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Returninga cold samplecontainingthe ices from a cometarynucleushaslong beenan
unachi@able goal of cometaryscientists. The resultsfrom the DeepImpactencountemwith
cometTempel 1 suggestthat the task is much easierthan previously thought. Thusa cold
samplereturnwith ice becomesnachiezablegoal.
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1. Intr oduction

Deeplmpactdelivered19 Gjoulesof kinetic enegy to the nucleusof comet9P/Tempell on 4 July
2005in orderto investigatethe compositionand structureof the cometarynucleus.During thatsame
seasonHayaklusawaslandingon andattempting(we hopesuccessfully}o collecta samplefor return
to Earthfrom the surfaceof asteroid(25143)Itokawa. Six monthslater, Stardustreturnedto Eartha
sampleof dustfrom the comaof comet81P/Wild 2. For mary yearscometaryscientistshave wanted

a sampleof the nucleusof a comet,reachingdeepenoughto collect and remainingcold enoughto
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presere theicesfrom the cometarynucleus.Becausef the large uncertaintyin cometaryproperties,
sucha missionhasgenerallybeenfound to be too complex to be affordable. The resultsfrom Deep
Impact have greatly narroved the rangeof propertiesthat must be consideredn designingsucha
missionandhave thereforedramaticallyreducedhe compleity andcost. This leadsto the conclusion
that the next generationof samplereturn missionsafter Hayalusaand Stardustshouldrealistically
includereturninga cold samplewith ices,from a cometarynucleus.

Themajorfactorsthat have limited our ability to designa missionhave beenthelack of knowledge
aboutthe strengthof the material near the surfaceof the cometarynucleusand a similar lack of
knowledgeaboutthe depthat which theiceswould be found. Otherparameterssuchasthe densityof
the materialandthe strengthof the gravitational eld of the nucleus have alsobeenunknovn andare
importantfor the detailedengineeringf the mission,but they arenot quite ascritical for conceptually
designingthe mission. Estimatef the strengthof the materialhave rangedfrom totally strengthless
to the strengthof competentock. This remarkablywide rangeof strengthimpactsboththe ability to
penetratehe materialfor samplingand the ability to hold the spacecrafon the surfaceagainstary
forces,suchasthe act of samplingitself, that act to lift the spacecrafoff the surface. The splitting
of cometD/Shoemaket_evy 9 alloweddeterminatiorof anupperlimit of for the strengthat
scalemnearl km (e.g. Sekaninal996,1997)andsimilarly low limits canbededucedor otheravariety
of splitting events(seethe review by Mendiset al. 1985),but the generalgeologicalexperiencethat
strengthdecreaseasspatialscaleincreaseseft thestrengthsatsmallerscalesinconstrainedEstimates
by modelersof the depthto which volatiles are depletedin a homogeneoussphericallysymmetric
nucleushave rangedfrom 10 cm to , While obserers,in orderto explain the jets seenin the
coma,have generallytalked aboutheterogeneousurfaceswith active areasdriven by ice exposedat

thesurface Deeplmpacthasplacednarron constraintson theseproperties.
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2. Resultsfrom Deeplmpact

Thekey preliminaryresultsfrom Deeplmpactweresummarizedy AHearnetal. (2005),alongwith
aselectiorof ground-basedesultsthatappeare@tthe saamdime, andadditionalresultswerereported
by Sunshinest al. (2006a).Additional resultsboth from the spacecrafteamandfrom remotesensing
obsenrerswill bereportedby mary authorsn aspeciaiissueof Icarusthatis beingpreparedatthetime
of thiswriting. Resultsfrom awide variety of remotesensingobsenationshave alsobeenpresentedn
variousplacesandarealsoincludedin thatspeciaissueof Icarus In thefollowing sectionsve address
successikely someof thekey questionghatarecrucialfor evenaconceptuatiesignof anuclearsample
returnmissionandusetheresultsfrom Deeplmpactto answerthe questions.
2.1 Strengthof Material

The rst key questionin a samplingmissionis to determinewhatkind of equipmentis neededor
obtainingthe sampleandthis depend<ritically on the strengthof the materialthatoneis sampling.
The experimentby Deep Impact provided various constraintson the strength, both directly from
obsenationsof the ejectaconeto determinethe roles of strengthand gravity in forming the crater
andindirectly by measuringptherpropertieghatarecorrelatedwith strength.

Thestrengthhasbeenestimatedirectly from Deeplmpact's experimentby RichardsorandMelosh
(2006, 2007),who have simulatedthe entire sequenc®f imagesof the ejectathroughlookback(75
minutesafterimpact). They concludethatthe upperlimit on the strengthis , astrength
comparableo that of talcumpowder. This resultis an upperlimit becausehe ejectacurtain could
have detachedrom the surfaceby a small distancethat would not have beenobsenable by Deep
Impactduringthelookbackphase Theirmodelassumeshatcrateringwould stopwhenthe stagnation
pressurd ) dropsto the strengthof the material,a strengththatis anill-de ned mixtureof tensile
andshearstrength.Themodelincludesradiationpressurewhichde ectstheveryslowly moving ejecta
noticeablyanti-sunward.The modeldoesnot allow for any layeringwithin the nucleus(seebelow).

Themodeldoesnot includeary effectsdueto gaseousiragon the solid ejecta,but mostof the gasis
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waterthatis vaporizedrom solidice grainson atime scaleof hoursafterexcavation. This suggestshat
the hydrodynamiadragforcesoccursolate andat suchlow densitieghatthey arenot a major factor,
but this mustbe takeninto accountn afuturemodel.

HolsappleandHousen(2006,2007) have criticized the valueof the upperlimit on the strengthand
have suggestethattheupperlimit couldbeashighas12kPa, or possiblyeven65 kPa, while remaining
consistentith the obsenations,basingtheir conclusionsn anempiricallybasedscalingrelationship
to determinethe relationshipbetweenstrengthand minimum velocity of the ejecta. They alsoignore
gaseousdragin acceleratinghe ejecta. Regardlessof which valueis correct,the upperlimit on the
strengthis ordersof magnituddessthanthe high endof the rangeof strengthghathadbeenassumed
for engineeringpurposesn the past.

Otherkey aspect®f the crateringeventhave beendiscussedby Schultzetal. (2007),who describe
severalphenomendasedon comparisorwith hypenelocity impactexperimentsnto poroustargetsin
thelaboratory They notethatthe uprangeraysof ejectaarefrom only thetopmostiayer of the target,
speci cally from alayerthatis lessthanan impactordiameterin thickness.Theseraysareobsened
to detachfrom the impactsite during the excavation phaseindicating a layeredstructurewithin one
impactordiameterof the surface.They alsonotethatthe ejectaarebiasedin the downrangedirection
initially andthatthis materialis all nearsurface,comingfrom depthsup to animpactordiameteror
so0. At later stagesthe ejectabecomemorecircularly symmetric,althoughnever closingto complete
symmetryuprangeandrepresentnaterialfrom greaterdepth.

Otherindicatorsof very weakmaterialincludethe apparentadwanceof the ejectacurtainacrosshe
surfacemary hundredf secondsfterimpactin decowolvedimagesakennearclosestapproachthe
inferreddiameterof the crateras150to 200 m (Schultzet al. 2006,2007),andthe total amountof
materialthatescapeshe comet,of order kg betweertheice andthe morerefractorygrains(Lisse
etal. 2006;Sugitaetal. 2006;Kuppersetal. 2005). While strengthmay matterat the very endof the

excavation,the ensemblef evidencerequiresa particulate high-porosity weakly bondedsurface.
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Fig. 1. Dust uence onimpactor Predicteccumulatize distribution of total dust uence perunit areaon impactor basecon the samemodelasshavn by
Lisseetal. (2005,Fig. 8) for the yby spacecraftOverlainis the histogramshaving the four particlesdetectedby the ADCS systemon theimpactor
2.2 Texture

Althoughtheoverall strengthis very low, thesevaluesdo not addresshe questionof the small-scale
variationsin strength,i.e. the texture. Would a drilling experimentrun into isolatedsolid rocksthat
could leadto samplingproblems? We argue that bouldersas large as a few metersare not present
arywherein our excavatedareasincebouldersthatlarge shouldappeamsbright, point sourceswithin
theejectaat our spatialresolution.

We alsoknow thatthe sizedistribution of the ejectais differentfrom thatof theambientoutgassing.
On approachthe impactorwashit by four "dust particles”thatwerelarge enoughto be detectedoy,
andcorrectedor by, the Attitude Determinationand Control System(ADCS). Therewere 3 particles
betweenl and 10 mg and 1 particle of roughly 0.5 g. To within the uncertaintyof small number
statistics,theseparticle hits were quite consistenwith a standardoower law for the sizedistribution
thathadbeendeducedrom far-infraredmeasurementsf cometTempell by IRAS asshowvn in Figure
1. This power law wasthe basisof the predicted uence, both for the yby spacecraf(Lisseet al.
2005,Figure8) andfor theimpactor shovn here.

Lisseetal. (2006,seesupplementargn-line material),in orderto explain their obsened mid-IR to
far-IR spectraof the ejecta,have shavn thatthe sizedistribution of the ejectamusthave beensteeper
thanthat of the ambientdustat sizeslarger thana few microns,and shallover at sizessmallerthan

aboutl micron. Similar conclusionsthatthe bulk of the ejectamusthave beensmall particlesbased
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on the obsened effects of radiationpressurehave beenreachedby Schleicheret al. (2006) and by
Richardsorand Melosh (2007). This arguesthat the larger particlesthat are normally presentn the
comaeof cometsare relatively fragile, easily fragmentedn the excavation shock,and likely not a
hazardo samplingatsmallscales.

We alsonotethatthethermalmeasuremenuiscussedbelov, whichimply negligible thermalinertia
acrosamostof the nuclearsurface arenot easilyexplainedunlesssolid rockslargerthana few cm are
extremelyrare,sincethey would provide measurabl¢hermalinertiaif they werecommon.

2.3 DepthofH Olce

We note rst thatDeeplmpactdid detectice on the surfaceof the nucleus(Sunshineetal. 2006a).
Theice detectedoy Sunshineetal. coversonly a very smallfraction (3%) of a smallarea(0.5km )
andis thereforeunrelatedo the bulk of the outgassingy the comet. Giventhe locationof theice on
the surface,it seemsextremely likely thatthis ice is a byproductof the processhatleadsto sunrise
outhurstson this portion of the nucleus(A'Hearn et al. 2005). Despitea contraryview by Keller
and Kuppers(privatecommunication)we think that this ice is unrelatedto the primordial ice in the
cometarynucleus.Thus,while a sampleof thisice would be eaasilyobtainableandmight be valuable
for understandinguthurst processeandrecondensatiorit is likely not usefulfor understandinghe
formationof comets. Elsavhereon the nucleus theice is clearly not presentat leastit exhibits less
than1% surfacecoverageperpixel or it would have beenseen.Theiceis thatdrivesthecometis belov
the surfaceandtheimportantquestionis how deeptheice is, boththe waterice andthe morevolatile
ices.Thiswill beaddressedith avarietyof evidence.

Spectraof the downrangeejectaimmediatelyafterimpactshav thatcrystallineice grains,typically
a few micronsin size,are presentin the downrangeejectawithin 2 secondsof impact (Sunshineet
al. 2006b). Figure 2 shavs a temporalsequenceof imagesof the slit of the spectrometeas the
downrangeejecta o wedacrosghe eld of view (FOV). Theupperpanelis asequencatawavelength

of , whichcorrespondso light re ectedby grains. Themiddlepanelis theratio of two wavelengths
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Fig. 2. Spatio-Emporalplots of ejecta.Eachrow is animageof the slit asejecta o w in front of theslit. Aroundthetime of impact,eachexposurevas
0.7 secbut later (lower in eachpicture)thereadoutvasincreasedo alongerslit andthe exposurdime increasedo 1.4 andthen2.8 sec.Top is dustat
. Middle is depthof ice absorptiorandbottomis gaseousd O emission.The rst spectrumafterimpactis saturatecdver manypixelsbutice is

clearly presenby thethird spectrum? secafterimpact. Adaptedfrom Sunshineetal. 2006h

shawing the strengthof the absorptionfeaturedueto icy grainsat a wavelengthof , while the
lower panelshaws the brightnessat a wavelengthnearthe peakof the emissionby gaseousd O at
. At the top of the image,the time is prior to impactandeachrow in the imagecorresponds
to an 0.7-secexposure with essentiallyno deadtime betweenspectra.Within 3 spectra(2 sec)after
impact,ice hasappearedn the downrangeejecta. As discussedy Schultzet al. (2006,2007),these
downrangeejectaarealmostentirelyfrom the nearsurfaceregion, within oneimpactordiameterof the
surface. Thusice mustbe presentwithin the top meterof material. Sunshineet al. (in preparation))
alsoshav spectralimapsof ice obtainedat a later time thatshav no ice in the uprangeejecta. Based
ontheexperimentof Schultzetal. implying thatthe uprangeaaysareformedfrom materialexcavated
evencloserto the surfacethanthe downrangeejecta,we concludethata very thin layer of the nucleus
(few cm) is withoutice andthata lower layer, no morethantensof cm from the surface containsce.
Associatingheice with thelayeringin strengthdiscussedby Schultzetal., thatseparatetheuprange
raysfrom theimpactsite seemsbvious sincethosesameraysarethe onesthatdo notshaw ice.
Thereis a variety of other evidencethat yields a similar conclusion. The rst thermalmap of a

cometarynucleushasbeendescribedn detailby Groussiretal. (2006,2007).Thekey pointis thatall
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Fig. 3. Map of distribution of water The brightnesof theemissionby waternearthe nucleushencethe columndensityof water, is peakedn the areas
abovethe hottestportionsof the nucleuswhich areall nearthe sub-solapoint. The sun(ecliptic west)is to theright andecliptic northis at thetop.

Adaptedfrom Feagaetal. 2007.

areasvherethe sunis atmoderateor high elevationsarein local thermalequilibriumwith the sunlight.
This indicatesthatthe surfacetemperaturegat a spatialresolutionof ) arenotreducedoy ary
sublimation. The upperlimit on the thermalinertia ( ) canbe used,with reasonable
assumptionsto determinethe depthto which the thermalwavespenetratethe diurnal wave reaching
approximatelyl0 cm and the annualwave reachingto aboutl m. Theseset severe constraintson
interpretingthe dataregardingoutgassin@ndactuity.

Feagaet al. (2006,2007)have producedthe rst ever spectralmapsof the innermostcomaof a
comet,mappingwithin a few nuclearradii at spatialresolutionsbetterthan1 km. Figure 3, adapted
from Feagaet al. (2007),shaws the distribution of the emissionby H O. Examinationof this gure
shaws thatthe waterappeargo comepredominantlyfrom regionswherethe sunis at high elevations,
i.e., from the subsolaregion andfrom regionstowardthe equatorin thevicinity of thenoonmeridian.
Thisimpliesthatthewaterice mustbe belov the surface(thereis noice onthesurfacen this regionas
shavn by Sunshinestal. 2006)but thatit mustbe nearenoughto the surfacethatit is sensitve to the
diurnalthermalwave. This impliesthat, at leastin thatpartof the nucleusthe waterice is no deeper
than10to 20cm.

In summary the H O ice is very closeto the surfaceand thus within easyreachof a variety of
samplingmechanisms.

2.4 Depth of Mor e Volatile Ices
A trueunderstandingf cometaryformationrequiresunderstandingpow the variousicesaremixed.

Thus, a samplethat returnswaterice can place constraintson the formation scenario,via the crys-
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Fig. 4. Map of distribution of CO . The brightnesf the emissionby CO nearthe nucleus,hencethe columndensityof CO , is peakedat negatve
latitudes(the sub-soladatitude is ), including considerablemissioneither from the negatve pole, which is in darknesspr projectedin that
directionbut actuallyin thewall of theconetracedby thedustjet seenin Figure5. The sun(ecliptic west)is to theright andecliptic northis atthetop.

Adaptedfrom Feagaetal. 2007.

tallinity andthe D/H ratio andits variation,but a samplethatincludesbothH O andmorevolatile ices
is far morevaluablefor understandinghe mixing of species.Although CO is normally discusseds
the dominantice thatis more volatile thanH O andthe main driver of actvity at large heliocentric
distancesthe responsiity of our spectrometeto CO is low. On the otherhand,our datatakenfrom

entirely outsideEarth's atmospherehav a strongsignalfrom CO , a specieghatis intermediatan

volatility betweerH O andCO.

Figure 4 shaws that the distribution of CO outgassings very differentfrom that of the waterin
Figure3. TheCO is beingemittedprimarily from the comets negative-latitude(southernhemisphere
with the largestratio of CO to H O occuringin a directionthat projectsalongthe negative rotation
axis, a point thathasbeenpermanentlyin darknesdor severalweeks. Figure5, from Farnhamet al.
(2007),is an optical (white-light) image,takenat aboutthe sametime andshawn at the samespatial
scaleasthespectramaps.It hasbeenenhancedo shav thestructureof jets,seerpresumablyrimarily
asdust. The dustjetsthatmoreor lessde ne the lower left (ecliptic southeastjjuadrantrepresent.
classicakonicalstructurewith the south-pointingedgenearlyin the planeof thesky andthe southeast-
pointing edgehaving a large componentowardthe obserer but projectingnot far from the projected
negative rotationalpole.

It is clearthat the dustjets are not correlatedwith the water emissionand they are much better
associatedvith the CO emission,althougheven that correlationis far from perfect. Thereis an

indicationof night-sideemissionat leastin areassmall comparedo what s visible in theseimages
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Fig. 5. Dustdistribution, ehancedo show jets. Oneprominentet, whichis alsopersistentlyisible from Earth,tracesouta conewith oneedgenearlyin
the planeof the sky and pointingto ecliptic southandwith the otheredgepointing toward the observermandprojectingto ecliptic southeastThe latter

structureis moreor lesscoincidentwith enhancedO emission.FromFarnhametal. 2007.

(Wellnitz etal., in preparation) Sincethe vernalequinoxfor the positve hemispher@ccurredroughly
threemonthsearlier we ague from thesevariousobsenationsthatthe CO ice is within an annual
skin depthof the surfaceandthusprobablywithin very roughly 1 m of the surface.FurthermoreCO
wasgreatlyenhancedh the ejectawithin 2 second®f theimpact,indicatingalsothatit mustbein the
uppermosimeter Whetherthereare eitherprimoridial or evolutionaryvariationsin the inherentratio
of CO toH Ois aquestionfor anotherday.

Even supervolatiles, speciesnuch more volatile than CO , mustbe within the uppermost10-20
meterssinceMummaetal. (2006)obsened a substantialncreasen thealundanceof ethaneC H ,
aftertheimpact. At this pointin theanalysisof our own spectraye cannot setary betterlimits onthe

depthof othervolatilesbut furtheranalysisshouldyield additionalresults.

3. Discussion

Takingtheabove argumentsatfacevalue,andassumingor lack of contraryevidencethattheresults
at Tempell are "typical” of Jupiterfamily comets,we seethat for practical purposesthereis no
signi cant ice on the surfacebut that the bulk of H O ice is within 10 cm of the surface,that CO
ice is within 1 m of the surface that the refractoryparticlesin the surfacelayersare predominantly

very weakaggreatesthatthereareno strongboulderslargerthana few meters,andthatthe surface
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materialis predominantlyvery weakaggreatesof micron-sizedgrains. Whatarethe implicationsfor
samplereturnmissions?

It is clearthatpreviousworriesaboutneedingto penetratestrongmaterialsareno longera concern.
One needsto penetrateonly quite weak material,even if the valuesby Holsappleand Housenare
correct.Furthermorepenetratiorio a depthof 2 meterswould samplenotonly H O ice but alsomore
volatile ices. Thestrengthsuggestshata samplereturncouldbe achieved by a simplecoringapproach
while the spacecrafits helddown by thrustergatherthanhaving to anchorto the surface.

This paperis notmeantto provide engineeringletails,which requiresubstantiallymorethought,but
to indicatethe feasibility of samplereturnmissionsthatbring backicesfrom a cometarynucleus.The
paperassumeshat the resultsat this spoton the nucleusof Tempell arereally representate of all
comets,but this is a necessanassumptiorat this stageof our explorationof small bodies. This can
easilybetestedwith otherimpactmissionsandwill betestedoy the Rosettamission,but we arguethat
planningof samplereturnmissionsneednot wait for thatcon rmation.

Theseaesultswill bemoredirectlytestedvhenPhilae thelanderof theRosettanission,measurethe
surfacepropertief comet67P/Churyume-Gerasimenkan 2014,but the presentesultsaresuf cient

thatit is not necessaryo wait for thatto occurbeforeplanningsamplereturnmissions.
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