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The 2016 Mars Utah Rover Field Investigation (MURFI) was a Mars rover field trial run
08 GKS 'Y {LIOS !'3Sy0e Ay laaz0AltArAz2y 6A0K

Sample Return Analogue Deployment mission. MURFI had S@vearticipants from 15
different institutions around the UK and abroatihe objectives of MURFI were to develop
experience and leadership within the UK in running future rover field trials; to prepare the UK
planetary community for involvement in thEuropean Space Agency/RoscosriBaxoMars
2020 rover mission; and tasses$iow ExoMarperationsmay differ from previous rover
missions Hence, the wider MURFI trial included a gy (or terW a ZxoMars rovetike
simulation. This comprised an operations team and control cemtahe UK, and aover

platform in Utahequippedwith instruments to emulate the ExoMars rovers remote sensing

andanalytical suite¢ KS 2 LISNY A2y a S| YQwRdrdShebnly &\Rilatiley Wo f ;

data came from the rover instruments, and daily taat planning was performed under strict
time constraints to simulate real communications windowkedesignated sciencgoal of

the MURFIExoMars rovetike simulation was to locatm-situ bedrock at a sitesuitable for

sub-surfacecore-samplingin order to detect signs adincientlife® t NA 2 NJ G2 af | Y RA Y

information available to the operations team were Marguivalentsatelliteremote sensing

data, which were used for both geologic and hazard (e.g., slopes, loose soil) characterization

of the areaDuring eactlsol of the missionthe operations team sent driving instructions and
imagindanalysis targeting commandwhich were tlen enactedby the field teamand rover
controllersin Utah.During the tersol mission, the rover drove over 100 m aoiotained
hundreds ofimagesand supporting observationsllowingthe operations teanto build up
geologichypothesedor the local areand select possible drilling locatiori3n sol 9the team
obtained a subsurfacecore samplethat was thenanalyzel by the Raman spectrometer.
Following the conclusion of the ExoMdilee component of MURRIhe operations and field
teamcame together to galuatethe successes and failures of the missamg discusiessors
learnt for ExoMargover and future field trialsKkey outcomes relevant to ExoMars rover
included a key recognition of the importance of field tri&ds (i) understanihg how to
operate the ExoMars rovemstruments as a sulite, (ii) builty an operations planning team
that can work well together under strict tird@nited pressure, (iii) developgnew processes

and workflowsrelevant to theExoMars rover, (iv) understamd) the limits and benefits of
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satellite mappingand (v) practiéng efficient geological interpretation of outcrops and
landscapes from rovepased databy comparing the outcomes of the simulated mission with
post-trial, in-situ field observations. In addition, MURFIsygerceived by all who participated
as a vital learning experience, especially for early andaarder members of the teapand
also demonstrated the UK capability of implementing a large rover field Triad lessons
learnt from MURFI are therefore ralant both to ExoMars rover, and to future rover field

trials.
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1.) T 00T ACGAOET 1

The Mars Utah Rover$t R Ly @Said A 3l G Afa/Madravervi€d analogumc ¢ 4 |
investigationrun by the UK Space Agency (8K) in collaboration with the Canadian Space

Agency (CS®) a! wCL Hnamc gl a& FFEOAEAGFGSR FYR YIRS
Sample Return Anagjue Deployment missiob 8 SS haAiAyaiiA Si& |f oI aa
Lyl f23dz28 5SLX 28YSyid oa{w! 50.MURS RNIAG t6ok place G KA &
between 22nd October and 13th November 2016 and consisted of a field team including an
instrumentedrover platform (Figre 1), ata field site near Hanksville (Utah, USAgure 2,

' YR opesli M2 ya ¢SIYQ o6F&SR Ay GKS aandell Gatgus/ 2y (0 N
near Oxford in the UKA key aspect of thavestigationwas a short 1&ol (a sol is a martian

day, simulated or otherwiseixoMars rovetike mission, whictaimedto simulate (within

time and budget constraintsthe rover payload, tacticgblanning and operations of the

ExoMars rover missigma European Space Ageraryd Roscosma®ver mission (ESA) to Mars

that will launch in 2020
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Figure 1.The MURFI 2016 rover‘@14platform with PanCanemulator MUPEXHarris et al., 2015)

FGdlF OKSR® ¢KS I NBS 4 SobthaiPanCan? emilatdFigld tdaih Sor sedlef 1 S NI &
Image credit: Mike CurtiRouse
a ||4|'VV IlJl’W 112;'%' “-—_

o w 108w

MUREIStuty area ¥ 4

| fi

Figure 2Location of study area. a) Utah state map (abovevsng major interstate roads (red) and
county boundaries (white) overlain on a 100 mébtopographic hillshade map. The black box shows
the location of the closap viewin (b). b) Closeip view showing MURFI study area as black box and
location of neagest town (Hanksville). Image credit: Utah AGRC/GoogleEarth/Wikipedia.

1.1 MURFIlinvestigation objectives

MURFI2016 hadthree primary objectives (i) to develop the logistical and leadership
experience in running field trials within the UK; (ii) to provide members of the Stagace
community (especially early career scientists) with raggrations experience, and hence to
build expertise that coulddused in the 2020 ExoMarsver mission(Vago, 2017)or other

future rover missionsand (iii) by running an ExoMars rodée missiorsimulationto explore



95 how operations forthe ExoMarsrover (which aims to drillup to 2m into the subsurfacg

96 might differ from past experienced$rom, for example, the twin Mars Exploration Rovers

97 (MERs; e.qg., Crisp et al., 20684 theMars Science Laborato(¥SL; e.g., Grotzinger et al.,

98 2012)

99 Because MURFI 2016 was the first®&KledVars over analogue trial, it was crucial
100 to learn how to best implementover trials in general. This included aspects of planning,
101 logistcs, field safety, MOC setup and support, communications, person management and
102 science team development. Whilst the starting paifdr many aspects were based on past
103 experience from previous trial.g., Dupuis et al., 2016; Moores et al., 2012; Osinski et al.,
104 2017; Woods and Shaw, 201ah)d roveroperationsexperience within the teanfmainly on
105 MSL)GKS F20dza 61 a& 2y WESIENYyAy3d GKNRdzZZIK SELISNRA
106 Although the UK has a walkeveloped planetary science community, there have been
107 no successfulkled or ESAed planetary rover or lander missianBhe most recent Ued
108 mission, Beaglege g., Pullan et al., 20043iled to operate, although recent images suggest
109 it at least landed safely on the surfaf®ridges et al., 2017aHence, there have been few
110 opportunities for UK scientists, especiafiyr early career scientists, to be involved in
111 planetary surface mission operatiaibo some extent, this also applies to many European
112 planetary scientistsMURFI 2016 was therefore partly designed to provide rover tactical
113 operations experience for menalos d the UK planetargcience communityand alearning
114  experiencethat would be useful in the context of the ExoMars rover, into which the UK has
115 made significant scientifigndustrial,and financial investment.

116 The ExoMars roves a partnership between the European Space Agency (ESA) and
117 the Russian Roscosmos agency. The mission will launch in 2020 and has the explicit goal of
118 looking for signs of past lif@/ago et al., 2015; Vago, 201®has a mass of 310 kg and is

119 expected to travelseveralkilometers during its severmonth mission (Vago, 2017) The

120 ExoMars rover drill has the capability of sampling from both outcropstaedubsurface,

121  with a maximum reach of 2 m. The subsurface sampling capability means that material that
122 has escaped alteration by the martian surface environmeng., Kminek and Bada, 2006;

123 Parnell et al., 2007; Summons et al., 20&ah be sampled, providing the best chance to

124 sample welpreserved chemical biosignatures for analy$ise ExoMars rovgiVago, 2017)

125 will be different to the preceding MSL and MieRer missions in that it hathe capability for

126 the deepest suksurface sampling of any Mars rover to date. However, a t@fflef this drill



127 capability is the lack of an instrumented robotic arm. This means that any information
128 relevant to understanding theeplogical context of the landing sitaust be obtained from

129 standoff instruments(at least, up to the point at which a drill sample is obtained and ingested
130 into the rover for insitu analysis)Having the best possible understanding of the geology of
131 the landing site is vital for making the best decisions about where to dslfrilling is

132 potentiallya time consuming and hazardous procedure.

133 Testing how the ExoMars instruments work together to characterise the landing site
134 at various scales can onlg lone by field testing of the system as a whole, rather than by
135 utilising instruments individually. Moreover, by using a relased instrument suite, an
136 estimate of the number of individual roverdriving commands or solto-sol manoeuvres,

137 necessary tomplement different studies could be made. This was the key reason for using
138 an instrumented rover platform, rather than deploying the MURFI instruments

139 independently.

140 1.2 MURFI investigation overview

141 To meet theobjectives set out above, certalhilosophicaldecisionswere made Firsty,

142 because of the focus on gaining operations experieitc@as decided to simulata rover

143 missionds a whol@ ather than testingspecific instruments or methodd herefore,the

144  investigation included afExoMarsrover-likeQsub-mission with the instruments andover

145 capabilitieschosenbased on (i) availability in the limited time frame available for MURFI

146 planning, and (ii) being agose as possible to those of the ESA ExoMars g8&f (Vago,

147 2017) ¢ KA & WO EAaAl{NEQ NRAGSNUZ2Y ( KSNB T2 Niie wh@Ol YS
148 MURFI investigationlVith reference to the ExoMarover surface reference missigago,

149 2017)MURFI simulated, at a rather accelerated pagqayssiblesarly~ 10 sols of the ExoMars

150 rover operations including setting a strategic target to approach based on observations,

151 characterisation of local outcrops to advance scientific hypotheses, and finally,

152 characterisation and selection of a specific drill site addition to the tactical operations

153 associated with these sols of activity, the MURFI team were also tasked evitbrping a

154 landing site analysis using Magguivalent remote sensing data, in order to set out possible

155 strategic targets fothe YA & 2 A 2y LINR 2 NJ { @sopéfformgdRokafisatonga ¢ KS
156  key daily task during MSL and MER operatpgst & X8 H®HQ f 2 Ol ,bdsédyn 2 T G K

f M\

157 the first image data returned by the rover and the gmeistingsatelliteremote sensing data.
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Secondlythe ExoMardike mission partod | wCL HnAamc @l a Ndzy | a |
from the perpective of the MOC scieaceam. Theteam were not permitted to see any
information other than Marsequivalent remote sensing data, or data returned by tbeer
itself. For theMlOCteam, this also meant blocking the social media accounts of the field team
members, disallowing aess to online remote sensing servicasd requesting MO@am
membersto do no background research into the geology of the field site. Those members of
the team with preexisting knowledge of the site were chosen to form the field team,
supporting the opeations in Utah.

Thirdly, for the ExoMardike missiontacticaloperations were performed on a daily
basis,utilising theseven houtime differencebetween the UKUTChand western USAtah
(UTG7 hrs)to allow daily uplink cycleto be simulated in a similar way to that of a real rover
mission Each daythe MOC: SI'Y NBOSAGSR RIFEGF FNBY (KS NER
activities at around8:00 UK time. To simulate real tactical operations, they were alloaved
limited period to analyzethe data returned and to create the plan for that2 tofhenands
with upload time at 13:00 Ufme. This plan was then transmitted to the field site via an ftp
(file transfer protocol)link, such that the commands were available for the field tefam
download and begin to implement as soon tagre wasenoughdaylight and sufficiently
warm temperatuse for activity to commence in the field. This alled the field team and the
MOCteam to work asynchronously, making the best use of time while #tlvang normal
working patterns for both teams.

Finally, theMURFIExoMarsrover-like mission itself was given a science gialthe
team to meet within the 10 sol time limitMirroring thereal ExoMars rover science goéio
search for signs of pabty R LINB & Sy {(Vafjol 2D the MUREI ExeMaover-like
mission goalwas:a G2 f 201 4GS adaAadlrofS FNBFa Ay GKS TFA
indicative of an ancient habitable environment, then to drill into the surface to acaquir
sample from those materialaind, finally to examine tis sample with the analytical
instruments available onboard theveré Key elements of the mission goal were (i) the
ySOSaardae G2 albYLXS WHyOASYyiliQ Sy@ANRYYSyilax
sampling irsitu bedrock within the stratigraphy, rather thdoose surficial fines of pooHy
known provenance; (ii) the requirement to drill, which also meant that the drill site would
KIgS G2 0SS ¢Sttt OKINIOUSNREASR LINA2NI G2 RNRA
ASRAYSY Gl NBE 3I&pobitd @ddOwn inAvatef B la yovenergy environment,
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given the MURFI field sitthis meant looking for fingrainedor clayrich materialswithin the

stratigraphy.

C&EAT A OEMOEATNTA I PAOAOET T O #A1 OAO
2.1 Field site

TheUtahfield site(Figure 2yvas chosen based on the collaboration with the CSA and itsMars
like local geology. It was used by the CSA in 2015 for Mars Rove(Duglsis et al., 2016)
and in 2016, several teanfsee, for example, Hipkin et al., 201i8ed the site, each with their
own designated working areaShe description that follows provides an overview of the
geology of thesite, butto maintain the integrity of the trialthis information was not allowed
to be seen by the MURMOC teanprior to the ExoMars rovelike mission

The field site is in the Canyonlands section of the Colorado plateau, a geologically
stable terrainthat represents a crustal block of relatively undeformed rock covering an area
of 337,000 ki The plateau is bounded by the Basin and Range province tedsieand the
UintasMountains and Rocky Mountains to the northeast and east. To the south west, the
plateau is bounded by the Mogollen highlands. The stratigraphy of central Utah is dominated
by Mesozoic rocks (with large inliers of Perméaye strata), which represent a gteminantly
continental succession, with several significant marine incursiStekes, 1986)The area
local to Hanksville consists of JurassicCretaceousage strata with dips< 10°,recording
continental conditions during thdurassicThe field study sites within the LateJurassic
(Kimmeridgian) Morrison Formation. This Formation is divided thtee Members: The
Tidwell Member, which represents lakes and mudflats; The Saltwash Member, which
represents coarse alluvial sedamis (average 63% net sand), and the Brushy Basin Member,
which represents finegrained(average 10% net sand)luvid deposits(Heller et al., 2015)
The study site was located solely withiout near the base othe Brushy Basin Member,
which locally haan exposed thickness of ~100 m.

Outwardly, the Brushy Basin Member is predominantly sifgpening, characterised
by weathered interlayered and interfingering white and #@own soil profiles which form
rilled slgpes which weatheand erodeto angles up to ~30 degrees. In flging areas, these

weathered soil profiles are overlain by superficial pebllgs of more resistant material, such
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as jasper andjuartzderived from the Morrison and other local formationghe soil profiles

reflect the underlying sediments. The redown units comprisevery finesands, and sit

grade sediments that are well cemented, and commonly contain cliratijppde strata and

horizontal laminations. Thehite unitsaremediumgrained sadstones which are well sorted
and poorly cemented.

In the study area, slop®rming sections of outcrop can be capped by -¢bfiming
units between 25 m thick. These units areharacterizedby crossbedded sandstones and
angular matrixsupported conglmerates, within channelized fluvial architectural
components When viewed in planform, these clitirming cap rocks have high aspeatios
(widths of 2050 m, and lengths of hundreds of metres to kilometres) and are curvilinear.
These features have beatescribed as inverted channels and are documented throughout
the Morrison Formatior{Clarke and Stoker, 2011; Williams et al., 2007, 2009)

Lightcolored very poorly sorted, structureless layers of bentonitic volcanic agh, 5
20 cm thick can be found at various levels in the silty flood plain depositsire interpreted
as airfall deposits due to the lack of laminations within the layEngyhave UPbzircon ages
of 149 Ma(Kowalis et al., 1998; Mallis et al., 2007)The presence of clays is evidenced by
the shrinkswell weathering of the mudo silt-grade material, as well as the presence of well
developed desiccation cracksthre presentday ground surfacélhese clays migliave been
soured from the volcanic ash layefsleller et al., 2015)The Morrison Formation contains
abundant macroscaleiosignatureQin the form of fossils and ichnofossils. Overall, the

palaeoenvironment of the Brushy Basin Meenkis characterised as the distal part of a

v W

distributive alluvial fan systethat drained toward thenortesS I &G FNRBY GKS ead

on the Mogollon Highland®©wen et al., 2015)

v

S
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Figure 3. Characteristigedimentary facies encountered during field reconnaissance of the MURFI
study area. a) Numerous small oudps of silty to very fine sande@l/purple incolor) were common,
particularly in areas of reddish soil. b) Fitemediumgrained quartzrich sandgne foundcropping

out from lighter coloed soil. Both the red sitb-very fine sand and white fimmedium sands were
highly fractured and showed onion skin weathering or cracked textures. The white sands were often
trough cross laminated, and found isolated, elongated exposures iwh could be interpreted as
barforms, fining to the northwest. ¢) Crelsedded pebbly conglomerate from the upper platform of
Y. A 3 caab i@verdd fluvial channel section in the MURFI study area. d) Texture of the pebbly
conglomerate in c¢) showing the very poor sorting and polymictic composition, wittosatled to
subangular clasts within a quartdch matrix. Thesmallestblack and white divisions of the scale bar

are 1 cm in each photograpimage credit: Robert Bareeand Steven Banham.

2.2 Field logistics

The MURRbtasecamp was intentionally ctocated close to the area of science operations for

several reasons: (ip reducetransit time between accommodation and working areasdii)



258 ensurethat equipment deployed was secured at all hours of the day, and (iii) to facilitate
259 collaboration with the other agencies who were working nearby. The basecamp was divided

260 into three areas; sleeping, food preparation and storage, and operafkigsre 3.

Heli pad

Operations u pking l ‘
fent area

l Generator

Car park

Fuel storage

261
262 Figure4. MURFI basecamp showing key locatibmsge credit: Mike CurtiRouse

263

264 Thebasecamp was designed to accommodate a maximum of 16 people, this being based not
265 on the number of sleeping tents deployable (essentially unlimited) but on thebd#geof

266 the local infrastructure to support such numbefihe msecamp command tent provided a
267 variety of different functions: (i) science operations including command and control of the
268 platform, (ii) operational planning for the mission and as a megtspace, (iii) social and
269 eating space for the team, (iv) storage of equipment, including the rover platform and
270 instruments, and (v) actingsan emergency shelter in the event of extreme weather.

271 Local electrical power was provided by a single phaseligasgenerator which was

272 situated 100m from the basecamp. This was used to provide lighting, charge batteries and
273 laptops, and heat water as needed. Charging of the platform batteries was performed at the

274  closest motel (~ 30 min drive), where two rooms were rented to provide this functimh, a
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additionally to give people the opportunity to shower and wash on a rota basis. The motel
rooms were also used to provide secure storage of complimentary equipment thatatvas
kept at the field site, and again offer alternative shelter in extreme weath

Communications at the field site were splitarthree types local cell phones, where
signal permitted, satellite phones which were hired in Salt Lake City to provide emergency
communications at all times, and finally a share of the CSA satellit&kdipi data transfer to
and from the UK.

A variety of equipment was procured and disseminated to personnel on arrival in
Utah; this included basic sleeping equipment (e.g. cold weather sleeping bags, inflatable mats
and pillows), and additionally emergeyn equipment including first aid kits, whistles,
compasses anbeadtorches This kit ensured that all personnel had the basic necessities to
survive should conditions change.

Prior to the mission commencing, a comprehensive risk assessment was contducted
cover all eventualities, this included an evaluation of the potential medical situations which
could arise, emergency, as well as routine. The general strategy in the event of a critical
medical situation, was to evacuate the respective personnel toragry medical facility e.g.

Price General Hospital by ground vehicle. This thus influenced the type of vehicle selected and
numbers available to the mission; all were four wheel drive and by necessityanficapable.

There would always be one more vdiithan was needed and the spare vehicle would always

be fueledand located at thdbasecamp. In the event of a critical medical situation at night or
during adverse weather e.g. monsoon, then a designaddpad was marked out adjacent

to the basecampand illumination systems available close by to assist landingod$ezamp

GPS coordinates were logged with the local Bureau of Land Management, the local state
police andhe venom safety unit (in the everiat evacuation of personnel due snake bite

was needeil

2.3 The Rover Mission Operations Centre (MOC)
¢tKS ah/ glra t20FG4SR |0 GKS { I (csriterak HaBvelll LILI A O
United KingdomThe MOC contained eigbbmputerworkstatiors, each with space for two

workers, configured in a twtiered Wontrol roon(xstyle, as well as several breakout rooms

The main focus of the MOC was a large rdinel videowall, comprising 18 large HD
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monitors (Figure 5). Multiple outputs from the MOC warkstations could be presented at
various sizes on the&ideo wall allowing easy comparison of the different dataseks
addition, the very high specificatioRC used to drive the videwall could be used directly to
allow the display of datasets (e.g.mete sensing products) across the whole screewery
high definition.

All workstations were linked using a local area netwavith shared network folders
usedas document stores, data stores and-Slearing working space. Also, an external ftp site,
visible both from the MOC and by the field team, was used to receive incoming data from the
field, and to communicate with the field team. This ftp site was also used tolyaek data

produced by the MOC team each night after operations.

Figure5. MCCsetup a) The large video wall. The desktop view of one workstation could be stretched

2P0SN) GKS gK2tS gLttt a4 KSNBX 2NJ aSOSNXft g2NJ] adl

T f & Thetierédwvorkstationdor the SWT stationsmage credit: Andrew Griffiths.

3.8EAT A ANOEDPI AT O
3.1 Roverplatform

¢CKS NBOSNIJ LI FOGF2NY O2YLINAASR | WYWvmmEBEuelR o 2
1). The platform, together with #ield engineering support was provided by the Oxford

'.|
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Robotics Instute. With active 4wheel steering and drive, and a passive dynamic suspension
system, the rover provides a reasonable payload capacity and good mobility over a range of
terrains within a relatively low mass package, thus simplifggygoyment of therover to the

field location. The rover mass without payload is approximately 30kg and it can carry up to
40kg of payload.

The primary navigation sensor comprisedfwint Grey Bumblebee X88tereo
camera mounted migvay up thecentralrover mast. The platfon was also fitted with a Lord
Microstrain 3DM-GX445 inertial sensor, which was primariljilized for automatic logging
and reporting of the platform orientation during imaging sessions. Tiwehdel steering
capability enabledMOC teanpath planning tdbe simplifiedto construction of the paths as a
series of linear drives linked by point turnswheel steering also means that whesip is
much reduced compared with simpler differential steering platforms, reducing the impact of

the rover on the terran andminimizingtrack deposition.

3.2 RoverInstrumentation

The Pasteur payloa@/ago, 2017pf the ExoMars R&r consists of 11 panoramic, contact,

and analytical instruments. Of this suite, four were emulated for MURFI and were either

integrated onto the rover platform, or available as standalone instruments that could be

operated in the same way, as perceivedthy MOCteam, as if integrated into the rover. The

instruments emulated were the stere@anoramic/high resolution camera imaging suite

Wt |y /(Coxte€d et al., 201Z) G KS AYFNI NBR aLISO0MBaied2 LI A

Spectrometer for ExoMars; Korablev et al., 201 closedzL A Y| IAy 3 QILOESE NI = W

UP Imager; Josset et al., 20nd the Raman spectroscopy syst@Rull et al., 201 7hat is

LI NG 2F GKS Qbagtad Nadboratbkip @@wekld addition, the MURFI

investigation could sinful S 9E2al NAEQ&d RNAff OFLIOATAGASED
For PanCam emulation, the Aberystwyth University PanCam Em@et$tE; Harris

et al., 2015was used, masmounted on a pailt unit on the rover mastAUPE allows stereo

capture across a suite of multispectral filté@ousins et al., 201ahd high resolution imaging

of distant featuresusing the High Resolution Camera (HRC; for MURFI this was a single

panchromatic sensor; but for ExoMars this will beoéor Bayersensor). AUPE is an assembly

of off-the-shelf commercial scientific cameras, matching closely the specifications of

PanCam, and consists of the Wide Angle Cameras (WACs) and the HRC. The WACs provided



355 the primary means for obtainingolor panoramas, and provided stergmir images for 3D

356 reconstruction andvisudization of the rover environment via the PRoViDe pipeline and
357 PRo03D softwar¢Barnes et al., 2017ajor multispectral imaging, a MacBeth ColorChecker
358 was included in scersdor calibrating images to reflectance it at the MOC. The narrow

359 angle opticof the HRGire coaligned with the right WAC, such that high resolution images
360 may be obtainedn subframes, via control of the paiit unit. In addition to PanCam, the
361 ExoMars rover includes panchromatic navigatameras to collect black and white images
362 and image mosaics. This capability was simulated on MURFI using the AUPE WACSs, operating
363 using a panchromatic filter. This allowed the MOC team to request images at a lower data
364 cost than the RGB triplet imagesA{PE.

365 The Infrared Spectrometer for ExoMdtsorablev et al., 201%yas emulated with an

366 ASD Inc. FieldSpec3, withfield of view fore-optics, mounted on the AUPE optical bench
367 This alloved nearinfrared reflecance spectrato be obtained formineral identification.

368 Whilst ISEM covers the infrared spectrum at 13.3 um, with 3.28 nm resolution, the

369 FieldSpec3 infrared portable spectroradiometer spans visible and a smaller portion of
370 infrared, at 0.35 2.5um, with 10 nm resolution above um. During MURFI, we did not seek
371 to match thewavelengthrange of ISEM exacttywe did not truncate the spectrurbelow1.1

372 um prior to transmission to the MOC, for examgéut this could be put in place for future

373 trials. A Spectralon target was used for in situ calibration, such that measurements were
374 recorded in units of surface reflectance, rather than radiometrically.

375 For CLUPI emulatigna Sigma SD15 DSLR camera with a macrowassused to

376 provide high-resolutioncolorimages comparabléo the CLUPI instrumenthe Sigma SD15
377 uses the same 2652x1768 pixel Foveon »8acekingcolor detector as the CLUPI flight
378 instrument, with a matching 11.%8.0° FoV macro lens hedrill body, to whichCLUPI will be

379 attached on the ExoMars rovewas not included in the MURFI payloah the CLUPI

380 emulatorwas attached to an articulated PhotoN&ble Friction Arm so that it could eghbe

381 clamped to the front of the rover platforpor used as a standalone instrumeilnt either case,

382 the operation of the arm was restricted to match the viewing geometries available to CLUPI,
383 such that orientation of the camera was primarily controllgctoe movement of the rover.

384 To simulate the ExoMarg JSNRa FoAfAGe G2 RNARAff G2 RSI
385 core sample, the field team were equipped with a hdredd core drill and hand tools to

386 extract an ExoMarBke core from a depth specified iirxe MOC teamThis allowed sub
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surface samples to be extracted and themalyzel by instruments representing those in the
AnalyticalLaboratoryDrawer of the ExoMars rové¥ago, 2017)
Of the analytical instruments the ExoMars rover Pasteur syitaly the Raman Laser

Spectrometed a W[ { ¢ T w dzfaé emléted intMORFTweo Ramarinstruments were

dza SRY | L2 NI FofS W5Stdlydz w201 K2dzyRQ & LISOI

Spetrometer prototype, developed by the University of Leicester in preparationttfer
ExoMargover missionRamarspectroscopy is a molecular identification technique based on
the vibrational modes of molecules. It is a fast, r@structive analytical toahat is capable

of acquiring chemical and molecular structure information from unprepared saniflagh

and Dent, 2013)The Deltanu Rockhound spectrometer was used to simulate the functionality
of miniaturised Rama instruments, such as RLS ttre ExoMarsrover. The Rockhound
AyailiNdzySyid dzaSa | TtTypyY fF &SN G2 thebdtRizeOS
of RLYRull et al., 2017)Theprototype system uses a 100W lase at a wavelength of 532

nm (the same as that on B)and produces a laser spot size of- BEO>Y® ¢ KS &de&ad

spectrograph and CCD detector generate a spectral range o#@DQcm? at a resolution of
3 cml, compaable to that of theExoMarsrover RLSnstrument, which will operate with
spectral range of 16@000cnt! and a resolution of @8 cnt! (Diaz et al., 2011¥he Raman
spectra acquired allowed for precise mineral identification of samplegeked by the core
drill, and the capability to find signatures of organic molecules.

TheprimaryExoMars¥ 3 S 2ifiseumhént<lacking from the MURFI payload incut
the ground penetratig radar (WISDOM; Ciarletti et al., 201And the fuller suite of
instruments within the drill package and in the Analytical Laboratory Drawer. We hope to
include emulators for thesestruments in the future; especially WISDOMvhich provides
sub-surface informatiorg but to meet the overall goals of MURFI16within the limited time
available for planningonly the standoff instruments that allowcharacterizationof the
geologicalsetting and determination of drill locatigrand the Raman spectrometer, were

used inthis trial.

t

daly
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Figure 6.The MURFI rover platform showing tlever instruments The main imaging instruments
were rovermounted, but the spectrometers were mainly useamdunted from the rover for the
convenience of the field team. The ISEM emulator could be used mounted or demBept&ijure 1
for scale.lImage credit: Mike CurtiRouse

4. %21 - AOOZ BEAA O PA®RAIOE 1T O

The MURF2016campaign was carried out over3aveek period(Figure 7)In the field, he

first week (week 0)of the mission was dedicated to fieldamp setup and testingof
instruments andthe platform. In weekOat i KS ah/ X Wt I y Rang @hza@A (G SQ
evaluation from remote sensing datavas conducted Weeks1 and 2 consisted of the
ExoMargover-likeCportion of the missiontself. The firsttwo days of week vere used for

tactical operations rehearsalgvhichthen continued into the 1ol missionDuringweek 3,

the field team disassembled the camp and began homeweadel, while two members of

the MOC team joined th€SA teanfOsinski et al., 2017Ap observe their operations.



October 2016 November 2016
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Week 0 | Week 1 | Week 2
Sol0 Soll | Sol2 Sol3 | Sold  SolS | Solé  Sol7 | Sol8 | Sol9

Landing site assessment from

orbital data:
MOC 1. geological mapping
SETUP 2. hazard mapping EM-like mission Qoo ExoMars-like mission------—---—-— —>
3. science target operations
identification rehearsals

Study drill Drill +
Characterise local geology | site area analyse
core

430
431 Fig.7. MOCmission timeline overview

432 4.1 Roles inMOCand in field

433 The structure ofthe MOCstaff was determined inn consultation with advisersvho had
434  experience othe NASAVISLmission andoreviousCSA trial§Dupuis et al., 2016; Osinski et
435 al., 2017)However, out of necessitythe operations structuravas also shaped by availability
436 of personnel. The roles of the MOC team diedd team aresummarizedn tables 1 and 2
437 respectively.The MOC personnel swapped in an out of the team based on availabitity, w
438 the total number of team members in the MOC usually being between 8 and 12 people.
439 The field team consisted o to eightpeope duringthe investigationjncluding field
440 geologists, rover and instrument specialists, and logistic and leadershiprpeiso

441

442



Mission scientis{

(MS)

The MS was a fixed position held by one person throughout
AYy@SaaAadalrarzye ¢KS af aAy
aAYdzt F GARZ2Y € RAaOdzaaAz2ya osAGK

responsible for theset up and commissioning of the MOC, tneerall

gl a

scientific direction of the mission, including leteym planning and

strategy, and for MOC leadership

Mission

manager (MM)

The MM was afixed, technical position, held by one of two peoj
across the tal. The MM was the only MOC member who wag dzi
& A Y dzf .IMiv aasgegponsible for logistics, safety, and leadershiy
the MOC, for direct communication with the field team, and for sett
daily mission constraints (such as data volume allow€d@MM also

ensured each daily plan was uploaded to the field team FTP site.

Science working
team chair

(SWTC)

The SWTC held responsibility for making sure that the tactical plar
delivered each day. SWTC was appointed from early andcangker
scientistson the team to give experience of leadership roles. Hence
SWTC position was held by five different people across the 1(Q

ExoMars rovetike mission.

Traversability,

The TML team (usually one or two people) was resgda for all

Mapping  and| remote sensing and drivplanning tasks, as well as ddigalizationof

Localisation the rover. TML was responsible for keeping GIS maps of the rover

(TML) date and advising on safety of planned drives.

Instrument Instrument scientists forma the largest part of the teanfusually 24

scientists people per day)and were responsible for daily image processi
analysis and reporting to the larger science tedrhe AUPEScientists
were busydaily, butsome other instruments were not used each day
consequence of this was that demands on the team were not eq
divided between instrument teams.

Planner The planner documented the daily tactical planning and targets ch

for analysidduring planningand ensured that mission constraints (e

data volume) were not breached. In addition, the planner v




responsible for creating thignal version of the tactical plaend handing

it over to the MM by the daily deadline

Rapporteur

The rapporteur recorded daily minutes in the MOC, including note
discussions and decision making processessdiinutes wereusedto

assist the planner during the often hectic tactical meetings, as we
being usefubfter the investigation tevaluate decisions arakssess how

well the team workedogether.

Advisos and

observers

Two senior scientists wittacticalmission planningxperience from the
MSL missiomwere present during part of the ExoMars royie mission
to provide advice and instruction. An observer from the European S

Agency was also presemtrfseveral days.

Science Working
Team (SWT)

Due to the limited number of people who could be involved invheer
investigation the SWT comprised the entire membership of the M
FAARS FTNRY az2dzi 27F &A Bwyteamm2mybé
waswelcome to contribute to the discussienas chaired by the dai

SWTC

443 Tablel. MOC team responsibilities



444

445

446

447
448
449
450
451
452
453
454

Mission The mission commander was responsible for all logistical, leader
Commander safety, and operation aspects in the field, as wellszommunication
with the MM at the MOC.

Geology lead | The geology lead was responsible for documenting the local geg
prior to the ExoMars rovelike mission, andmost importantly, for
deciding where to place the rover to provide a starting point that wa

allow the MOC team a reasonable chance of meeting the mission ¢

Field team The field teamwas primarily responsible for collecting data from tt
field instruments based orhe daily plan communicateddm the MOC.,
Additional tasks, such as aalting samplesand testing othern
instruments were performed once the daily plan for the ExoMars ro

like mission was executed

Platform lead | The platform lead was responsible fensuring thatthe rover platform
operatedsafdy. This role was vital to ensure that the MOC team did
inadvertently command the rover to do something that could caus

damage

Platform team | The platform team(2-4 people) were responsible for deploying

controlling and maintaining the rover platform.

Table 2 Field team responsibilities
4.2 Mission schedule

4.2.1. MOC team schedule

Thefield team positioned the rover G (G KS Wf ¢n\8& Q, ird frdmdhatypdir®on a
new tactical plan was generated eastl by the SWT (thesol N plan) The daily planning
deadline wad 3:00UK time meaning thathe time zone diférence between the UK and Utah
allowed the field team to receive the conandplans early in the morning and executeand
thentoNB G dzNy RIFGF G2 GKS 'Y 60SF2NBE (KS .Fhel NI
first five sols of the mission consisted o§ing the rover instruments toharacterzethe local
geology and drives towards outcrophe nexithree sols were devoted to characterizing a

possible drill target, with the comnmal to drill being given omol 8. Postdrilling observations

27



455 and CLUPI/Ramaanalyse of the drill sample were returmeon sol 9 for later analysisThis

456 is probably a much more rapid drilling time than is likely for a deep drill on ExoMars, but
457  simulatinga slower drill process was ndeemed useful for the MURFI missitio planning

458 was done orsol 9and itwas usedo discuss the final data sets returned and oMOGteam

459  debrief.

460 The MOC SWibllowed the samefixed scheduleeach day Table 3. The day began

461 with the Mission Scientistlesignating roles within the team, a report from tidission

462 ManageE Ay Of ERAVYED WHNERI0OI SYa 2N AaadzSa =ampd GKS N
463 confirmation of the rover data that had been downlinked from the field. After a period of data
464 processing, tactical planning discussion began, andsoh&l plan proposed, discussed, and
465 finalized After the plannersubmitted the Sol N plan to thiglission Managethe commands

466 were W dzL#dQ yifleHield team. After a lunch break, the\8T returned and begun more

467 wide-ranging, freeform science discussions based on the data obtained in the mission so far.
468 Later in the afternoon another formal planning sessile by the Mission Scientigbegan.

469 During this sessiorthe current longer tem planwas discgsed and modified, as well as an
470 outlinesol N+1 plan createfbrusel & G KS ol &A a T 0MN plaihifg Cadyt £ 2 6 A Y
471  activity at the MOC wasompletedby the MS and MM creating an archive backup copy of all
472 the documentation anddata generated during the day. After dinner, the MS produced a
473 summary of activities and targets from the dior distribution to all team membersand

474  various team members updated blog posts and social media accounts.

475 During the daily planning cycle, seak formal documents were produced and
476 archived to keep a record of the operations. These are numbered in Jaiplé included(1)

477 ol NRoverStatus Reportiocalizationresults and GIS shapefiles provided by the TML team,
478 and data downlink lists from gaMM.

479 (2) InterpretedData ReportsrS & dzf & FNRY (KS L3NG @s\ahnigateda 2 f Q&
480 creen grbsQof images Presented by the instrument scientist® further science and

481 planning discussions

482 (3) Sol NTargetOverview Documenproducedduring the planning meeting by Planner and
483 SWTC to demonstrate locations of targeted observations planned for theTtiegs/included

484  screenshots images showing the expected field of view of desired observations and target
485 names. These helped the field teamobtain the correct data in case of confusion over the

486 plan.



487
488
489
490
491
492
493
494
495
496
497
498
499

(4) Sol NPlan Summaryproduced by SWTC to include all aspects of the sol N plan as agreed
by the SWT.

(5) Sol NPlan for UplinkSol N planincluding all drive commands and targetingations,to

be uplinked tahe field team, poduced in a specific format by Mission Manager, assisted by
the Planner, and checked against daily constraints.

(6) Sol N+Han: outline-level document prepared by Plannedescribing the proposed plan

for sol N+1 activities.

(7) StrategicPlan a Yving documen® updated daily by the Mission Scientist, that
summarizedsoktby-sol activity to date, proposed activity within the next 3 sols, and
milestones and staggates necessary to meet tlteverall missia goals.

(8) Rapporteursfinutes:describedi KS R & Q aforRferauskdzd a A 2 v &

Other documents and presentations focussing on the scientific interpretations were created

and presented to the team by members of the SWT as and when necessary.

Time ltem Responsibility

(local)

07.45 Catchup meeting for MM and MSdiscuss| Mission Scientist and Missio
designation of roles for the day. Manager.

08.008.15 |Kickz2 FF¥ GSI'Y YSS@&AWEd All MOC team
designation of roles for the day, essential ir
from Mission Manager (e.g., fire alarm tes
IT issues etc, early closure of faciliti
absences of team members)

08.1508.45 | Sol Ntactical planning meeting preparatid Instrument scientists, TM
and data proessing timg(1). team, Mission Manager
08.4511.30 | Sol Ntacticalplanning discussions (2). SWTC to chair. All SWT inf
into discussion

11.3011.45 | Documentation prep time.
11.4512.30 | Sol Ntactical planning final meetin). SWTC and Planner to leg
TML produces drive plan. A
SWT to input into discussior
12.3013.00 | Sol N Mission plan checking and agreem| SWTC to chair, Planng

(4). Mission Scientist, Missio
manager
Deadline: Mission plan fosol N sent to Utaliield team | MissionManager
13.00 (4).Set to arrive no later than 6am Utah log

time so dependent on timdifference
13.0014.00 | Lunch

14.0015.00 | Science team disssion, analysis, hypotheg SWT, Mission scientist tg
generation chair.
15.00~15.30 | Sol N+1 planning discussion meeting (5) | SWTC




500
501

502

503
504
505
506
507
508

509

510

511
512
513
514
515
516
517

~1530-16.30 | Strategic planning meeting and Sol N+1 p Mission &ientist, SWTCG
finalization (6). Strategic plan updated (7| Planner

Daily documents archived, includir
rapporteurs minutes (8).

evening Handover activities for incoming teal Mission Sientist,
members incoming/outgoing team
members

Table3. Daily schedule during thiiexoMars rovelike missionNumbers in parentheses refer to formal
documents poduced during the dayas described in the text

4.2.2 Field team schedule

The field team arrived in Utah on 24ctober, and the basecamp was fully operational by
the 28" October. The field team spent several days ensuring the rover and instrumentation
were fully functional, as well as performing geological reconnaissance of the operations area,
and deciding where to position the rover to maximise the return from the egerdhe field

team began regular daily operations (Table 4) on sol 1®fkoMars rovelike mission, a

the first daily tactical plan was uploaded to the field team from the ROC.

Time Item

(local)

07:00 Incoming data received from UK. Ratere colleted in Hanksville or via th
CSA downlink, depending on bandwidth and location of personnel.

08:00 Mission Commander coordinates with MM at the MOC to ensure
AYF2NXNIEGAZ2Y 61 & O2NNBOG Icofstlerindo&l
conditions)

09:00 Daily briefing and planninchaired by Mission Commander.

10:0016:00 | Daily mission activities performed following tactical plan

16:00 Data collated and prepared for upload to UK

17:00 Data package sent back to UKigtrument andplatform maintenance

18:00 Review othe day® activities abasecamp

Table 4. Field team daily schedule

4.3 Data processing and/or software

The majority of the data returned to the MOC by the field team was images. These included
daily NavCam (pancbmatic WAC images taken using the visible light filter) panoramas, and
targeted observations using the WAC RGB and rapéctral filters, the CLUPI emulator, or
the HRCVariouscommercial and opessourcesoftware packages were used to display and
mosaicimage data or visualise stereo images in , 3Bcluding9 { vAlcGI®¥ugirtYderived
FTNRY atly2NF Yl ¢ 2ad AgiSoitProisstai@ K steraonpanoramas

acquired through the left and right WACs were uploaded to an ftp processing pipeline set up



518 by Joanneum Research, and automatically converted into 3D digital outcrop models using the

519 PRoVIP tool. The resultant 3D Ordered Point CIQQ&CSs; Traxler et al., 2018)revisualized

520 in PR03D; a software tool developed specifically for quantitative geological analyHOsf

521 created from stereo rovederived image¢Barnes et al., 2017blPRo3D enabled immersive,

522 reaktime visualizatiorof the 3D rendered image data for scientific purposes, allowing for free

523 NR I YAYy3 2F | @ANIdzZf NBLINBaASydaladAz2y 2iF GKS |
524  to the oftware allowed for the true scale and distances of objects to be measured. This was

525 important for planning drives, identifying targets and for avoiding obstacles. It should be

526 noted that these 3D rendering and analysis techniques are still in the eaggsbf testing,

527 and validation of the processing techniques and PRo3D are ongoing, so MURFI was also a
528 useful trial for this system.

529 The multispectral WAC data were processed using ENVI software and the ISEM

530 emulator reflectance spectra were processeddamalyz&k dzad AS/ I{ LYSECKI NI £ DS 2 ¢
531 software Satellite remote sensing data were used to generate a variety of mapping products

532 (see section 5.1) both before and during the ExoMars rtikermission. ESRI ArcGIS software

533 was used extensively f@rocessing, display and digitising of these data.
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Figure 8. PRo3D example outputs. a) Nesdd viewshowing annotations made onto the PRo3D scene.
b) Distance measurementsseful for drive planningpade using PRo3DA Yy G KA & OF aS3> (2
NE Qisidg®l 1data.
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5.1 Preliminary Landing Site Assessment

In line with the objective to simulate an ExoMars rolike missiona subset of the SWT
conducted apre AYAY I NB |adaSaavySyid 2F GKS Wil yRAYS3
preliminary landing site assessment wasitalerstand the local geology of the area in order

to build working hypotheses for the palaeoenvironments representethéyedrock geology

l.j
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at this site An assessment afie nature and distribution of hazardi line with scientific and
engineering criteria of the ExoMars rover missimas also made, as wals identification of
possible science targets for the rov@ruciallythis task vas conducted within the simulation,
andsothe mapping teanwere allowed ngrior knowledge of either the chosen site area
the start point for the rover mission.

To conduct this preliminary landing site assessment we produced a variety of Mars
equivalent data sets from the available terrestrial data sets (Table No additional
knowledge (e.g. higher resolution aerial photographs, more extensive areaslaf or
spectral data) of the mission landing site was allowed or consigdcethake the process
similarto the ongoing assessment tife ExoMars landing sitg8ridges et al., 2017bYhese
data seswere usel to (1) create a reconnaissance photo geological map, (2) assess slope and
other traversability hazardand (3)build working hypotheses for the origin of the geological

units and therefore to identify science targets for the rover based on these hypotheses.
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(Panchromatic; €

m)

function) to grey scale

resampleto 6 nypixel

Mars dataset| Earth data used| Processing WYal NR A
emulated (spectral| (spectral  range (spectral range ang
range and pixel and pixel size) pixel size)

size)

HIRISE(RED, RGE World View 2| Export Red channel 0.39 m RED
0.25m (0.39 m RGB) Clip central RGB strip | 0.39 m RGB
HIRISE Digital | NAIP* 5 m DTM| none 5mDTM

Terrain Model| [3]

(DTM?® (~1 m)

CTX NAIP®1 m RGB | Merge RGB (grey scda 6 m Panchromatic

CTX DTM (~20 m)

NAIP 5 m DTM [3]

Resampléo 20 m

20 m DTM

HRSC (125 m

LANDSAT®®ands

Composite RGB band

15 m RGB

Panchromatic, 5( 4; Red 3; Green, 4 Resample to 50 hpixel,
m RGB) Blue, (30 m/pigl) | rescale pixels from 16 b
and 8;| to 8 bit, pansharpen 8 bi
Panchromatic (19 RGB with 8bit
m/pixel) panchromatic data
THEMIS IR| LANDSAT 8 bar Band 11, resample to 10 100 m (11.5 unrl2.5
dayjtime  surface| 11 (11.5 pm ¢ | m/pixel, rescale pixel§ um)
temperature 12.51 pm, 3@ from 16 bit to 8 bit
(12.17 pmg 12.98| m/pixel)
pm; 100 m)

CRISNMP (400 nmg
4000 nm

wavelength range

16m)

HYPERION (250
nm ¢ 2500 nm; 30

m/pixel)

Resamplgixels to 32 m

Y spectral range ¢

spatial resolution

559 Table5: Mars like data sets made from available terrestrial counterpi#ddP = National
560 Agriculture Imagery PrograrfiHigh Resolution Imaging Science ExperimévitsEwen et al.,
561 2007) “DigitalGlobe (https://www.satimagingcorp.com/satellisensors/worldview?2/),



562 °Kirk et al. (2008) “NAIP DTM (https://gistah.gov/data/elevationterrain-
563 data/#AutoCorrelatedDEM), °ConText Imager (Malin et al., 2007) ®NAIP RGB
564 (https://www.fsa.usda.gov/programand-services/aeriaphotography/imagery

565 programs/naipimagery/),”High Resolutin Stereo Camer@eukum and Jaumann, 2064)S
566 Geological Survey (https://landsat.usgs.gov/lane®pt ° THermal EMissionimaging
567 Spectrometer(Christensen et al., 2@), 1°Compact Remote Imaging Spectrometer for Mars
568 (Murchie and the CRISM Science Team, 200PMUS Geological Survey
569 (https://eol.usgs.gov/sensors/hyperion)

570 5.1.1 Physiography of the Landing Site

571 The study areaappedusingthe Marslike datais shown infFigure 9)Elevationin the study

572 arearanges between ~ 1,430 and 1,350 m. There is504%0 high scarp at the western edge
573 of the study areabut the majority of the study area isgently undulating plain. Across the

574  plan, there are a series of sefoontinuous mesas and ridges which are up to ~ 15 m high.
575 Local drainage is defined by ephemeral stream and alluvial deposits, which drain towards the

576 east and haexposed much of the underlying stratigraphy.
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Figure 9 TheMURFI field site area mapped using Méke remote sensing dataf. black box showing
study area in figure 2bAn area 2 by 3 km was mappeda) A simulated HIRISE imai@orldview 2)
including the centratolor strip and the lateral greyscale areds) 5 m resolution DTM showing
topography. Note that this DTM actuahws lowerresolution than the bestMarsDTMdata (5 m/piel

vs 1 m/pixel). Graticule and grid show WGS (World Geodetic System) 1984 latitude and longitude and
UTM (Universal Transverseskdator) zone 12drojection scale informatiaimage credits: see Table

5.



586 5.1.2 Photogeological mapping.

587 The photogeological map (Figut®) covered an area of 2 x 1.75 km and was digitized at 1:

588 1,000 scale ovethree days in the style of the USGSrageology progran{Tanaka et al.,

589 2011) The mapping used a HiRi&ftiivalent base layer, witbolordata available only in the

590 central portion. CTX, HRSC, and THEMIS equivalents §Jalgee used for regionaontext.

591 Hyperion data were only available later in the mission: CRil&8Vsummary products were

592 generated but did not provide significant additional information that altered the mapping.

593 At the time of mapping, the SWdid not knowwhere in the mappedeagion the rover

594 g2dzZ R Wil yRQY KSyOS Al gl a AYLRNIIFIYyd G2 odzf
595 NBIA2Yyd ¢KAA WNI LAR YILILAYIAQ I LILINRdsHikkly K & NX
596 building up a good understanding of the local geglagll be important for guiding the initial

597 drive direction of the rover following disembarkation from the landing platform.

598 The MURFImappingproduced aproposedstratigraphy (Figurell) divided into 10

599 unitsorganizednto four formations{(i) and (iixhe Upper and Lower Layered Formatio(is)

600 the Resistant Formatigrand (iv) the Dark FormationHenceforth, we only describe the units

601 and relationships thatvere close to the actual landing point and relevant to the MURFI

602 ExoMars rovefike missionrather than trying to provide complete detail of the wider map.
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Figure 10:Subset of the photogeological map of the landing site region. Rédyered (scarp and
plainsforming) FormationsBlues Resistant FormatigrBrowns Dark Formation Green = at-of-
situ rubbly boulderand debris White =Anomalously Bright Unifa distinctive unit in thd.ayered
Formatiors). Bue lines = modern alluvial deposits and green lines = targets. AdditiBirétlyindicate
anthropogenic featuressuch as a dam struater in the north of the regiarGraticule and grid show
WGS1984 and UTM zone 12ddle blue gridlines are 1 km apart.
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Figure 11.Proposed stratigraphy based on remote sensing mapping. Zigzag lines indicate
unconformities or poorly constrained contacts. Ma = Modern alluvial material. Br = Blocky rubble unit;
Dd = Dark dappled unit (part of the D&trmatior), Rp = ResistaRtilateauUnit (part of the Resistant
Formation, uLs and uLp are upper LayeFmtmation Unit{Scarp and Plair®rming respectively),

Ab = AnomalouslIBright Unit(part of Layered Formation Ri = Resistammterbedded Wit, Ds and Dh

are part of the DarlEormatbn (Smooth and Hummockespectively)ILs and ILp areower Layered
Formation Uni Scarp and Plair®rming respectively).

TheResistant Formatiogonsists of three units characterised by a tendency to crop
out as ridges or flat capsn top of mesas ad plateaus.Subcurvilinear ridges of resistant
YFGSNREFE FNBY (GKA&a F2NXIFIGA2Yy FFNB asSid sAGKA
MURFI rover landing poinBased on the mapping and the geomorphology observed in the
highest resolution images, we interpreted them to be resistant matedgalsposed otthe
upper pars of inverted fluvial channels. Henagyr hypothesiswas that theywere fluvial
sandstones or similarly coarggained sedimentary materials

The upper and lowelLayered Formationare each formed of horizontal to gently
dipping layerswith varying albedo andheter- to decameterscale repeating layerintpat is
continuous amss much of the study ared@hese units were interpreted to be sedimentary
material, with the variations iigolor reflectingpaleoenvironmental conditionspfoposed to

be related to types ofron-minerals present Also located within théayered Formatioare
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the WWnomalously Bright Uni€s ¢ Whicld appearsimilar to the other layered unit, only
brighter and with aspatialy restricted outcroppattern (contrary to the rest of the_ayered
Formationin which layers strike across the whole mapping ar@ar interpretation for these
materials was thathey were part of the same fluvial assemblage as the inverted charasels,
they were often found directly beneath the Resistdnterbedded Unit within curvilinear
ridges We concluded that these representegliiescent fluvial sutenvironments such as
flood plains or channel overspiléposits and hence would have finer grains sizes and possibly
more clay rickassemblages

The overall conclusion of the mapping was the following working hypothesis: that
parts of the study area comprised a fluvial assemblage, including both channel fill (how seen
in inverted relief on top of mesas and hills) aqdescent fluvial deposits su@sflood plains

facies(now seen as spatially continuous layered scarp, or undulating plains).

5.1.3 Hazards.

As part of the preliminary landing site assessment, rover traversability hazards were
evaluated. This exercise is directly relevant to the Exxa@Vrover mission; very similar
analyses were performed at the landing ellipse scale for ExoMars landing site selection, and
detailed traversability maps will be needed as soon as the landing position of the ExoMars
rover is determined to allow for drivelanning.

The resulting hazard maps (Figure 12a) were used to place constraitiie ooutes
the rover could traverse and which targets were accessible. Four types of hazard were
identified and mapped

(i) Slopes: aras of steeper ground where it waither not possible to drive theover
or where it was more likely to encounter impassable breaks in slope. As the 5 m resolution of
the Digital terrain ModelDTM Figure 9b) is poorer than the HIRISE DTMs available for Mars,
it was difficult to assess truglope at the shorter baselines that could most seriously affect
rover movement. Instead, we mapped out slopes across the study using the 5 m/pixel DTM
to produce a colocoded slope map to inform travsability. Across the study area the
majority of slopesre <10°. Locally steeper slopes around scarps, mesas, ridges may impede
access to outcrops of high scientific interest.

(i) Loose material: numerous areas of loose material are found in the area, including

modern ephemeral fluvial channels depositsdatalus slope material. We conservatively



663
664
665
666
667
668
669
670
671
672
673
674
675

decided that the lowrelief modern channels visible in mapping were a loose sediment hazard,
as well as having possibly-50 cm steps at the dry channel margins, so all these regions were
ruled as being hazardous.

(i) Blocky debriswe included blocks shed from tliesistant Formatiomaterials as
a mapped unit. However, more examples of these exist in the area of the layered plains.
Where these can be identified from orbit they can be avoided, but boulders bétew
resolution ofsatelliteimagery will also be a possible hazard and can only be identified from
the rover.

(iv) The unit Dd appears to have dark patches which may be boulders, as judged by
shadows and bright regions on their sunward side. Howewany morehaddiffuse margins,
a possiblyorganizedspatial distribution, and occur at low elevation near areas of modern
fluvial channels. This suggests they may be small bushes. Both terrain types pose a hazard to

the rover so were classed as hazardous.
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Figure 2 ¢ Hazard and science target mapping. a) Hazards within the wider mapping ristpdern

Alluvial hazards are outlined in blue. In the background, slopes | NB3 02 $ ¥ N&ric2 LINSp 6
yellow, slopes af0-15¢ | NB 2 NI y A% NBY RISRORRIB f H BB HLILX SRl K ¥ AWK
Dduc interpreted to be densely covered with boulders and vegetathdnite box shows position of

Figure 12bb) Possible science targetsthe central portion of theemote sensingnap region. Dark

greens showResistant Formationutcrops or float rocks that could be rover accessiblesgreeén are

other possible bedrock outcrops, and bright green show the edges bhtleeed Plains Undr the

Anomalously Bright Un{Abu). The blue lines show modetluvial hazardsBackgrounds image is a
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HiRISHike image (Worldview 28raticule and grid show WGS1984 and UTM zonelir2ige credits:
see Table 5.

5.1.4 Science targets.

As a result of the reconnaissanc&pping four typesof science target were identifiednd
their locations recorded on the maff-igure 12h)Based on discussisin the SWTthese
target categories represented our evaluation of what would be the highest priority science
targets when the missiohegan

(2) Resistant outcrops: identified to test the working hypothesis that tResistant
Interbedded Urtiwaschannelfill exposed in inverted reliefThis could be partigl tested by
remote observatiorif all examples proved inaccessible.

(2) Resistant float rock these targets provide opportunities to investigate the
sedimentology of outcrops thatere otherwise inaccessible. Closg analysis of these could
be used to investigate the sedimentology of the resistant outcrops from which hiasg
fallen.

(3)  Scap-forming Layered Unitsas possibl@ancientflood plainsdeposits a key priority
was to assess their grain size via clopeanalysis of bedrock examples of this material.
Furthermore, these stratanight have ageochemistrythat variesbetween darker (reddish
color, possibly F&-rich) and brighter (whitish or pale grey, possibly*Hmor). This might
reflect changes in environmerdepositional styleor later alteration Hence another goal was
to determine if this variation is assiated with deposition or posiepositional diagenesis.

(4) Anomalously bright regions associated witbesistant materials but within the
Layered Formatiorthese outcrops might represent diverse paleavironments, or extrema
in the diversity of the irdgrpreted geochemical variation expressed in tagered Formations
(5) Bedrockin the Layered Formationif our working hypothesis was supported by rover
observations, then finding competent, -gitu examples of these types of terrain would

provide the deal target for a drill sample.

5.2 Traversability, Mapping and Localization (TML)

Driving instructions for the rover were generated¥sypoint file? RS & ONWedafivgk 3 NB O €
positions for the rover to travel to, and the final azimuth for the ro\2rives wee planned

daily by the MOC SWT, with theaypoint filesthen beingcreated by the TML team and



716
717
718
719
720
721
722
723
724
725
726
127
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

uploaded as part of the daily tactical pldf keep planning simple, drives were planned as a
series of linear paths linked by point turns. At eaclypant, the location and directiorof

the roverwasspecifiedin the waypoint filesto put it in the best positiofior imaging or other
tasks.

While driving, the rover operated autonomously. To ensure the rover actually drove
the planned track, the roveutilised its XB3 stereo cameras linked to the Oxford Visual
Odometry application(Churchill, 2012which generates framéy-frame estimates of the
NEDSNRa Y2(0A2yd® ¢KA& A& GKS alyS @GAradadt 2R2
mission(Shaw et al., 2013; Woods et al., 2014)

In any rover mission it is imperative to know where the rover is, both relative to
science targets and potential hazards, but also to its previous position to determine how
successful the last commanded drive has been. This was especially important osttba f
of the mission. To localize the rover, weeddistal and proximatrigonometry based on
objects seen on the horizaor in the near fieldand that could be located in remote sensing
imagesWhere possible, @ximal localization and planningthin the meterscale workspace
was done using the 3D tool described above. The 3D scenes were created ADRE
panchromaticmosaids OG A y3 Ay WhdPRo3BC¥eclode2oRNS dver was used
to characterize thavorkspacesurfacetopographyandhencefine tune the rover position for
drill core acquisition.

For targeting of the instruments on certain locations, aming conventionwas
adopted analogous to the conventions used on MSL and other misske®ures large
enough to be identifiedrom remote sensing analysis were givensy SGA O y I YS&a 0S
aSaléod CSIFGidzNBSa yR (GFNBSGA ARSYGATASR FTNRY
with a population of fewer than 10,000 residents (e.gWimblingtorQ) using a name
randomiser t@l and databasel'he TML team had ownership of this tool and were responsible
for generating target names.igure 13 shows the localisation and driving results oMh&RFI

ExoMars rovetike missim, and examples of targets determined during planning.
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Figure 13Localisation and drive calculations for the MURFI ExoMars-ligeenission, including some
of the key targets and their locatiorsote the Sol 5 localisation recalculation that resulted in the rover
positioning being moved ~rf to the west.Graticule and grid show UTM zone 12N keebines are
100m apart. Dark Ines are2 mcontours based on the 5 m DTNinage credits: see Table 5.

5.3 Daily mission operations log

The following describes the sta-sol activities of the MURFI ExoMars rclike mission. In
ISYySNIfs> SIOK az2tQa GlFrOGAOKE LXFYy Ay@2f gSR
all of the standoff instruments), then a drive bloéiNavCam emulator panorama acquisition

was included as a standard pattive imaging comm@and. The postdrive panorama were
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either 180 or 360° depending on data volume available and/or planning needs, and allowed

OK2A0S 2F GKS ySEG az2fQa GFNBSGa FTNRBY (KS LI

Sol 1. (34 November 201 6)

The rover was placed at its landing site by fiedéd team. The only data availlbto the SWT

was a fulicolor, stereo, 360° WA@anorama (Figre 14). The TML team produced an accurate
localizationresult using triangulatiofased on features identified in the panorama and the
satellite remote sensingnages. This locateithe roverwithin the study area, at a point 70

mnorthof alargemesa y I YSR & . A 3 a SaadfacingndrthAisknéll call€stiory” 0

of ~ metersized boulders) y I Y S RVeékdayRS O {caMonday through Friday, by the

team) wasseen to the southeasflTargets chosen durin§ol 1 tactical planning included: (i)

W. & T MR iRdyivig of pebbleh ground near the roverhgpothesizedsheet wash
deposits), (i C A & 1 HRCIVPAZ @uftispectral and IS&RUlatortargeting of peble-free

soils near the rover, aimintp determine composition and texture, (iPh OK A HRCNBE S QY
observations of mud cracks near the rover, (iv) HRC mosaic eagitern part of thedistant

W, A3 aSalrQ G2 221 ¥F2N b02EENGERK S Q¥S RAW S yAIH N2
weekday rocks to look for possible layerimgpd (V) W2 S a I HRzisidgke @nages of a
smaller butte in the middle distance and a boulder near the rover.

The overall strategic plan for the mission was discussed in the 8WIT,the
conclusion that heading south towards the largest vertical exposure gave the best chance for
understanding the local geological setting. Hence, the Sol 1 drive plan included turning the
rover 180 and then heading south 10m to bring the rover ajside the boulders. The SWT
were cautious about hitting the boulderm casethe rover turn manoeuvre(or initial

localisation)was inaccurate, so only a short drive, finishing before the boulders, was planned.
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Figl4. a)AUPHull color, stereo mnorama data returned after sol ®) Posiion of rover at start of Sol
1, as determined by the TML tealmage credits: see Table 5.

Sol 2. (4" November 2016 )

Data returned on Sol 2 showed that the rover had successfully avoided/gekday Rocks
and moved ~ 10 m south towards the Big Mesa. The ®isfedto characteriséBourton, a
small patch of high albedo material immediately south of the ro¥er which two working
hypotheses existed(i) an inlier of high albedo bedrock, and (ii) an aredigher albedo
AdZNFAOAL T YFOSNAIFE® ¢KS GSIY RARurthegfitwas!l y i
surficial material, but if it were bedrock this could provideromising target for drilling. It
was also suggested that this material couldagossible rover traversability hazard if it were
loosesand. The outcome of discussion in the SWT was that gotwtodrive, first to the edge

of Bourton, then skirting to the east and then southeast of it, was appropriate. An untargeted
right-lookingimagingsequence of the centre dourtonusing WAC, HRC and IS&Mulator
acquisitionwas plannedo occur before the second drivé.Bourton was found to be bedrock,

the rover could then retrace its drive back to this area on future gadglitional predrive

0 2
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targets included several HRC mosaics of the buttes and mesa in the area to search for
sedimentary structures, and an HRC/IS&Nulatorstudy of a bright patch of soil andsanall

rock (possibly bedrockjear the rover.

Sol 3.(5th November 201 6)

No opeations (scheduled rest day)We note that the provision of rest days will be very

unlikely in the early part of the ExoMars rovermission.

Sol 4.(6th November 201 6)

Due toscheduled changeovers in the field Platform Team driving was possible ol 4.
Thereturned HRC and WAC data showstdongevidence for the Big Mesa being composed

of sedimentary material, based on observationsatifedo, textureand layering at smaller

scale than visible in the remote sensing data. HRC images shioslieeéd srata, interpreted

as being crosbeddingin the Resistant Formation materials, both in situ and in debris at the

base of the slopeshe data also showed further patches of high albedo material to the east

and north of the Big Mesalhe SWTproposedthese to be bedrock examples of the
Anomalously Brightnit of the Layered Formationand somight bepossible futuretargets

for drilling. The data obtained on sol 2 revealethat Bourton was composed of surficial
materialso sol 4/5 drives were planned towarthe south to bring the rover intanarea with

more outcropand drill targetsThe targeting strategy was to build up more information about

the geology by observing outcrops in the local ai®al. 4 targets included (i) HRC mosaic of

Wt | A VEAFGAAKIQ GKS ONARIKG GSNNFXAY 6Sad 2F . A3 a
RSONRA y2NIK 2F . A3 aSal s YR O0AAAOD WYreSSGAy3

z

S
NREOISNRa az2dziKgl NR RNAGS LI GKD

Sol 5.(7th November 2016)

The plan for sol 5 aluded further HRC and WAC imaging of the Painswick Patch area and two
HRC and ISEMmulator analyséé 2 F LJ12&daAofS o0SRNRO] 2dzi ONER L.
W5dzy 22y Q0@ ¢KS LINS@A2dza a2t Qa AYIFIAy3d ff26¢
drive obstcles was quite clear. Hence, a 30 m drive south to the edge of Painwick Patch was

planned.
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Sol 5 contained fewexamples of logistical and communication problems. First, the
LX I YYSR RNAGS FT2NJ a2t p ONRAAKI (KRINE ANBISR;
between the UK SA and CSA field teams. Unbekstwrihe MOCteam, the CSA rover was
working just a few tens of meters further south and there were worries that the presence of
two field teams working so close to one another would compromigé bovestigations. The
field team did not knowthat this was likely to be the last long drive performed by W&C
team, as the strategic plan for sols96included detailed studies of the locations near the
rover to prepare for drilling, rather than furér long drivesThe problem was resolved after
field andMOCteam communicated directly via satellite phone, reassuring the field team that
the MURFI rover would not be progressing much further south into the CSA workspace. This
incident demonstratsthe need forwell-defined working spaces and reinforces the necessity
of readily available communications betweBtOCand field.

Asecond issue that arose on this sol was that the TML team became concerned that
a localisation error could have propagated throoghthe entire mission, potentially putting
the rover10-20 mfrom where the SWT thought it was. Howeversloealisingrevealed that
the rover was within 5 meters of the previous estimate. Nevertheless, this recalculation put

increased pressure on the tactical planning time window.

Sol 6.(8th November 2016)

Sol 6 saw a change in the pace of the mission: the team trANgiIE R T NRB Y G20 a SN
RNAGAY3IE (2 GOKINIOGSNRAaAAYT YR RSOARAY3I |0
would be the last driving sol, if drill workspace characterisation was to be performed on sol
7, and the command to drill being given on 80T his meant that tactical planning on this day
would finalise which of the several possible drill sites were chosen.

At the start of the sol, the rover was positioned close to the Cransford outevbjzh
appeared to be composed of finely layered seelmary material with recessive interbeds.
hiKSNJ LI2aaArofsS GFNASGa AyOfdzZRSR Whdzig22RQX
[ F@SNBR C2NXI GA2Y Y didgetinlthePainsivigk Ratch bright t¢rséik.y 3 N2 &
After much debate, the SWT dded that Skinmgrove would be the drill locatigrso a 12 m
drive to the southeast was planned. Prior to the drive, both Cransford and Outwood were
targeted with ISEMemulatorand HRC, to better constrain their lithologies and potential for

future drilling, and an HRC mosaic was taken of the Skinningrove area.
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Sol 7.(9th November 2016)

Following the sol 6 drive, the rover was corregitysitionedat the Kinningrovetargetin an

areaof loose sediment with a light cover of small (sgale) pebbles andbbbles The aim of

the sol 7 plan was toharacterizethe locationin detail, prior to making a decision exactly
where to drill. It became clear during tactical planning that being able to position the rover
on a precise spot would be difficult, but wasquéred ¢ we did not want to choose a drill
location with a large cobble or surface fracture that could damage the drill. Although the rover
has good visual odometry capabilities, this technique is less accurate if turning, so the SWT
felt that specifying arill position based on mast instrument data, and then asking the rover

to drive more than a few tens of centimeters to reach it, was too inaccurate. Given that the
drill is attached to the rover body (at least, it will be for ExoMars rover and so thes wa
assumed for the purposes of the trial), rather than being on a robotic arm, the contact point
of the drill with the ground cannot be imaged directly with the mast instruments. This means
that, without moving the rover, the specific drill location canyobk imaged with CLUPI
which is mounted on the drill casifigosset et al., 2012) NJ  dza A y JRovewinspegtibnt § K S
Mirror(JCoates et al., 2017)

The SWT devised a CLUBR$ed tactical plan that enabled a reasonably large area of
ground near the rover to be imaged, but which retained the ability for the rover to return to
the chosen loction precisely. The plan involved moving the rover backwards ten times in 10
cm steps, acquiring a verticallgrgeted CLUPI emulator image at each step. The aim was to
create a long swathéke mosaic of CLUPI images that would allow the surface émégzed,
and so that any location chosen in that swathe could be returned to simply by driving the
rover forwardwith no turns (the most accurate driving mode) a certain distariceaddition
to this CLUPI emulator mosaic, several |®fMIlatormeasurement®f the surface near the
rover were planned in order tanalyzethe mineralogy of the surface materials. The final
targeting request was for an early morning fedlor WAC mosaic of the Big Mesa to image it

in optimal lighting conditions.

Sol 8.(10t November 2016)

Sol 8 was the last sol of daily tactical planning. The CLUPI emulator mosaic rédlioveidg
sol 7 activitiesevealedthat a small miscalculation was made in the driv@atices,such that

each drive step was a few cm longer than the field of view of the CLUPI emulator images.
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identified that was clear of large clasts and on a straight forward path for the rover. The
tactical plan for sol 8 was complex: the first science block involvednre imaging with HRC
and ISEM:mulatorof Poddington and aagsition of an early morning WAs®lorimage of Big
Mes& | a | RNBYIST a Y INBekegaf sfort fovard &rive of20 cm was
commanded, followed by CLUPI emulator imaging of the Poddington drill site. Theehexkt
commandswas the drill ad samplesequenceand thenCLUPI emulator imagirgg the drill
tailings. This was followed by a second revetgection drive of 20 cm, and then by a second
science block including ISEvhulator, HRC and multispectral WAC imaging of the drill tailings
to provide information about the composition and texture of the subsurface mateHizlly,

the drill core was imaged using CLUPI andlyzel with the Raman spectrometer.

S001_T005
West Butte

S001_T004
Thursday Rock

Prten: 39,00
Pusi (7.4, 3,35, 1.9%)

Figure 15. Target examples. a) Sol 1 targeting example showing HRC field eindaesget names

and codes superposed on a portion of the soblorpanorama. b) Theol 21 w/  YORRNR AASY' | 3 S

27
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the Bourton areg this image showed that Bourton was surficial materials and not bedrock. c) PRo3D
scene of the local workspace near tloeer as the SWT prepared to select the final drill site. PRo3D
allowed size and distance to be measured accurately. The two dark circles to the left of the image were
@SASGlI GA2y® RO LYIF3ISa FTNRY (GKS WprdjectedlWAcdlorR R S N
image. The red circles shows the chosen drill target location and the black line the drive distance
required to reach that point.

Sol 9.(11t November 2016)

On sol 9, the data from sol 8 were returned asmcalyzel by the SWT. The returned core
sampleswere rather friable, and broke intseveralsub-rounded pieces during extraction.

Nevertheless, Raman analysis was still possarid analysis of the dishole debris cone was

also peformed.
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Figure 16. Results drilling. a) Small parts of drill core obtained. Scale bar lower left is in mm. The
CLUPI emulator image of theill core pieceshowed that they contained many fine sasided grains,

and werenot mudstone as had begmedictedd 0 0 ¢ K S tRaRéshiltedifroniithedrilliigy Thid Q
debris pile was actually constructed by the field team to mimic a reakdrél debris cone as the
majority of the depth of the excavation was made using a spade, not a deegodeill Only the final

few centimetes of the excavation was done with a corer. The debris material was obtained from the
bottom of the excavation to provide a realistic material sample.

o1 OAAEA AA OAOOI OO

During the 9 sols of the ExoMamver-like mission, the MURFI platform traversetiOOm
andmademultiple observations and measurements that were discusseceaadlyze by the

SWT. These discussions built upon the current working hypotheses from thmigs®n
satellitemapping. The MOC team quickBalizedthat the majority of the bedrock and float

rocks were easily identifiable as sedimentary rocks. In order to remain true to the simulation,
the MOC team had to overcome certain challenges, such as how to estimatesgies and
bedding thicknesses, key factors in determining geological provenance. For example, the size
of float rocks were estimated from CLUPI emulator images which also included the rover
wheel (of known width) and the heights of larger outcrops wereorrelated to the

topographic measurements recorded frasatellitedata.
6.1 Key mission observations from stand -off instruments

6.1.1. Imaging instruments

The following observations and interpretations were made byM@C SW.T

(1) The loose float rock&.g. Figure 17a)hat occur on the plains are coropitionally
immature and poorlysorted rounded pebble fragments up tecm in diameter (fine to
coarse gravels)with occasional larger clasts (rarely larger than cobble.sid&)y are likely
water-lain sediments from laterally unconfined modern flood event@jhough it could not

be determined whether they were from proximal or distant sourdése grain size of the local
soilsalsocould not be determinedyut the presence of surface mud cracks iradés that soils

were atleast partially composed of mugradematerial. It was also unclear whether the local
soils had largely been transported (e.g., through flood events) or were the altered surfaces of
bedrock although the SWT generallfavored the first interpretation based on the

observations of extensive modern drainage morphologies in the area.
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Figure 17. Example science observations and interpretatioAtJREmage of float rocks and surface
texture. Note rover wheel for scale. b) HRC image of resistant material on top of Big Mesa. Layering
can be seen, as well as probabtessbedding (inset). This material was therefore interpreted to be a
sandstone. ¢) HRiGiage mosaic showing more possible c'0sS RRA Y3 o0AyaSiao Ay
target area. The SWT were not convinced this outcrop wsislinhowever.

(2) A resistant and blocky material occurs on top of ridges and buttes within the study area
(Figurerl7b), and the same materials are seen as piles of rubble at the base of scarps (e.g.,
locations designated as Big Mesa, Wimblington, and Cransésrdeen in Figure 17¢he
location of this material correlatesith the Resistant Formation observed iretpremission
satellite mapping. The Resistant Formation generally sits on top of a more erodible layered
material (correlating to the Layered Formation observed in themirgsionsatellite remote
sensingmapping), which it has possibly protected from simn. Within the Resistant
Formation both crossstratified and planar bedding are visible, which are probably up to tens

of cm thick Figurel7b). Although the crosbedding generally appears tabular, the possibility
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of it being trough crosbedding couldhot be ruled out with the available data. The presence
of crossstratification indicates that much of th&®esistant Formations sandstone and
therefore of probablefluvial or aeolian origin. Whether the sandstone was fluvial or aeolian
could not be detemined without further grain size analyseand no diagnostic pebblgrade

or larger materials were observedrluvial sandstones would be consistent with the
conclusions fronsatellite mapping and support the ideathat the sinuous ridge landforms
were inverted fluvial channelsNavey, norparallel beddingof laminationscalewas also
observed at Cransford, as well as recessive interlfEdgire 8a-c). The recessive interbeds
here and elsewhere could be eroded nstionegsiltstones or fine-grained sandstones,
suggesting that thdResistant Formatiomay have been deposited in a variety of different
sedimentary environments.

(3) Within theLayered Formatiornthat is exposed at the edges of Big Mesa and the more
distant ridgeqFigure 18d)layering is visible at the scale of the outcropgeter-scale), but
finer scale bedding or laminations are not observable. Color variafligsre 18epetween
white and dark¢ sometimes reddish¢ layers within the Layered Formationsuggest
geochemical €.g.,F€* content) or lithological variations between the laygpessiby due to
different depositional environments. HoweveXlJPEnultispectral dataFigure 19yevealed
spectral consistency across the face of Big Mesa, despite the appanientlifferences. The
dominant spectral feature observed was the’Faystal field absorption band superimposed
on a steep ferric absorption slope between 350 and 1000 nraesé ffieatures are present in

all layers in Big Mesa.
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outcrop of areas of soil overlying areasapparently insitubedrock. The bedrock areas compri¢éd

20 cm thickbased on PRo3d measuremenig)ered exposures, each composed of thickly laminated
or finelybedded materiainterpreted to be sandstone. b) HRC imagamdther part ofCransford
showing recessive interbed3 HRC image of a third area@ansford, showing possible cross cutting,
nonparallel bedding (arrowedand possible subtly undulating bedding (right of arroywyWACcolor
mosaic of Big Mesahowing theResistant Formatioftop, and materials shed to the sideand the
Layered For@tion (lower part of outrop, showing bands of whitish, brown amdd material;
interpreted to be much finer material), making up for the majority of the sc&hihe far right of the
scene are similarlgoloredlayers in the distance. Note that sangle was consistently poor for
imaging Big Mesa. &) olorstretch closeup of the layering in Big Mesa, showing at least four different
tonal-types, anchighlightingthe modern rilforms that incise the outcrof@ig Mesa is ~ 22 m high.



