ill form microscopic
cracks and chips in the target surface (Fig. 2.8). As arule, the blunter the tool tip,
the slower the target material removal rate (MRR) is although precise modelling
and theory of UAM MRR is still poorly understood (Agarwal, 2015) . At ultrasonic fres
20-50 kHz the MRR istheoretically proportional to the square root of fres (Agarwal,
2015). The force of an individu al slurry grain impact can be expressed by e quation
2.3 (Kalpakjian, 2008).
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Figure 2.8. lllustrating how the abrasive grit particles in the slurry crack and smooth

a target surface.

F =2mvi/t
Equation 2.3

Force (F), particle mass (m), particle velocity (v), time duration of particle contact

with target (t).

This experiment uses a mix of techniques depending on the tool tip used.
When the experiment is assessing the results of using diamond resin tips, a type of
rotational UAG is occurring, with the diamonds grinding the target surface. When
the experiment is assessing the results of using tungsten carbide tips, a type o f
rotational UAM is occurring. However, the terminology used in the literature is
extremely imprecise, overlapping and often contradictory. Neither the UAG nor
UAM used in this experiment employs slurry, as it is impractical on a Mars rover.
However, only a small proportion of the M RR is attributable to the slu rry grain
impacts. T he bulk of the M RR is from tool impact on the target ( Agarwal, 2015).
The UAMpresented in this work exclusively uses tool impact for material removal
and MRR is proportional to ma terial removed per impact and the cycle frequency

of impacts.
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The formation of ultrasonic waves can occur by either piezoelectric
(accumulated charge in a material , Fig 2.9) or electrostatic restoration (Manthey
et al. 1992). This experiment uses piezoel ectrics and therefore only this type will
be discussed. Piezoelectric ultrasonics consists of a transducer with a piezoelectric
stack, usually composed of a ceramic set of rings or dis cs stacked on top of each
other. T he size and shape of these ceramic rin gs varies depending on the ultrasonic

tool, but are usually a vertica | maximum of ~30 mm (Website 11).

The ceramic discs have non-centrosymmetric crystals within their structure,
usually either zirconate titanate (ZrTiO 3), a perovskite material called le ad
zirconate titanate (Pb[Zr xTi1x]Os( 0 Ox O1) ) or barisyandti tanate (
formerly quartz (SiO 2) (Website 12), which possesss an inherent fixed pyroelectric
dipolarity (Fig. 2.9). The crystals align in uniform directional polarity by the

introductio n of an electric charge to the system during ceramic formation.

Electrodes of silver, or plasma vapour deposition (PVD) which is where an
ionised gas (such assilicon nitride ) thinly coats an electrode, are then connected
to the ceramic discs abov e and below, through which a rapidly alternating positive
and negative charge is pulsed. Alternatively , a monocharged current can be
switched on and off. The alternating current pola rity interacts with the ceramic
fixed polarity , by either attracting or repelling the inherent ceramic crystal polar
charge, which causes mechanical expansion or contraction and energy in the form
of physical oscillations. | f performed rapidly , these oscillations produce waves at
ultrasonic frequency (>20 kHz). The conversion of electr ical energy to mechanical
oscillation is the converter component (Fig. 2.7), after which the physical
oscillations are amplified. This sandwich style transducer -converter was first
developed by Paul Langevin in 1917 and used quartz; but modern transducers of

this style, as used in this research are still called the Langevin type (Uchino, 2010).
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Figure 2.9. lllustration of how a piezoelectric stack generates ultrasonic
oscillations. The ceramic (red) has aligned crystals within the structure (blue

circle s), which possessfixed inherent dipolar charge (yellow circles). An external
electric charge is introduced and alternated rapidly, causing the crystals in the
ceramic to be attracted or repulsed from the current, thus mechanically distorting
the ceramic shape and producing physical waves. If repeat ed rapidly enough, the

waves emit at ultrasonic frequency.

Once the ultrasonic wave is formed by the converter, t here are several
amplifi er designs which operate at various ultrasonic frequencies, or can shift
between frequencies . Generally these amplifiers consist of a transformer, a bridge
rectifier, a signal generator and a driver circuit (Basa et al. 2012). Once amplified,
the oscillations are transmitted into  a horn, sometimes referred to as a wave guide
or sonotrode, usually made from titanium, aluminium or steel. The geometr vy of
the horn controls how the ultrasonic waves propagate, and is specific to the
intended tool application and target material . They are usually cylindrical, taper ed
and possessing expnential shaped steps (Nad, 2010). As the horn tapers and
narrows, the waves become increasingly amplified, focussed and effective,
analogous to when waves approach a beach shoreand the total energy remains
near constant, but the wave height (amplitude) a nd energy per unit volume
increases as the depth of water reduces. Ultrasonic horn material is selected to

possesslow damping capacity , aiding amplification during wave guiding. This
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ultrasonic energy focus as a function of surface area reduction comes to a point at
the tool tip, whatever material this may be composed from. Because the horn acts
as the conduit between transducer and tool tip, it is very important that the horn
matches the resonance frequency of the transducer , otherwise the two will be out
of synchronisation and the effect will create inharmonious ripples reverberating
back into the oncoming waves, dissipating energy potential and propagation. Using
the beach analogy once more, if the horn is out of resonance with the transducer
this is similar to refractory waves refracting at angles along a shoreline and
bouncing back out to sea t o disrupt the incoming waves, reducing their power

through resistive losses.

Linear UAG or UAMoperations are not practical when considering the
complexities and environment of Mars rover operations. Another practice is termed
rotary ultrasonic machining (RUM) and rotary ultrasonic grinding (RUG) , where a
spinning diamond resin disc or tool tip rotates a fixed position and is lowered onto
the target material, or the material is raised to the disc /tool contact (Fig. 2.10).
The mechanistic princi pal of causing the individual diamonds to ultrasonically
vibrate is the same as described above, just operating within a compact circular
geospatial area. Industrial studie s on materials such as carbon fibre reinforced
plastic have shown RUM to be more efficient than grinding without ultrasonics, in
term s of material removal rate, surface roughness, torque and force (Ning etal.
2016). The current Mars rover RAT is essentially a complex and versatile version of
this rotary style, but wi thout the ultrasonic assistance. | tis simply a mechanically
rotating diamond resin, utili sing common grinding (CG). This research seeks to
guantify and explore the advantages and disadvantages of using RUMand RUG in
rover RAT technology. Our prototype ultrasonic tool is called the Micro Optic
UltraSonic Exfoliator (MOUSE).
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Figure 2.10. Principal and components of rotational ultrasonic grinding (UAG).

In order to know whether an ultrasoni c tool, such as the MOUSE, has
produced a smoother surface/lower surface roughness than the RAT, itis
important to first characterise the current RAT capabilities . Contact with
Honeybee Robotics was initiated in 2013; however USUK International Traffici n
Arms Regulations (TAR shipping restrictions and intellectual property concerns
restricted collaboration . There exists a rather limited literature pool on the

specific technical details of RAT construction, detailed below.
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242 The Mars rover rock abrasion tool (RAT)

Figure 2.11. Artist & impression of the RAT mounted on the Curiosity rover. Credit:
Honeybee Robotics(Website 13).

The RAT (Fig.2.11) is a relatively complex machine with three motors and a
great many moving parts. The RAT weighs 685g, has a diameter of 85 mm and a
length of 128 mm, with a combined draw of 8 811 W. It has a bus voltage of 27 V
to 34V for a 3 hour grind (Myrick et al . 2004), and a mean voltage draw of 25.6 V
(Thomasonet al . 2013). Amp draw can be calculat ed by equation 2.4, and the RAT

possessesan amp draw of 296-324 milliamps.

la) = Pw) / Vv
Equation 2.4
l,a) = Current (Amps), Pw) = Power (Watts), V(v = Potential difference (Volts)

The RATcomponents are mostly composed from albernet, an alumini um
beryllium alloy of low density and high modulus, with moving parts sealed by
Teflon V to limit dust affecting operations (Myrick et al. 2004). The RAT is
positioned onto the desired target rock by the instrument deployment device ( IDD

arm, and is kept in parallel position in relation to the target rock  with the aid of
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two small spikes and a stabilising framework called butterfly wings (Fig. 2.12).
Once in position the IDD places the RAT under a 5N preload (Myrick et al . 2004).
The RAThas three DC brushed motor actuators to operate its diamond resin

common grinding technique.

QAL DO) &
5 2 2=-+4, Revolve

. Grinding ; J ‘
wheel A Butterfly
Spike x 2 . 2
Butterfly mount wings X

Figure 2.12. Schematic of the Mars rover RAT. Modified from the MER datasheet,
NASA/Cornell (Website 14).

The rotate motor (Fig. 2.12) is a 3000 repetitions per minute (r pm) motor termed

the O6rotated or 6grindd motor depending on t
abrasive torque. It is the fastest rpm motor on the RAT. This rotate motor operates

two spindles which are positioned opposite each other at 11.11 mm from the

motor axis. One connects to a grinding paddle 23.37 mm in length and 6.35 mm

wide (Fig. 2.13). The paddle has two prongs of diamond resin 1.5 x 2.6 X 6.65 mm,

which are mounted on either end and these resin prongs wear down as grinding

progresses (Website 13) The other spindle connects to a small wire brush (Fig.

2.13) which aids removal of excavated rock material , which might damage and

block the grinding procedure.
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The revolve motor (Fig. 2.12) moves the whole rotate motor grinding operation in
a slow 360 degee revolution around the central point between the brush and the
resin grinding paddle (Fig. 2.13). This slow revolution of the rotate motor extends
the total grind area from the 23.37 mm paddle length, to a grinding circle of 45
mm diameter ( Gorevan et al. 2003). This secondary revolve is essential because
the diamond resin pads are only small squares on the tips of the paddles and
without the revolve motor would not produce a full area ground circle but only a
circle outline ~2 to 3 mm wide. The speed of rotation varies between 1to 2 rpm
and is part of a closed loop system, where rotate motor rpm is inversely
proportional to the current draw of the rotate motor an  d thus varies with resin on

rock resistance dynamics (Myrick et al . 2004).

The Z axis motor (Fig. 2.12) advances the entire grinding operation tow ards the
target rock at a speed of 0.05 mm per revolution of the revolve motor (  Gorevan et
al. 2003). The Z axis advancement therefore depends on the rotate motor rpm,
which in turn depends on current draw and resistance from the target rock as
described above. Such variation in Z axis advancement can thus contribute
mechanical data that can be used to identify rock type s by comparing rover tool
data against a terrestrial database of ideal Z axis advancement in specific rock
types (Bartlett et al. 2005; Thomsonet al . 2013; Thomson et al . 2014). The
maximum rock penetration depth is an arbitrarily selected 5 mm ( Gorevanet al .
2003) and this depth is a balance between attempting to be deep enough to
penetrate a weathered rock crust and being shallow enough to gain quality Ml
images, operational time per rock grind and rover power use. To achieve a5 mm
deep grind at 0.05 mm advancement per 1 rpm revolve motor revolution , would

take 100 minutes or 1 hour 40 minutes, not accounting for rock resistance.
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Figure 2.13. The Mars rover RAT.A. Schematic demonstrating how the rotate
motor causes two spindles to rotate at 3000 rpm. One spindle has a paddle with
the diamond r esin tips mounted on either end; the other spindle hasa wire brush.
Magnets are for dust data collections. B. Schematic of how the revolve motor
causes the entire face to revolve 360 degrees at 1 to 2 rpm around the central
point between the brush and the paddle. C. A demonstration RAT showing the

components described in A and B. Credit: Honeybee Robotics.

The relatively slow Z axis advancement rate is designed not to heat up and
thereby physically or chemically alter the rock target ; although it can be argued
the rotate motors 3000 rpm paddle damage this aspiration. The four samarium -
cobalt magnets (SmCo17) each possessa different strength (Fig. 2.13) and are used
to analyse the amount of ferromagnetic metals in the dust released from the
grinding operation ( Seahet al . 1993). These magnets will not be discussed further

here as it is tangential to the topic of grinding.

Initially, it appeared necessary to design and construct a replica of the RAT
to assess performance so an ultrasonic comparison could be made. This did not
include r eplicating the weight or si ze of the RAT, only the resin, motor
configuration, power, speed and torque. Once complete, a set of grinds on
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differing rock types were conducted and the final surface measured for surface
roughness. Ultimately, it was decided t hat assessing fundamentally different rig
and grinding mechanisms against each did not provide an acceptably robust set of
constraints; or a quantitative enough comparison. What was needed and eventually
developed was a like for like experiment comparing u Itrasonics against common
grinding under identical experimental conditions. Nevertheless, the process of
designing and building a mock RAT proved insightful in learning functional and
mechanistic problems associated with the current rover technology and it is

therefore included for discussion.

2.4.3 Developing a diamond resin

The concept of diamond resin is to em bed diamonds, usually synthetic and
which possess a Mohs hardnessf 10 (the highest) , into a matrix compound of
materials possessinglesser hardness. Natural diamonds are slightly harder than
synthetic ones but are structurally less uniform and predictable under stress
(Myrick et al . 2004). As the diamonds abrade the target surface they become
blunt, reducing tool efficiency. Because the matrix is softer than the diamonds,
the matrix wears away. This allows the blunt diamonds to fall out, exposing fresh,
sharp diamonds for continued efficient abrasion. This resin was one of the most
problematic parts for the NASA/Honeybee Robotics engineering tea m, and even on
launch date issues persisted; specifically, that more diamonds were included than
necessary for grinding in Mars gravity, which had the advantageous, if unexpected
effect of reducing the resin wear rate by ~5 fold, allowing  for more grinds t han

initially planned (Myrick et al . 2004).

Although the ingredients of the RA T resin are freely available (Myrick et al .
2004), the precise proportions used are not. A resin, based on open access
information available from NASA and Honeybee Robotics lite rature (Myrick et al .
2004; Website 13), was developed in collaboration with the Buehler Centre for
Excellence. The resin needed to balance sufficient shore hardness with a good
wear rate during grinding operations in order to expose the cutting abrasive m edia

(diamonds). Eastwind Diamond Abrasives supplied a 56% nickel coated synthetic
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diamond, as used on the RAT, at 120/140 mesh. The coating itself consists of 60 %
carbon, 40 % nickel phosphide (Ni/P) and <1 % cobalt.

There are six main types of bondi ng used for industrial grinding.

Oxychlorides
Shellac
Vitrified
Silicate
Rubber

= =2 =2 -4 A -

Resinoid

Each possessespecific properties advantageous to different types of surface
and environmental conditions. This study is only concerned with the shock
resistant and strong resinoid variety , which is particularly suitable for use on rough
surfaces. All the ingredients of the RAT resin were carefully selected so as not to

contaminate the target rock (Myrick et al. 2004).

The RAT uses a matrix bound together by phenolic resinoid. Phenolic is a
reaction between phenol/carbolic, a white, crystalline, volatile aromatic organic
acid (CsHsO) and formaldehyde / methanal (CHO). The phenolic is used to bind the
other resin ingredients together (Myrick et al. 2004). For RATgrinding operations it
is superior to other resin types such as epoxy, which uses monomers of bis-phenol
A and epichlorohydrin to react into polymers for strength, or urethane/carbamate
resins etc. Phenolic needs to be heated to high temperatures, pressur e cured and
set quickly. Phenolic has the advantage of being fire resistant, without additional
additives and this is exceptionally valuable in the context of complex and
expensive space operations. Phenolic is extremely resistant to degrading under
high temperature and exposure to chemicals. This ability of phenolic to operate
under high temperature is particularly important in a Mars rover setting, where no
slurry or coolant can be used on the resin and target rock, and where the grind

speed is 3000rpm. These properties combine to make phenolic far more suitable
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than epoxy alternatives. The RAT resinmatrix also contains cryolite/ trisodium
hexafluoroaluminate , monoclinic crystal filler ( NazAlFs) that absorbs heat,
invaluable in Mars rover settings. Cryoli te is insoluble and unreactive , which helps
minimise target contamination . Synthetic silicon carbide/carborundum (SiC) is
then added to provide strength (Myrick et al . 2004).

The developed resin in this study used these same ingredients as used in the
NASA RAT Cryolite was purchased from the company Inoxia, silicon carbide with
Duralum was gained from Washington Mills Ltd. in 240 (F240C6), 400 (F400C6) and
600 (F600C6) mesh varieties, and after experimentation, 400 mesh was selected
for its intermediary properties, but if this resin were to be developed further in
other studies, then experimentation with other mesh sizes might be of interest
The phenolic (phenocure) was supplied by Buehler. The RAT resin has a 28%
volume of diamond; however, the availa ble literature does not state the
proportions of the remainder components. It was decided to select 50 % phenocure
and the remainder was equally divided between cryolit e and silicon
carbide/Duralum (T able 2.1).

Table 2.1. Composition of diamond resin used in this study.

Per batch Weight (%) Weight
(grams)
Diamonds 28 2.35
Cryolite 11 0.92
Silica carbide / Duraluminv P-400 11 0.92
Phenocure 50 4.20
Total 100 8.39
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The finished mock resin arrived from Buehler in 40 mm discs, 6 mm thick,
which were cut using a diamond grinding wheel mounted on a cordless multispeed
hand held Dremmel into 1.5 x 2.6 x 6.65 mm blocks to match the actual RAT
paddle pads. Our created resin proved considerably harder than the diamond

wheels, and numerous wheels were depleted just to fashion a few mock RAT pads.

On Mars, the RAT resin loses 0.5 to 0.64 mm of resin from its vertical depth
per grind. A fresh pad has a 2.6 mm vertical depth; therefore ~4 to 5 grinds can be
expected within the lifetime of a resin paddl e. Figure 2.3.F is an example where
the resin has become fully worn out and the RAT is grinding rock only on the metal

stub, compared to the smooth resin grind of F igure 2.3.E.

The resin proportions used in this study are unlikely to be an exact match t o
the NASARAT resin, which was researched and manufactured by a large team over
a long-time. Failing to have a quantity of the actual RAT resin, a mock resin was
the only option. Our ingredients approximate that of the RAT almost exactly, and
the perfformanc e of t hrésis is Bopeiutlyya dlese approximation of the
NASARAT resin.

2.4.4 The mock RAT

To build an exact RAT, matching weight, size and performance was not
deemed either practical or time well invested. The only aspects where equivalen ce
matter for surface roughness analysis are power, weight on bit (WOB) via Z axis
advancement, motor rpm, rotational dynamics and resin composition. Mechano
was used to concept design a few rig housing

model, open on two sides was deemed the most robust.

For the mock - RAT Zaxis advancement, two NEMA 17 HiTorque 44 N cm'?
1.8° CNC stepper motors were used, instead of one, as on the NASA RAT. This was
done because the mock - RAT rig was over four times larger than the NASA RAT,
possessingconsiderably greater friction in the system. The two -motor

configuration allowed a spatially balanced advancement to wards the target rock,
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unachievable with a single stepper motor. The z axis motors were mounted onto a
1.5 mm Zintec mild steel rig ~40 0 mm in height and ~100 mm width, held firmly
together by 32 x 32 x 38 x 3 mm aluminium 90° angled corner braces ( Fig. 2.14).
The two Z axis motors caused a synchronised rotation of two M8 threaded
zinc plated steel bars , with an 8 mm CNCDelrin nut on each bar and a plastic 3D
printed platform linking the two Delrin nuts . As the Z axis motors rotate the M8
threaded bars, the D elrin nuts which are fixed static to the platform and threaded
into the M8 bars, act to lower the platform towards the target rock . The rotate
and revolve motors are then attached to this platform . The Z axis advancement
was further stabilised by 4 CNC router linear ball bearing sliders on 8 x 330 mm
aluminium rods grade 6082 T6, collectively termed the Z rails ( Fig. 2.14). These
stabilisation rails, although valuable, increased the fr iction to an unacceptable
level; therefore twoal umi ni um CNC motor fl exi bkersaaft
were mounted between the Z axis motor and the M8 threaded bar ( Fig. 2.14) and
this allowed for slight angle imperfections in the system and significantly reduced

the friction to qualitatively acceptable levels.

The Z axis stepper motors themselves were programmed via an Arduino
freeware code ( C/C++ language) uploaded onto an Arduino Uno linked to an Itead
two channel stepper motor drive shield expansion board. The Ardu ino code
developed matched the Z axis advancement rate of the NASA RAT under ideal non
friction conditions, i.e. 0.05 mm per minute ( full Arduino code can be found in
appendix 1). The mock - RAT Z axis advancement was not inversely proportional to
the revolve motor (closed looped), as in the NASA RAT. This NASA RAT closed
looped system causes the RAT to cease advancement towards the rock target if the
resistance becomes high enough to cause damage to the system. To compensate
for this lack of a closed loop motor feedback system in the mock - RAT,the delay
time in the code was manually varied in an ad hoc manner during grinding,

depending on the rock type , to ensure advancement did not proceed too rapidly .
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Figure 2.14. A. The mock RAT.B. Close up on the mock RAT platform. C. A mock
RAT grinding wheel with two diamond resin tips.
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2.4.5 Developing the Micro Optic Ultrasonic Exfoliator (MOUSE).

Considerabe work was invested in developing the ultrasonic horn that could
be compared against the RAT, with multiple failures occurring before  a successful
version was produced. The larger rig into which the developed horn would be
mounted was already available, ¢ onsisting of a standard 12 V DC power supply
providing linear motion via a Faulhaber 2619S012SR flat ironless rotor DC 112:1
gearmotor, the rate of progress of which was recorded via a PS -C15M linear
position 200 mm stroke potentiometer sensor. Ultrasonic vibration was provided to
a 20 kHz L500 ultrasonic transducer piezoelectric stack , via a Sonic §stems P100
transducer driving unit connected to an Adafruit | ndustries 736 MC2065 slip ring for
rotary electrical contact of the piezoelectric stack. The devel oped horns were
attached to the transducer via an M10 thread in the base of the horn. A Kistler
9321B dynamometer used a Kistler 1631C connecting cable to connect a Kistler
5015A monitor for thrust force measurements. An adjustable free mass was
attached t o the rig via a pulley wheel to assess WOB (Fig. 2.15). The ultrasonic
horn and tool tip rotates at a constant 14.66 rpm, powered by a 12V DC Faulhaber
2619S012SR 44pm motor using a 1:3 gear ratio.

The critical research lay in developing the appropriat e shape of acoustic
horn to channel the vibrations and in learning which mode and ultrasonic
frequency to use to avoid wave propagation dissonance. Like the mock - RAT, the
MOUSE was not attempting to be Mars rover flight ready regarding size and weight
proportions. Only the characteristics of ultrasonic wave amplitude, power, rate  of

advancement, WOB, SR thrust force and rock type were of interest in this study.
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Figure 2.15. The ultrasonic rig supporting the MOUSE. A. Schematic. B. Actual rig .
Adjustable free mass allows WOB variation. Linear position sensors monitor rate of
penetration ( ROB. Force and power are monitored and rock type can be varied.

The acoustic horn and cutter material is where this study focussed its research.

Numerous horns were numerically modelled using ABAQUS 6.142 Finite
Element Analysis (FEA) software, which is a standard practice for designing
ult rasonic acoustic horns for UAM (Seahet al . 1993; Amin et al . 1995; Amini et al .
2008). Horns were modelled with and without f luting, and varying the pitch, depth
and number of flutes. Modal dynamic analysis was explored (Fig. 2.16), seeking a
mode which caused the horn to resonate without too much stress and st rain on the

axis and move in a manner that directed the ultrasonic wa ve energy most
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efficiently to the tool tip for abrasive action. Mode 6 was consistently the better

performing, providing fres ~20kHz (~20,000 wave cycles per second). The fluted

designs did not model as well as the non -fluted ones and two non -fluted design s

were selected for construction. The selected horns were constructed from titanium
grade 5 Ti-6Al-4V alloy and operating at mode 6 , fres 20.264 kHz (Fig. 2.17). One
tool piece had an angled tool tip, which willbe termedt he &6éangl ed MOUSES®

the other t ool piece had a rectangular tool tip, whichwillbe t er med t he o6f 1l at

MOUSEG .

hor ns

wer e of trmmestes tapemgferd vari et

mm in length midway on the horn piece and 67 mm from either end (Fig 2.17 ).

Figure 2.16. Varying flute

£l Titanium material

2 flat angle planes
on the tool tip,
regressing at

45 degrees from
tool tip.

20mm diameter

7mm fillet ——i

34mm diameter

M10 thread in /

centre of base

Titanium material

4mm deep cut,
15mm length both i
sides of horn.
67mm

7mm fillet ~——_

3 i 4
20mm diameter ‘
b |

34mm diameter

M10 thread in
centre of base ==

Figure 2.17. The two ultrasonic acoustic horns built from titanium. Only the

rectangul ar

MOUSEO®G
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Initial testing involv ed mounting the developed diamond resin onto one of
the flat angles planes, bonded to the titanium tip by superglue and tested on rock.
The result simply saw the superglue bond shear and fail. A second attempt
replaced the superglue with an epoxy resin bond, which did not always shear, but
instead transmitted the energy to the rock targets in a manner that  shattered all
the rock samples experimented upon in spectacular and violent fashion. This
process of bond shear and rock failure was repeated ontheflat 6 MOUSE®&, al t hou
it was observed that vertical, rather than angled contact performed fractionally
better.

To solve these issues, it was decided not to use any bonding, neither epoxy
resin or glue, but instead to redesign the acoustic horn with a small trench slit in
thetip2 mmwide, 3 mmdeepand12mm i n | ength for the Oo6fl at
mm in |l ength for the O6angled MOUSE®8, into wh
resin could be slotted securely ( Fig. 2.18.A, 2.18. B). Although an improvement on
the bonded attempts, during tests the diamond resin itself failed every time,
although the tungsten carbide tips remained functional. This diamond resin failure
is attributed to the resin not being held tightly enough within the trench, so when
ultrasonically vibrated , the resin rattled at the microscopic (not visible) scale,
causing a build-up of heat which manifested in the resin failure being ductile and
soft against the target rock. To remove this rattle and heat build, two 5 mm
threaded holes were centrally positioned 5 mm from the tool tip edge on both
sides of the flat MOUSE, whilst a grub screw acted as a tightening force holding the
resin securely in place. The trench slit was also deepened to 10 mm. This grub
screw addition adequately solved the is sue of rattle and heat build, but was only
possible to employ on the 6flat MOUSE®O6, and

from this point onwards.

Page |104



Figure218. A. 0 Angl ed M®@UGIEI6a tadh IMOUSE t ool tips wit
in, 2 mm wide, 3 mm deep and 10 mm in length. This trench negated the need for

any bonding substance fixing the diamond resin to the tool tip. C + D. Later

additions included deepening the trench from the initial 3 mm to 10 mm and

adding two M5 threaded Howmlpealowinggrub ¢screwsdof | at MC
hold the resin tightly in place.

Despite the 6fl at MOUSE® performing much
described above, the resin or the rock would still  often fail after a few minutes of
successful grinding. Most ultrasonic operations proceed using ~10to 400m wa v e
amplitudes. The definition of ultrasonic is based on cycles per second, not wave
amplitude . Wave amplitude can be varied considerably whilst remaining at a fixed
ultrasonic frequency . It was decided that the RAT resin was simply not suitable for
such high amplitudes at any ultrasonic frequency. B y lowering the wave amplitude

to 5 O mor less but retaining an fres >20 kHz, successful, sustained grinding results
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were achieved without significant wear of the diamond resin and without

shattering the targ et rock samples. The resin and tungsten carbide tips were 15
mm x 10 mm x 2.8 mm thick, therefore 5 mm of tool tip protruded from the horn
slot as an active cutting tip. A mixture between heat expansion and grub screws

secured the material from wobble int he 3 mm wide slot.

In a perfect world, the movement of ultrasonic waves in a metal horn could
be modell ed and cal cul at e dthdmodyNaenied, onds | aws
equilibrium, conservation of e nergy and mass combined with Maxwell equations.
The complexity of doing this, however, is virtually an impossible task, especially if
a system is nonlinear or stochastic. Finite element analysis (FEA, which observes
material stress and wave deflections, bypasses these complexity issues by dividing
an object, in this case the horn, into highly simplified , discrete, non-overlapping
geometric blocks called nodes, bound together by a hypothetical mesh. The
coarser the mesh is, the simpler and faster the model calculations can be
performed but the less accurate to rea | performance the model will be . Choosing
between such tradeoffs between model size and validity to the physical task is an
integral part of engineering. Each node can be modelled successfullyto a simple
uniformity, and the number of nodes in a sy stem model can be user adjusted. Node
placements should be positioned at points where the geometry or load changes
(i.e. changing in places where the mathematics required to express a reality would
need to change, for example changes in tool diameter) . The nodes used in this
analysis were cubic, despite the tool itself being cylindrical. This cubic modelling
was done for model and data processing simplicity. T he degree of freedom vector
was displacement, and ultrasonics expressed as a harmonic vibratory mechanical

force.

The term mode in this analysis does not refer to the longitudinal wave
mode, although this is present, but to the resonant properties of the titanium
horn. A mode is an objectds combi)meHz, propert
damping ratio ( @) as percent, and mode geometry (Takacs & R o h dlkiv§2012).
High frequency modes such as ultrasonics are usually more complex than low

frequency modes and require greater energy input. Object mass stiffness and
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boundary conditions are also important in def i ning an objectds moc
will possess a specific natural re sonating mode, or harmonic. This specific natural
resonatingmodewi | I change i f the objEEAWaSs shape or
combined with exploratory modal analysis (EMA) (Schwarz & Richardson, 1999), to

discover the precise fresrequiredto cause t he o6fl at MOUSE® horn
harmoniously at ultrasonic frequency. The FEA and EMA modelling describes how

the ultrasonic wave energy progresses down the horn and where mass

displacement is at a maximum and minimum. For maximum grinding efficiency on

a target the peak energy displacement and horn stress should be focussed at the

tool tip, with little to none elsewhere in the horn length.

Toconduct FEAEMA, the oOf | at vblxélprEodontedman was
small transducer connected to a power supply ( Fig. 2.19.A). Attached to the horn
were 108 small reflective tabs ~3 mm? and evenly spaced into 4 lines of 27,
spanning the base of the horn to the tool tip; the 4 lines of reflective ta  bs create
the cubic shape of the model nodes. The horn was then excited to the specific
frequencies of 19.2 kHz, 27.5 kHz, and 37 kHz (Fig. 2.20), each for 64 signal
frames (~20 secondg. A Polytec CLV-3D non-contact laser viborometer was fired at
each individual reflective tab in turn, with the laser manually positioned as
perpendicular to the reflective tab as was possible, with a stand-off distance of
~400 mm. The vibrometer simultaneously measure d all three linear displacement
velocities relative to the non-excited start position. A read -out box displayed the
strength of contact between the reflective tab and the laser. Vibrational
displacements were then converted into analogue readouts, with an a djustable
number of count points , depending on resolution desired; this study modelled at
500 count points. Each reflective tab represents a corner point of a cubic node,
the simplified (finite) method of modelling
FEAEMA model comprised 26 cubic shaped nodes in total, the vol ume per cube

varying along the tool length (Fig. 2.19 .B).

The model vibratory displacement data is collected both as a frequency
response function (FRF) (Fig. 2.19.C) and complex modal indicator function (CMIF)

(Fig. 2.19.D). Input force and output accel eration of individual reflective tabs was
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measured by the vibrometer and this data was converted to a frequency spectrum
via a fast Fourier transform (FFT) algorithm that creates an input force spectrum
and an output acceleration spectrum. FRF then divides the out put spectrum by the
input spectrum, after which a coherence function is usedto ensure no undivided
spectra exist that might produce error in the FRF spectrum. CMIF is an algorithm
using Hgenvalue decomposition (ED) or singular value decomposition (SVD) and is
an expansion theorem used to correctly identify the number of modal frequencies
within a m odelled point of an object (Allemang & Brown, 2006). CMIF is extracted
from the FRF spectrum. For this study both an FRF and CMIF spectral graph was
produced for each reflective tab on the 6fl at MOUEMA hor n.
data demonstrates where stress and displacement is located within the horn at

varying wave frequencies (Fig. 2.20).

0.1

0.01

0.001

0 1E+04 2E+04 3E+04 4E+04 5E+04 6E+04 7E+04 8E+04 SE+04
Hz

\ D.

0.1
0.01

0001 |l : -

0 1E+04 2E+04 3E+04 4E+04 S5E+04 6E+04 7E+04 8E+04 SE+04
Hz

Figure 2.19. FEAEMA set up and data collection example. A. FEAEMA set up. The
horn has 4 lines of reflective tabs (27 per line). Horn is attached to a transducer
connected to a power supply. A laser is fired at each reflective tab in turn |
ultrasonically excited for 64 signal frames (~20 seconds) B. The cylindrical horn
simplified for modelling into a series of 26 connected cubic node blocks, the
corner of each node block represents one of the reflective tabs. C + D. FRF and
CMIFexample data readouts show the relative displacement along the nodal points

caused by the ultrasonic excitation.
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(a) 2™ L-Mode FEA (19244Hz) (b) 2™ L-Mode EMA (19215Hz)

1

HO.S
0

(c) 3" L-Mode FEA (27514Hz) (d) 3™ L-Mode EMA (27661Hz)

1

HU.S
0

(e) 4" L-Mode FEA (36825Hz) () 4" L-Mode EMA (37780Hz)

Figure 2.20. Modal finite element analysis (FEA) and exploratory modelling analysis
(EMA) of the o6fl at MOUSE®, wusing four | ongit
increasingly high ultrasonic frequencies. The colours represe nt displacement (red =

high displacement and dark blue = no displacement).
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2.4.5 Experiment aim.
To determine whether ultrasonic assisted grinding performs better than common
grinding on Mars analogue rock targets, assessing both a NASA rock abasion tool

type diamond resin grinding ti p (RUG) and a tungsten carbide cutting tip (RUM)

Performance will be assessed on:

A. Surface roughness (Ra and Rz) linking to key point 1
B. Power consumption (Watts) linking to key point 2

C. Tool tip wear rate (mm per hour) linking to key point 3
D. Material removal rate (mm per hour) linking to key point 4

Variables used to explore performance will be:

i.  Weight on bit (N)
ii. Wave amplitude (G
iii.  Rock type (Limestone, quartzite, basalt)
iv.  Cutting tip material (Diamond resin, tungsten carbide)

Fixed parameters:

i. Time (600 seconds)
ii. fres (20.264 kHz)
iii. Rigsetup (Fig. 2.15)
iv. Rotational speed 14.66 RPM
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2.5 Methods.
251 The ultrasonic rig.

A robust comparative experiment is one that can quantitatively resolve
which components exert influe nce over a complex system. Such an experiment is
required to possess tightly constrained variables and, perhaps more importantly,
identical fixed parameters. Wit hout identical fixed parameters it becomes
extremely diff icult to ascertain whether results gained are due to the

experimental variables or differences inherent in the fixed parameters.

Comparing the NASARAT or the mock RAT performance directly against an
ultrasonic rig (Fig. 2.16), would embody such comparat ive experiment flaws.
Results might vary due to differences in rig torque, resin grind speed, variance in
grinding surface area or the contact area of resin , and a multitude of other factors
that can be identified but not quantitatively assessed. To address this issue, the
mock - RAT was not used in the experiment, despite its functional success in
grinding rock type s in a manner qualitatively similar to the NASA RAT. Only the
ultrasonic rig was used, thereby providing robust fixed parameters. Tool tips wer e
switched between the developed mock -RAT resin and ahard wearing flat tungsten
carbide tip. The experiment is not a rig-versus-rig comparison, but an experiment
limited to demonstrating the performance difference between ultrasonic assisted

grinding/mach ining versus common grinding.

2.5.2 Rock types.

Rock types were easily removed and replaced on the target platform, being
held immovably in place during grinding operations via G-clamps. Three rock types
were selected for testing (Table 2.2). The select ion represents a compromise
between having enough variety to explore performance in multiple geological
settings whilst needing to keep experiment variables, hence data processing load,
to a manageable level. The rocks selected were basalt, limestone and q uartzite .
Most of the Martian surface is basalt (Wyatt et al. 2004), therefore a Carboniferous

(~=300-360 Ma)'Ma r k | e fine grgned hawaiite olivine basalt with por phyritic
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feldspar from Campsie Glen, Glasgow, Scotland was selected (Caldwell & Young,
2011). The limestone was a fine grained, flat -cleaving, micritic , Jurrassic (155 Ma
Tithonian) limestone from the Konservat-Lagerstatte Solnhofen quarry, Bavaria,
Germany (Barthel et al . 1994), selected for its soft, brittle, friable mechanical
properties. This delicateness is particularly relevant considering the hunt for

fragile Martian carbonates as a key to the loss of the early atmosphere. Finally, a
very hard 500 Ma old Cambrian basal quartzite, from the Eriboll sandstone group,
Loch Assynt, Scotland, was selected as the hardest rock to grind, being highly
resistant to weathering and erosion and therefore a considerable test for any tool

developed.

All three rock types possessed a very thin outer weathered and oxidised
surface layer typically <0.5 mm (Fig. 2.21). This thin weathered layer allowed for a
natural surface roughness to be tested upon while not being so physically degraded
and heterogeneous so as to not allow the MOUSE to penetrate to the unaltered
rock interior. Because all rock types posse ssed a similar thickness in the weathered

and oxidised layer (Fig. 2.21) parity existed between the experiments.
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Figure 2.21. Images highlighting the initial surface roughness, the <0.5 mm
oxidised and weathered outer layers and unaltered interior of A. Limestone B.

Basalt. C. Quartzite.
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253 Weight on bit.

The rig (Fig. 2.14) uses a variable free hanging mass to drag it towards the
target rock un der a fixed WOB. Mass was added or subtracted from the hanging
free mass (Fig. 2.14). Initial mass values of 2N, 7 N, 12 N, 17 N, 22 N, 27 N, 32 N
were assessed, but in consideration to the number of other variables and data
management in the experiment, combined with the near negligible effect of the 2
N load on the target rock surface, it was decided to test only 12N, 17 N, 22 N, 27
N, 32 N WOB(Table 2.2).

254 Wave amplitude.

Wave amplitude was explored by using 0.0 O m2.1 O mand 4.0 O m(Table
2.2.000m is, obvi ous]! y representsudtary camsmonngiindisg. a n d
Above 40m wa v e de weifhdr ihe limestone or the diamond resin  shattered,
and although this itself is interesting and worth further exploration of the  precise

limits, there already existed a surfeit of variables under investigation.
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255 Experiment design.

Table 2.2 . Experiment variables. DR = Diamond resin. TC = Tungsten carbide,

Each WOB entry is a single experiment run of 10 minutes.

Wave Wave Wave
Rock Type Cuttir.wg amplitude WoB Rock amplitude WoB Rock amplitude Wos
tool tip - (N) Type - (N) Type - (N)
( Om) ( Om) ( Om)
Limestone DR 0.0 12 Quartzite 0.0 12 Basalt 0.0 12
17 17 17
22 22 22
27 27 27
32 32 32
DR 21 12 2.1 12 2.1 12
17 17 17
22 22 22
27 27 27
32 32 32
DR 4.0 12 4.0 12 4.0 12
17 17 17
22 22 22
27 27 27
32 32 32
TC 0.0 12 0.0 12 0.0 12
17 17 17
22 22 22
27 27 27
32 32 32
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TC 2.1 12 2.1 12 2.1

17 17
22 22
27 27
32 32
TC 4.0 12 4.0 12 4.0
17 17
22 22
27 27
32 32

256 Time.

The experiment required 90 grinds in total (T able 2.2). This large number of
experiment runs was the governing logic in restricting each run time to 10 minutes
(600 seconds). On initial tests 600 seconds was observed to be enough to penetrate
the outer rock oxidation and weathering layers and produce a ground finish, but
not long enough to penetrate to significant depth, usually <1 mm, but up to ~3 mm
in soft limestone . Most importantly, it allowed a ground surface area in at least a
partial sphere, on which surface roughness analysis could then be conducted. If
these tests were to be repeated, or a variation thereof, sel ecting longer time

frames of at least 30 minutes per grind would be recommended.
2.5.7 Surface roughness.

Two surface roughness values per grind were acquired; the average
roughness (Ra) and the root mean square roughness (Rq). Ra is quantified by the

total sum departure from the roughness profile mean divided by the scan length
(Fig. 2.22) (equation 2.5):
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Equation 2.5

N = length of evaluation, Y i = absolute value of profile deviation from the mean.

D(6)

D(4) e D(10) D(12)

<3 Actual surface line

Mean line

(nominal surface)

D(11)
D(5) D(7)

Length of evaluation (n)

Figure 2.22. Calculation of Ra, X - X = evaluation length, D = departure from

mean.

There is nothing technically wrong with Ra as a roughness indicator; it used
to be one of the most widely used methods of roughness calculation. Problems
arise, however, when two very different surfaces possess the sare departure
values from the mean yet cannot be distinguished in the Ra value (Fig. 2.23);
furthermore, Ra is not particularly effective at identifying extreme individual
deviations, such as isolated anomalously deep notches, these Raflaw s amplify with

evaluation length .
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Figure 2.23. Differing surfaces which all have the same Ra value.

Rz is useful as a comparison surface roughnessmeasurement to Ra. Rz can

be calculated via equation 2.6:

2
4

1 <&
Rq:;;

Equation 2.6

N = length of evaluation, Y i = absolute value of profile deviation from the mean.

For Rz, the length of evaluation (n) is divided into zones (Fig. 2.24 ).
Equation 2.6 is calculated for each zone using only the highest and lowest peaks,
so for example D1 would be added to D4, ignoring D2 and D3(Fig. 2.24). This peak
selection is repeated for each zone, added together and then divided by the total
number of zones evaluated, thus providing a single Rz value for each topographic
line scan. Rz is a better measure than Ra, but for this project both will be
calculated and compared. Ra is the most common roughness parameter used in the

United States, Rz the most common roughness parameter in Europe.
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Z(1) Z(2) Z(3) Z(4) Z(5)

D(6)

D(4) D(10) D(12)

D(8)

D(2)
X

Mean line

(nominal surface)

D(3)

D(1)

D(9)

D(11)

D(5) D(7)

Length of evaluation (n)

Figure 2.24. Calculation of Rz, X-X = evaluation length, D = departure from mean

line, Z = zone division.
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2.6 Results.
2.6.1 Surface roughness.

Initially , to calculate surface roughness, aNext Engine 3Dlaser scanner was
used, which photographed and created a shaded relief image of the surface area,
to which contour lines and colour could be added (Fig. 2.25. A - C). Cross sectional

topographic profiles could be positioned along these images (Fig. 2.25.D).

Line 2 graph

Figure 2.25. A. MOUSE grind on soft limestone. Grind is ~10 mm diameter. B.
Shaded image of grind in A. C. Topography map of image in A. and B. showing
location of cross section graphs. D. Cross section topogaphy of line scan 2 from C.
The axis values are on software specific values where the X axis is ~8 mm and the

Y axis is ~1 mm).
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This method of surface profiling was eventually rejected for t he experiment
for two reasons. Firstly, it was a highly time -consuming process, particularly
extracting Ra and Rz values from multiple Excel graphs per rock sample grind.
Secondly, due to potential Ra and Rz error arising from the need to manually
position the rock sample in perpendicular align ment to the laser scanner (this was
extremely difficult to achieve with exact precision). |  f the sample ended up being
positioned at an angle this would distort the peaks an d troughs of the measured

topography profile (Fig. 2.26 ).

WA ‘,
A. B. V

Figure 2.26. lllustrative example of how changing rock surface angle relative to a

laser scanner could change the surface profile output and measured Ra and Rz
values. A. Rock surface perpendicular to laser scanner. B. Rock surface at an angle

to laser scanner.

However, t hese Next Engine laser scans and topographicprofiles were
qualitatively useful , even if not included quantitatively in the experiment. They
revealed that nearly all grinds possessed a stepped profile, de epening towards the

centre, with a small central upstanding peak (Fig. 2.25.D).

Surface roughness data was ultimately provided by a Mitutoyo Surftest SJ -
210 portable surface roughness tester with a stylus tip radius of 5 O mand output
in Ra and Rz. The stylus measured 1.6 mm per run, moving at 0.5 mm s?, at 0.8 RC
(wavelength cut -off) , and 300 RC/RS. RC is the point of overlap between the

roughness profile and the waviness profile (Fig. 2.27 ). The difference between the
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waviness and roughness profiles is analogous to a blanket draped over a mountain
range (Fig. 2.28).

100%

-l

- :

o) :

g 2 Roughness profile Waviness profile

£ 50%

n ]

c '

= ;

— :

0 ; :
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Figure 2.27. RC is calculated from the intersection of the roughness and waviness
profiles. RS is the detection, rmectylse a

instrument tip, RC i s t &fdterlvat va the reaxigumh
detection value. Transmission refers to the transmission of the wavelength to the

measuring device. Figure adapted from Inspection engineering (Website 15).

Figure 2.28. The difference between the roughness profile and the waviness

profile. Blue line = surface roughness. Red line = waviness profile.

Ra and Rz measurements were conducted 5 times per grind sample for
replication robustness . The reason for the short measuring length was that not all
grinds had enough time to penetrate the rock sample enough to form a circle after
600 seconds, particularly on topographically rough or very hard starting rock. For
accurate Ra and Rz values it was critical that only the post grind surface area was
measured, with no overlap into the original unground rock. The 1.6 mm assessment

length allowed precision and certainty for where measurements were taken,
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providing confidence that the Ra and Rz values represented completed grin d
samplesonly. To counter the shortness of assessment length, the international
norm of 5 Ra Rz replications per grind were recorded .

The shortness of length (1.6 mm) means that the Ra and Rz data falls short
of the BS EN 1SO1998 international standardsfor surface roughness measurement.
These standards dictate that any evaluation length is 5 times that of RC. For
example, an evaluation length of 4 mm would be required for 0.8 RC to conform to
ISO1996 standards (Bble 2.3). Using a RC of 0.25 would have allowed us to
conform to the ISO standards by requiring only a 1.25 mm evaluation length. 0.25
RC was initially attempted, but provided unsatisfactory results (the machine was
often unable to provide readout data fora RC of 0.25 over a 1.6 evaluation
length). This study went with the more reliable 0.8 RC setting, but with the

knowledge that an evaluation length of only 1.6 mm was insufficient to meet ISO
standards.

Table 2.3. Roughness sampling length for the measurement of R parameters. The
final two colu mns show the Rc required for various evaluation lengths if ISO

standards are to be met for periodically oscillating profiles . Credit: (Website 15).

Measuring condition: R-parameter

1SO4288: 96
Non-periodic profile Measuring Condition
Periodic profile
Ra,AqRskRku | RzRvRpRe, el , .
or RAq or Rt Sampling |Evaluation
length: Ie(ngth)
£r= [2n(mm)=
Ra (um) Rz (um) RSm (mm) Cutoff G bt
Over> | Less< | Over> | Lesss | Overs | Less< | Ac(mm)
0.006 0.02 0.025 0.1 0.013 0.04 0.08 0.4
0.02 0.1 0.1 0.5 0.04 0.13 0.25 1.25
0.1 2 0.5 10 0.13 04 0.8 4
2 10 10 50 0.4 13 25 12.5
10 80 50 200 1.3 4 8 40

A mean value of the 5 replications of Ra Rzmeasurements per grind was
calculated and this mean value was the one used when plotting the results below.
Following 1ISO1998 guidelines, surface roughness measurement lines were selected

in a direction that corresponded with the maximum he ight variations of a grind
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area, therefore inthiss t u dy 0iswas @&vwsays a straight line radiating out from
the central pivot point. Mean surface roughness, expressed as Ra (upper graphs)

and Rz (lower graphs) for all three rock types, tool tip types, WOB and ultrasonic

amplitude are presented in Figure 2.29.

Limestone Basalt Quartzite
——Tungsten 0.0 —=——Tungsten2.1 —— -Tungsten 4.0 Tungsten 0.0 ———Tungsten2.1 — -Tungsten 4.0 ——Tungsten0.0 —==Tungsten2.1 — :Tungsten4.0
Resin 0.0 ———Resin21  (km) Resin0.0  —-——Resin21  (um) Resin 0.0  =—==Resin2.1 (km)

10

50
45

40
35
30
.25
[-4
20
15
10
5
] 0 0
12 17 22 27 32 12 17 22 27 32 12 17 22 27 32
Weight on bit (N) Weight on bit (N) Weight on bit (N)

Figure 2.29. Ra and Rz surface roughness for limestone, basalt and quartzite
target rocks, using both diamond resin (green) and tungsten carbide (red) tool tips
under varying WOB, ultrasonic wave amplitudes and tool tip types. Ra and Rzare
without units . Data error for all points is +5% of measured value(machine error) .
The use of the Moh scale assumes calcite for limestone and quartz for quartzite

and is a qualitative scale of relative hardness.
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Basalt
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Ra

12 17 22 27 32
Weight on bit (WOB)

Figure 2.30. Post grind Ra on limestone, basalt and quartzite. Er ror is standard
mean deviation of 5 Ra measurements.
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Figure 2.31. Post grind Rz on limestone, basalt and quartzite. Error is standard
mean deviation of 5 Rz measurements.
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A final method of viewing the surface roughness data is dividing the Ra

value by the RZ value for each data point to create a roughness parameter ratio.

The Ra data presented in Figure 2.29 has been divided by the Rz data in Figure

2.29, and the results presented in Figure 2.32.
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Figure 2.32. Roughness parameter raio for limes tone, basalt and quartzite target

rocks, using both diamond resin (green) and tungsten carbide (red) tool tips under

varying WOB, ultrasonic wave amplitudes and tool tip types.

error.

2.6.2 Power consumption.

Ratios do not have

Power consumption signal data was provided by a PC software oscilloscope

P100 3din contro | unit called Picoscope and is presented in Volts. The Volt

readout was multiplied by 10 to provide a Watt output, based on a statement by

the equipment manufacturer (V*10 = W). Each run last ed 10 minutes (600 seconds).

X axis data was desired in two formats, both as a linear time series and as
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increasing WOB. To construct the time series graphs a data point every 15 seconds

was selected out of the raw data ( Fig. 2.33 as an example for limesto ne).

Limestone with tungsten carbide tip

—o—Tungsten 4.0um 12N —e—Tungsten 4.0um 17N Tungsten 4.0pm 22N Tungsten 4.0pm 27N —eo—Tungsten 4.0pm 32N
—e—Tungsten 2.1um 12N —e—Tungsten 2.1um 17N —eo—Tungsten 2.1pm 22N —e—Tungsten 2.1um 27N —e—Tungsten 2.1um 32N
—&—Resin 2.1pm 12N —+—Resin 2.1um 17N Resin 2.1pm 22N Resin 2.1pm 27N Resin 2.1um 32N

Consumed power in ultrasonic transducer (Volts)

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360 375 390 405 420 435 450 465 480 495 510 525 540 555 570 585 600

Seconds

Figure 2.33. Example power consumption data in volts for limestone samples
using tungsten carbide (upper group) and diamond resin (lower group) tips at 2.1

O mand tungsten carbide tips only at 4.0 Om

Mean trend lines were added and the raw data removed, leaving only the
mean lines. Volts were then converted to Watts. Each rock type was given a single
Y axis in Watts. On the left hand side of this Y axis is time; on the right hand side
is increasing WOB. Each plotted data point is a mean value of the raw data (Fig.
2.34). This single Y axis, two X axis format was chosen to reduce clutter and bulk

in what is a large collection of data sets.

Mean power consunption for all three rock types, tool tip types, WOB and
ultrasonic amplitude are presented in Figure 2.34. On the limestone at 4.0
amplitude and high WOB, it can be observed that there exists a very steep increase
of power consumption over time in the lef t hand X axis, with the data not

continuing to 600 seconds and this corresponds to the rock samples shatter ing.
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2N 120
—17N Limestone —a—s.0p Tungsten [ e 178 Basalt —+—4.0u Tungsten Quartzite —a— 4,04 Tungsten
2N Ultrasonic ~#-=2.1y Tungsten - 2N Ultrasonic —8—2 1y Tungsten Ultrasonic 2.1 Tungsten
—82.1 Resin

Power (Watts) SR 5an ssssitaN Power (Watts) =w=z3iRes cevoes2 Power (Watts)
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0 150 300 450 600 12 17 22 27 32 0 150 300 450 600 12 17 22 27 32
Seconds Weight on bit (N) Seconds Weight on bit (N) Seconds Weight on bit (N)

Figure 2.34. Power consumption in Watts for limestone, basalt and quartzite, using
diamond resin and tungsten carbide tool tips under varyi ng WOB and ultrasonic
wave amplitudes. Y axis is Watts. Left X axis is time. Right X axis is WOB. All
plotted data points are mean values of raw data replications. Error bars are

standard mean deviation of the time series data.
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Figure 2.35. Each data point is the mean power consumption of all three rock
types combined. Red is tungsten carbide tips at 4.0 O mgreen is tungsten carbide
tips at 2.1 O mpurple is diamond resin tips at 2.1 O mError bars indicate standard
mean deviation over three rock type t otal mean values of raw data. Figure 2.35 is
all the data expressed in Figure 2.34 combined into a single graph, ignoring rock

type differentiation and change over time.
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2.6.3 Thrust force.

Thrust force data were generated as Volts. To convert to Newtons, Volts
were multiplied by 20 (V*20 = N), as the charge amplifier on the rig possessed a
gain tuned to 20 N/V. As can be observed in an example of 3 WOB datasets (Fig.
2.36) there i s a regular, although not identical oscillation of force through  time

during the experiment.

——Basalt2.1um 22N  ——Basalt2.1um 27N  —Basalt2.1um 32N
70

60
50
40
30
20

10

0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540 570 600
Seconds
Figure 2.36. Example thrust force oscillations for three WOB data runs (22 N, 27 N,
32N)onabasaltrockat2.1 Om wave amplitude over 600 seco

absolute error is £0.1 N, which is too small to show given th e scale on the Y axis.

This force oscillation is assumed to originate from the uneven surface
dimensions of the rock samples (natural uncut, unpolished, rocks were used for
testing). A peak in thrust force probably correlates with the tool tip rotating  and
being forced over a target rock topographic bump. Because the horn was rotating
360° in a fixed axis location and at a fixed speed, any topographic bumps would
cause a regular force oscillation. On some samples the rock surface was so rough

that there wa s not 100% contact across the tool tip and the rock surface.
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An alternative explanation for regular force oscillation is a recurring wo bble
within the rig structure; p ossibly a mixture of both rig wobble and sample surface
heterogeneity. If the force osc illation were caused by the rig, then such arig
oscillation might be expected exist as a repeating value in all samples. However,
such repeating force oscillation values across samples is not the case (Fig. 2.37),
perhaps confirming that it has more to do with inherent rock sample surface

roughness Interpretation of these oscillations will continue in the discussion.
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Softest rock Intermediate hardness rock
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Figure 2.37. Thrust force (N) varying with WOB for limestone, basalt and quartzite,
using both diamond resin and tungsten carbide tool tips under varying WOB and
ultrasonic wave amplitudes. Each data point represents a mean of 40 data samples
over a 600 second period. Force sensor absolute error is 0.1 N (not shown). Error

bars are standard mean deviation of 40 measurements for each WOB run.

Figure 2.38 expressesthe average value, in Newtons, of all the standard
mean deviation error bars per data line in Figure 2.37 (i.e. combining weight on bit
runs). Figure 2.38 is the deviation away from the mean thrust force by each rock
type for eac h ultrasonic frequency. As such it does not expressthe frequency of

the oscillations shown in Figure 2.36 . Figure 2.38, however, highlights a distinct
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set of patterns contained in the power data not obvious in the main data results
plotted in Figure 2.36 or 2.37. The extent the thrust force deviates from the

average has implications for rover tool performance consistency and power

budgets.
m Limestone mBasalt m Quartzite

14
12
10
N 8
6

4

2

0

Tungsten 4.0um Tungsten 2.1pm Tungsten 0.0pm Resin 2.1pm Resin 0.0pm

Figure 2.38. Thrust force oscillation (N) amplitude, expressed as standard mean
deviation, for limestone, basalt an d quartzite (increasing in hardness respectively),
using either tungsten carbide or diamond resin cutting tips and various ultrasonic

wave amplitudes.

Figure 2.37 expressesthe mean thrust force of 40 data samples recorded
evenly over 600 seconds for each WOB {vith fewer data samples per mean for the
limestone sampleswhich shattered mid-run). One anomalous negative reading of -
0.354N halfway through the limestone 4.0 12 N run was removed due to a negative

Newton load being impossible and therefore attribu ted to machine error.

To confirm that using average force per run is a valid means of representing
real rig dynamics, one would intuitively expect the hardest rock (quartzite) to
demand the highest thrust force for penetration to proceed and the softest rock
(limestone) to demand the lowest thrust force, with basalt as an intermediate
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between the two extremes . The Newton mean for each rock type was calculated

by using the sum means of all runs on each rock type , with quartzite possessing a

mean thrust for ce of 33.4 N, basalt 30.5 N and limestone 29.4 N. These mean

thrust force values for each rock type fit neatly with the logical prediction s above,

thereby validating the method of averaging force per run . Mean thrust force for all

three rock types, tool ti p types, WOB and ultrasonic amplitude are presented in

Figure 2.37. The Ki stl er dynamometer hadsadata detecti o
hysteresis of O0.5% full scale out pEtor( FSO),
bars usedfor each data point in Figur e 2.36 are the standard mean deviation

values of the 40 measurements per WOB run(Fig. 2.37).

2.6.4 Material removal rate.

Rig position raw data were generated in Volts. T he linear position sensor has
a maximum stroke of 200 mm, measured by a linear po tentiometer with a range
between 0-12V. The Volt data was therefore multiplied by 200 then divided by 12
to convert to mm (V*200/12 = mm). Because the free mass (WOB) drags the rig
towards the sample rock surface, it is assumed that any linear advancement (mm)
translates to a directly proportional M RR (mm). Each data run was for 600 seconds.
MRR data were processed by taking 40 position sensor data points, one every 15
seconds, ignoring the start position 0 second point (Fig 2.39.A). The mean trend
line for each data run was created, the raw data removed to just leave the mean
trend line. Then the start and end linear position for each mean trend run  was
identified and the mm difference between start  and finish used as the MRR value
(Fig. 2.39.B).
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A. Basalt Tungsten Carbide 4.0 (raw data) B. Basalt Tungsten Carbide 4.0 (trend data)
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Figure 2.39. Example of data processing for linear advancement/ MRRfor a basalt
target rock using a tungsten carbide tip at 4.0 O m A. Raw data points of mm
advancement collected once every 15 seconds, 40 in total over 585 seconds. The
sensor range was 200mm, and in these examples the run started ~142 mm along
this sensor range. The absolute ermnor
(error bars exclud ed as it is too small to show.). B. Mean trend lines of the data in
A. with raw data removed, measurement p oints translated into seconds. An

absol ut e e rmnoismamthine@dlondtte trend line.

The difference between start and end position s for each mean trend line
was divided by the total time measured (585 seconds). This calculation provided a
mm advancement per second, which was very low, ~0.00001 mm s1. To make this
extremely low value more recognisable in human terms for tool performance
discussions,the results were extrapolated up to mm per hour. M RR for all three
rock types, tool tip types, W OB and ultrasonic amplitude are presented in Figure

2.40.
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Figure 2.40. Material removal rate (MMR)in mm expressed as a function of Z axis
advancement for limestone, quartzite and basalt target rocks, using both diamond
resin and tungsten carbid e tool tips under varying WOB (X axis) and ultrasonic
wave amplitudes. Each data point is the difference between the start and end of
the trend | ine for Z axis advancement,
mm, excluded as it is too small to show. The graphs indicate that WOBgenerally
makes little difference to MMR on tungsten tips, whereas increased WOBgenerally

increases MMR on diamond resinwhen ultrasonically excited.

2.6.5 Error.

Error within all the result data can come from environmental conditi  ons
such as temperature, humidity etc. This error was kept to a minimum by
maintaining the laboratory at a near constant temperature of ~20°C and humidity
of ~50%via a thermostat. Experimental data does not include air friction, which
although small, is n ot zero, and would provide an additional source of error which

is assumed negligible.

Ra and Rz absolute machine error of the Surftest SJ-210is +5 % of measured
value; this value was provided via the Mitutoyo manufacturer . There i s a reference
surface embedded in the drive unit of the Surftest device which is contrasted

against the target surface data.

A potentially high, variable, and unquantified, random error is the target

material analyzed. This sample surface error has been minimised by using
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qualitatively similar rock samples within each rock type (limestone, quartzite,

basalt). Each rock type was collected from the same field site and the same rock
exposure within that field site; therefore it might be expected to possess similar
mechanical properties such as mineralogy, porosity, hardness etc. However, as any

geologist can testify, such petrographic uniformity is rarely true in practice.

WOB error is not quantified, cast iron Newton loads were simply placed on a
string running through a pulley and dragging the rig towards the rock target.
However, there would be friction caused by the pulley, and certainly friction in
the rigds | inear runner s, b ot Walue.fThiswefior c h wo ul
was minimised by daily cleaning of the pulley and runners, as well as checking that
the rig would slide without manual assistance and contact the rock with onlya 2 N

load prior to experiment runs.

The force sensor apparatus has an absolute error of +0.1N. The linear
potentiometer has an absolutesen s or e r r omm perfraw@#a réading and
this value was also applied to individual trend line positions.  This study mostly uses
machine error given by the equipment manufacturer or standard mean deviation .
Sometimesthe error bars have been excluded for clarity and cited in the graph

description.
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2.7 Discussion.
2.7.1 Surface roughness.

The stepped cross section topographic profile present in most samples (Fig.
2.25.D) is not surprising. The NASARAT rotates 360° around two axes, the rotate
3000 rpm axis and the revolve 1 rpm axis, but as these are offset from each other ,
this provides an overlapping pattern , smoothing out any potential steps. If only one
axis of rotation e xists, such as on the ultrasonic rig, then the outside resin  will
travel further and therefore at a faster velocity than the central point , which will
not be travelling at all, only pivoting on a fixed point  (Fig. 2.41). This variation in
resin velocity would cause differential grind rate, causing the centre of the  grin

not to wear down and thus limit Z axis progress (Myrick et al. 2004).

Figure 2.41 . Rotation around a single fixed axis, where the outer section moves
with the greatest speed (red), the inner section moves with lesser speed (yellow),

and the absolute central point does not move (blue).

On diamond resin this faster outside section speed resultsin the outer resin
eroding at a faster rate than the inner resin section, because it is traversing more
ground. The outer section wears away to a point whe re it is no longer contacting
the rock surface at all, only the slower moving, slower wearing inner section of
resin is grinding. This outer resin non -contact continues until the slower inner
section has also worn down and the outer section regains target contact. This
speed and wear difference would create the observed V profile (Fig. 2.25. D). The

small central peak is caused by the zero travel of the pivot point. The flaw of this
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fixed one axis rotation was recognised by the NASA/ Honeybee teams and this was

the reason they created such a complex multiple motor two rotational axis RAT.

In an ideal set up the ultrasonic rig would also rotate around two axe s,
however, the engineering complexity and time limits of the project made this
prohibitive. The step ped profile does not reduce the validity of the experime nt
though, as common grinding is being compared with ultrasonics under equal non-
ideal conditions. As long as the mechanical movement remains identical, then the
experiment remains a fair comparison b etween diamond resin and tungsten
carbide, contrasting the effect s of varying WOB and ultrasonic amplitude. What is
interesting is that only the diamond resin p ossessed this stepped profile, and this is
further validation of the resin erosion dynamic descr ibed above. The tungsten
carbide tips did no t erode at all over the 600 secondgrind time, there was no
uneven wear and hence a more level grinding profile . This might be concluded as a

functional advantage for using tungsten profile over diamond resin.

The patterns displayed by Ra and Rz closely match each other (Fig. 2.29,
2.30, 2.31), which is a positive validation that the measurements accurately
reflect reality . One of the most prominent features is that the Ra and Rz values for
diamond resin are consistently higher than for tungsten carbide, regardless of
ultrasonic amplitude , this remains predominantly true even with the often
uncomfortably large error bars for standard mean deviation . This higher Ra Rz for
resin provides a very clear and strong case for the use of the hard -wearing

tungsten carbide tips on rover grinding tools.

Tungsten carbide provides a superior surface finish compared to diamond
resin as a general statement. When ultrasonics are not applied (0 O nthen the
error in the standard deviation for most weight on bit runs make this statement
one of low confidence; however, when ultrasonics are applied (2.1 O nmor 4.0 O n)
then even with error the ultrasonic grinding finish is significantly better for mos t
weight on bit runs on all rock types , possibly except for low WOB values on

quartzite . It is less clear whether there is any surface roughness advantage
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between 2.1 O mor 4.0 O rrultrasonic wave amplitudes , particularly when error is

considered.

Increasing WOB seems to make little difference to surface roughness. The
Ra Rz data lines (Fig. 2.29, 2.30, 2.31) indicate that increased WOB correlates with
increased surface roughness when using diamond resin tips on quartzite and basalt
rock types, but increas ed WOB correlates with reduced roughness for limestone.
Such differences possbly highlight the important influence that rock type exerts
on grinding instrument results. T ungsten carbide tip grinds appear entirely
unaffected by changes in WOB across all wave amplitudes. The Ra/Rz roughness

parameter data supports the dynamics described above.

Similar to WOB dynamics, Ra Rz values and trends did not vary particularly
between different rock types, again with the exception of limestone. The Ra/Rz
roughness parameter supports this, with basalt and quartzite possessing very
similar profiles, albeit with an anomalously smooth result for quartzite tungsten
carbide without ultrasonics. This anomaly may be due to a smoother pre-grind
surface on the quartzite rock sample in question. Limestone possesses a much
more tightly grouped set of Ra Rzresults, with a higher surface roughness on

tungsten carbide runs compared with quartzite and basalt.

These results demonstrate that were a MOUSE to be developed and used in
the field, it could operate successfully on a wide variety of Martian rocks, polishing
to the same approximate standard and attaining a smoother finish than current

diamond resin techniques.

Literature data suggestthat surface roughness trends between ultrasonics
and common grinding vary greatly and this variation is due to rotational speed ,
with <1000 rpm common grindin g out performing ultrasonics for surface roughness,
and >1000 rpm ultrasonics outperforming common grinding (Ning et al . 2016). The
data from this experiment contradict such literature conclusions, where a low rpm

of 14.66 saw ultrasonics out performing common grinding for surface roughness on
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all rock types . It would be of consi derable interest to conduct further experiments

with rig rpm as a variable, assessing howchanges in rpm affect Ra and Rz.

The often large error bars of standard mean deviation in Figures 2.30 and
2.31 are a result of only repeating the Ra Rz measurements 5 times per data point.
This was a reflection of limited ins trument time available and a large number of
grinds to measure. Ideally at least 20 Ra Rz measurements should be done on any
future tests and this would almost certainly reduce the error values. The Ra Rz
with machine error (Fig. 2.29) and the Ra Rz ratio (Fig. 2.32) are included as they

provide support for the conclusions drawn from Figures 2.30 and 2.31.

Summary of surface roughness results.

1 Tungsten carbide tips consistently provide smoother surfaces than diamond
resin tips with or without ultrasonics .

1 Tungsten carbide tip surface roughness results appear unaffected by
changes in WOB.

91 Diamond resin tips and increased WOB correlates with greater surface
roughness on quartzite and basalt, but reduced surface roughness on
limestone.

1 Tungsten carbide tip s usedwith ultrasonics produces a smoother surface
than without ultrasonics.

1 Tungsten carbide surface roughnessresults appear unaffected by changing
wave amplitude (2.1 O m4.0 O nh.
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2.7.2 Power consumption.

Power consumption at 4.0 O mis O ~ IWhigher comparedto 2.1 Om wa v e
amplitudes for tungsten carbide on all rock types. It would have been interesting
to observe the power difference of diamond resin between 2.1 Om a40d m,
however, the diamond resin disintegrated > 2.1 Om. At 2 . Jampitode bothv e
tungsten and resin could be compared, with tungsten demanding ~0.5 W more
power than the resin on all rock types. It may be stated, therefore, that tungsten
carbide tips demand a slightly higher power consumption than diamond resin tips

and this is true for all wave amplit udes and rock types.

Increasing WOB appearso make a negligible difference to power
consumption when using diamond resin tool tips, certainly not on qu artzite and
basalt rock samples and only a slight increase in power consumption with increase d
WOB for limestone. Power consumption when using tungsten carbide tips appear
to be more sensitive to WOB, with a general conclusion that increasing WOB
correlates with increased power consumption. There are exceptions to this
conclusion, as neither tungsten carbide at 400m on | i, me wrigsiem e
carbideat 210Om on quart zi t eqrrelaidnbeimeenh powerard
WOB. Tungsten carbide at4.00m f or basalt and 20@Omgehen car

limestone showed a particularl y strong rise in power consumption above 22 N WOB.

The time series data demonstrates that the statement Gncreasing WOBon
tungsten carbide tips increases power consumptiond b e ¢ moreecemplex over
time . Many runs seem to show that as time progresses, power consumption lowers,
and this would also correlate with penetration depth over time. This dynamic is
not visible in the mean graphs, only the time series ones. It becomes more
complex still, for there appears to be a pivot al WOB valug unique to each rock
type and wave amplitude , where the trend shifts from power reducing over time to
power increasing over time , and this trend shift correlates with increasing WOB. To
provide a clear example, on tungsten carbide tipsat 21 Om wave ampl i tude
basalt rock (Fig. 2.34), 12 to 27 N all display power consumption decreasing over

time (left hand time series) until 32 N, when a pivot point is reached and power
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consumption increases dramatically with time. The dynamic given in this example
is also valid for both tungsten carbideat 21 0Om on | i mestone and quar
the change from decreasing power over time to increasing power over time

occurring at 32 N.

At400Om a reverse trend occurs, witase | ow WC
of power consumption over time, until a unique WOB pivot point is reached, after
which there is a decrease of power consumption over time; except for limestone
where all runs show increasing power consumption over time. An example is
quartzite, tungste n carbideat 400Om, where 12 N, 22 N and 27
of power consumption over ti me with a steeper trend line with higher WOB, until
32 N when the trend sharply reverses to a steep decrease of power over time. On
basalt nearly all runs displayed decreasing power consumption with time,
suggestive that the WOB tipping point may critically depend on the rock type; this
suggestionis supported by the limestone showing increased power consumption
with time for all runs and shattering samples. Diamondre sinat2.10Om di d not
appear to show any such clear trends on any rock types. It is probable that both
rock resistance and wave amplitude play a significant role in observed power
dynamics, however, this experiment cannot quantitatively separate their individual

contribution.

Reduced power consumption over time (depth of penetration) is expected
intuitively, a rough initial grinding surface providing high friction correlating with
high power consumption to overcome the friction. As time and depth progresses,
the surface becomes smoother due to grinding action and there is less friction,
hence less power consumption. This is a feasible explanation for the data runs
displaying a reducing power draw over time. The pivoting shift to increasing power
consumption over tim e may partially be a function of rock type. If a rock is
comparatively coarse and granular, such as basalt compared to limestone , ground
dust does not significantly fill the pore spaces and an increasing WOB shows
decreasing power consumption over time. In limestone and quartzite, however,
the increased WOB might hammer the ground dust, filling the smaller rock pores in

the limestone, making the surface more cohesive, solid and difficult to penetrate,
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thus requiring greater power consumption over time; up u ntil a pivotal WOB is used
that is forceful enough to overpower this dynamic, whereupon the trend shifts
back to reduced power consumption with depth. This shift occurs at 32 N on

guartzite, but does not occur at all with the limestone.

At4.0 Om a ngtt W@H (22N, 27 N and 32 N) three of the limestone
samples shattered before the 600 seconds had elapsed. This rock shattering is
through no fault or error of the tool or rig, and perhaps is a clear conclusion that
only low ultrasonic wave amplitudes and | ow WOB are appropriate for use on a
Mars rover grinder, where many rock samples under investigation would be both

delicate and potentially unable to be repeated, such as fragile carbonates.

Summary of power consumption results.

1 Tungsten carbide tips consume more power than diamond resin tips on all
rock types and wave amplitudes (Figures 2.34 and 2.35).

1 Increased power consumption does not correlate with increased WOB when
using diamond resin tips (Figure 2.34 and 2.35).

f At2.1 O mtungsten carbide tips possess a WOBpivot point where decreasing
power consumption with time shifts to increasing power consumption with
time (Figure 2.34).

T At400m even | ow WOB samples possess increa
with time, but higher WOB r unsreach a pivot point and reverse to
decreasing power consumption with time , or else the rock sample shatters.

1 These changes in power consumption with time correlating with  WOB and
ultrasonic wave amplitude may be intricately associated with rock type an d
the filling of pore spacesand/or total force in the system
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2.7.3 Thrust force.

The initial oscillation in the thrust  force (Fig. 2.36) is likely caused by slopes
on the target rock surface causing a rise in thrust force every time a tool tip
rotates up a slope. That the oscillation s were not identical between samples and
rock types, as might be expected were the oscillation attributable to a fault in the

rig itself supports this interpretation .

The average of standard mean deviation (SMD) of thrust force (Fig. 2.38)
reveals an interesting set of relationships , not obvious in the main data set (Fig.
2.37). When using tungsten carbide tips there is a uniform SMD increasefrom
limestone, basalt to quartzite, and the magnitude of deviation increases as the
ultrasonic wave amplitude is increased. When using resin SMD his trend reverses
(with one basalt exceptionat0.0 Om) and a wuniform increase of
guartzite, basalt to limestone takes place, the magnitude of deviation  also

increasing with increasing wave amplitude.

Quartzite was the hardest rock tested and tungsten carbide tips
demonstrated a greatly hig her thrust force variation on quartzite than diamond
resin tips did . This higher thrust force variation on tungsten carbide is probably
due to the tungsten and quartzite being very hard, neither one of abrading much,
thus the thrust force rises and falls s harply over unyielding topographic bumps. On
the other end of the spectrum, diamond resin is much softer than tungsten and can
simply chip and erode its mass against the hard quartzite, thus possess a more
stable thrust force over unyielding topographic bu mps. This force dynamic reverses
when hard quartzite is replaced by soft limestone. Limestone runs had much
greater thrust force variation in the resin tip runs compared to the tungsten tip
runs. Such a reversal of tool tip performance between rock types m ight be due to
limestone abrading so swiftly against the hard tungsten that little thrust force
variation occurs, yet the limestone was just about hard enough to resist the resin,
thus demand more force. In conclusion, rock type almost certainly significan tly

affects thrust force consistency.
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Summary of thrust force results.

1 Rock type appears to be an important factor in controlling thrust force
consistency, judged by standard mean deviation over 40 experimental runs .
- Hard rock possessegyreater thru st force instability than softer rocks
when using tungsten carbide tips.
- Softer rock possesses greater thrust force instability than hard rock
when using diamond resin.
1 Using and increasing ultrasonic wave amplitude correlates with an increase

in thru st force variation with both resin and tungsten tips.

2.7.4 Material removal rate.

Little, if anything, should be concluded from the M RR data in this study . In
the design phase there was uncertainty regarding what the penetration rates might
be, partic ularly as the diamond resin was simply a best approximation of the NASA
resin. The penetration depth over 600 seconds was far less than hoped for on all
rock and tool tip types and wave amplitudes. O ften by the end of a run only a
partial circle had been g round due to initial rock surface heterogeneity. Itis in
soft, easily parted material that the deepest, swiftest, most effective penetrations
take place. Limestone was the softest rock and also had the least initial surface
roughnessand it was with limes tone that the deepest penetrations occurred,

penetration being directly linked to MRR.

Because of this low MRR, the extrapolation (with concomitant error)
required to discussMRR at the mm per hour scale is deemed unacceptable. One
might be tempted to st ate that M RRIoosely correlates with higher WO B and that
diamond resin possessesa higher MRR than tungsten carbide tips. However, this
study refrains from such statements and concludes that the MRR data is too sparse
to make such statements. The only stat ement to be made and lesson learned is
that on future experiments , grind time per run must be increased to at least 30

minutes if MRR conclusions are to be drawn, preferably an hour per run .
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2.8 Conclusions

The principal conclusion of the study is that the addition of ultrasonics
correlate with a smoother surface finish and if applied to Mars rover operations
would potentially allow clearer imaging of rock interiors, thereby advancing the

Athena science goals of understanding the fate of water on Mars.

The data indicates that if ultrasonics is to be used on rover grinding
operations, then diamond resin is not the best tool tip to use. Diamond resin
produces a finish with a higher surface roughness than tungsten carbide, with or
without ultrasonics app lied, and possessegyreater thrust force inconsistency. Using
a tool tip suc h as tungsten carbide would dramatically reduce the tool tip wear
rate (no wear at all was visually observed during testing, unlike the resin which
sometimes disintegrated at 4.0 Gm). The tungsten car bide consumed more power

than diamond resin, increasing with higher ultrasonic amplitudes.

No particular surface finish advantage is apparent by using4.00m o 2.k r
O multrasonic wave amplitude . Therefore the lower, less destructive and power
efficient 210Om ul trasonic wave amplitude appears m

use.

WOB does not correlate with changes in surface roughness on any tool tip
type. Higher WOB did correlate with higher power draw. High WOB on softer rock
sampleswsing400m caused the samples to shatter. Anr
tool should consider using low WOB andlow Om ul t rasonic amplitude
damaging delicate geological structures of interest and reducing rover energy

expenditure.

This study has demonstrated the potential advantage of using ultrasonics on
rover tool grinding operations and also demonstrated the advantage of using
tungsten carbide tips over diamond resin. If the project w ere to be continued and

developed further, then the following points would be recommended :
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1 Scale down the ultrasonic rig to rover mountable dimensions and replace the
heavy materials, such as steel, with light weight space ready alternatives
such as aluminium, carbon fibre or ideally albernet.

1 Explore the use of othe r hard tool tip materials, including pure synthetic
diamond, comparing their performance with tungsten carbide.

1 Increase the range of rock types tested and build a database of rock
properties and tool responses.

1 Explore a wider range of wave amplitudes, s eeking an optimal performance
wavelength (1.0 Om 38.0@0m) .

1 Re-run the material removal rate measurements over the period of hours
per run rather than minutes per run to gain a reliable MRR value per rock
type.

1 Increase the Ra Rz measurements per grind so as to reduce the error bars
widths.

9 Initiate discussions with space system engineers to collaborate on how to
integrate such a tool into a rover operating system and build an

operationally ready prototype.
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Chapter 3.

Terrestrial ophiolite zoned carbonates compared to ALH 84001 early Mars

carbonates: Subsurface environments capable of supporting life.

"..'\‘
EN

N
Experimental

Pressure/Temperature/Gas
periments Attempting To
eate Mars Like Carbonates

nalogue

errestrial Ophiolite
Carbonates As Mars
Analogues

Figure 3.1. The carbonate conundrum that this PhD thesis seeks to address (red
circle), along with the dif ferent spheres of research used to approach this
qguestion. These spheres of research correspond to the three main thesis chapters:
engineering (chapter 2), analogues (chapter 3), and experimental (chapter 4).
Overlapping circles indicate where chapter and research content overlap and

support each other, allowing for comparative mineralogy.
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Abstract.

The physical and chemical processes involved in the evolution and loss of
the Mars atmosphere are varied and complex. This chapter begins with a summary
and literature review of crust datmosphere interaction processes on Mars.
Beginning with surface geology and hydrology, particular attention is  paid to
carbonates and hydrous alteration products such as clays, and the role of sulphur.
The ongoing debates around whether early Mars was warm and wet or cold and dry
are discussed, and a theory of localised punctuated hyper carbonation is
forwarded. A brief introduction to the Martian meteorites is also provided, with
special focus on how their mineralogy can inf orm our understanding of Martian
climate change. The literature review then expands to include terrestrial
ophiolites, specifically the Leka ophiolite in Norway and the Semail ophiolite in  the
United Arab Emirates. Comparisons of geology and hydrology are made between
ophiolites and Mars, and the relative formation environments for carbonates

discussed.

The aim of the chapter is to compare carbonates found in Martian
meteorites with those found in terrestrial ophiolites using light microscopy and
scanning/t ransmission electron microscopy. ALH 84001 is a Martian meteorite
representing early Mars, and Lafayette represents more recent Mars. Semail
represents a dry but hot hydrological Mars geology analogue with abundant
carbonates of all varieties; and Leka a w et but cold one analogue with no observed
carbonates but extensive serpentinisation. Neither analogue is a perfect
representative of early Mars. There are strong chemical and physical correlations
between the early Mars carbonates in ALH 84001 and the Semal ophiolite
carbonates; features in the Leka ophiolite and Lafayette correlate less well  with
each other, or with Semail and ALH 84001. Semail carbonates are known to zone
into chemically distinct Mg or Ca 6 Mg carbonates depending on the hydrology of
local aquifers, with distinctive water chemistry types. This study proposes that a
similar division of chemically distinctive aquifers may be responsible for Mars
carbonate zonations, with the higher Fe content in Mars carbonates caused by the

higher Fe content in Martian olivine compared to Semail olivine.
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Abbreviations

ALH Allan Hills.

BSE Back Scatter Electron.

CRISM Compact Reconnaissance Imaging Spectrometer for Mars.
EDXS Energy-Dispersive X-ray Spectroscopy.
EMPA Electron probe micro-analyzer.

FIB Focussed lon Beam.

HiRISE High Resolution Imaging Science Experiment.
LOC Leka Ophiolite Complex.

Ma Mega annum (a million years).

MGS Mars Global Surveyor.

MOLA Mars Orbiter Laser Altimeter.

MRO Mars Reconnaissance Orbiter.

MSSS Malin Space Science Systems.

SEM Scanning Electron Microscope.

SMOW Standard Mean Ocean Water.

SPLD South Polar Layered Deposits.

TEM Transmission Electron Microscope.

TES Thermal Emission Spectrometer.
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3.1 A history of Mars.

3.1.0 Introduction and objectives.

The atmosphere of a planet plays a profound role in determining surface
environmental conditions such as temperature, pressure and the availability of
water (Walker et al. 1981). Planetary atmospheres act as protective shields against
solar radiation (Bouville & Lowder, 1988), and depending upon atmosphe ric
composition and density, can nurture, poison or smother the possibility of life

emerging and continuing to exist.

Yet atmospheres do not exist in physical isolation, they are intimately
bound to the planetds rocky c¢r,u93 Weisbrad c he mi c
etal. 2009) and supported by magnetic geodynan
(Dehant et al . 2007). Neither are atmospheres static and unchanging; they
fluctuate and evolve though geological time. This atmospheric evolution is not

always slow and it is certainly not linear.

Major events such as large meteorite impacts (Toon et al. 1996), or the
shutting down of magnetospheres (Dehantetal. 2007) can rapidly al-'t
atmosphere (Dehant et al . 2007). Chemical feedbacks and tippin g points can also
alter an atmosphere over geologically short time frames. This thesis explores the
evolution of Mars&atmosphere, focussing on the relationship between the
atmospheric reservoir and the mineral surface, specifically, the loss of

atmospheric CQ via the formation of mineral carbonate.

The formation of mineral carbonate draws down atmospheric CO 2 and liquid
water is consumedthrough intermediate mineral hydration reactions such as
serpentinisation . Locating carbonates on Mars and understanding their formation
process is critical to unravelling the plane

atmosphere.

Satellite data (Calvin et al. 1994; Ehlmann et al . 2008), rover and lander
discoveries (Mars Pathfinder Rover team, 1997; Boynton et al . 2009; Morris et al .

2010), and analysis of meteorites (Gooding et al . 1988; Treiman et al . 1993; McKay
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et al. 1996; Scott et al . 1997; Valley et al. 1997; Vicenzi & Eiler, 1998) all provide
uniquely specific insights into Martian carbonate mineral discoverie s. Yet a wealth
of lessons can also be drawn by comparing this Martian data with known and well
analysed terrestrial carbonate forming environments. The terrestrial analogue

maxim being:

6l f Martian and terrestrial mi msimitaral ogy I s

then it may have formed in similar e

This maxim will never be 100 % accurate and Martian carbonates are
unlikely to find their identical match on Earth. Thetwo -pl anet ds gravi ty,
magnetism, atmospheric composition and a range o f other factors will never be of
equal nature. However, such inequalities do not render the maxim without merit,
and when visually and chemically similar carbonates and mineral alteration
features to Mars are found on Earth (Fig. 2.1) they can prompt fresh ideas, validate

existing ideas on formation environments, or constrain likely chemical processes at

work.

Figure3.2.A. Curi osity rover Mastcam i mage from 6G
Mars, showing fluid alteration veins of calcium sulfate, cristo balite and quartz
within a mudstone. Credit: Nachon et al. (2017). B. Dolomite carbonate in cracks

within a listvenite outcrop at Wadi Mansah, Oman. Credit: Falk, (2014).
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This study reviews Mars geology, hydrology and atmospheric evolution,
focussing on carbonates, sulphur and CO, atmospheric drawdown. The study then
presents specific carbonate examples in two Martian meteorites selected to
represent early and more recent Mars. Terrestrial analogues of Martian carbonate
are then sought in two ophiolites, t he Norwegian Leka and United Arab Emirates
Semail. Carbonates comparable to Mars are only discovered in the Semail samples
and are analysed both quantitatively and qualitatively before being compared with
carbonates in Martian meteorite ALH 84001. As with all comparative analysis, the
lack of an exact match in the Semail carbonates, and the lack of any carbonates in
the Leka samples, raises questions and hypothesis as to why there is not a match
with Mars, and are therefore useful. Possible dynamics of wate r and CO;
availability on early and recent Mars are suggested based on the results of this

study, and what is known and observed in terrestrial ophiolite systems.

Objectives.

3. A. Review Mars geology, specifically the interaction of water and CO > with the
planet & crust through geological time, and evaluate a model of localised

punctuated hyper carbonation.

3. B. Analyse carbonates and other minerals in two Martian meteorites, ALH
84001 and Lafayette, representative of early and recent Mars , respectively.
To present detailed analysis of glass replacement by carbonate in ALH 84001

and suggest models of formation for this glass dcarbonate reaction.

3. C. Analyse carbonates and hydrated minerals in terrestrial ophiolites, and

contrast and compare them with the Martian meteorites of objective 3.B.

3. D. To propose that early Mars carbonate zonation in ALH 84001 may be caused

by ophiolite style type 1 - 4 type water aquifer flows.
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3.1.1 Geology.

3. A. Review Marg geology, specifically the interaction of wa ter and CO. with the
planet&s crust through geological time, and to propose a model of localised

punctuated hyper carbonation on Mars.

Figure 3.3. Geological, mineralogical, volcanic, magnetic, impact, temperature,
pressure and D/ H history of Mars. The meteorites presented in this study are also
included for reference. Figure adapted from (Geological, mineralogical, volcanic,
impact, magnetic: Ehimann et al. 2011; temperature: Dohm et al . 2015; pressure:
Hu et al . 2015; impacts: Bottke & Andrews -Hanna, 2017; D/ H ratio: Hallis, 2017).
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