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1 ExecutiveSummary

IntellectualFocus& ProposedResearch –

Water is the mediumin which the chemistryof all life on Earth takesplace. Water is the
habitatin which life first emergedandin which all of it still thrives.WaterhasmodifiedEarth’s
geologyandclimateto a degreethathasallowedlife to persistto thepresentepoch.We propose
to createa researchandeducationframework thatlinks thebiological,chemical,geological,and
astronomicalsciencesto betterunderstandthe origin, history, distribution, androle of wateras
it relatesto life in theuniverse.We focuson scenariosinvolving thesourcesanddistribution of
water in planetarysystemsandthe delivery and incorporationof water into rocky planetsthat
orbit within the“habitablezones”of their parentstars.Our framework will includeandconnect
researchon major aspectsof planetarywater – in effect we aim to understandthe termsof a
“wateryDrake equation”:

� Observationsandmodelingof the abundanceanddistribution of water in the interstellar
medium,molecularclouds,andcircumstellardisks;

� Surveys andstudiesof the numbers,watercontent,D/H ratio anddynamicsof icy outer
solarsystembodiessuchascomets,CentaursandKuiperBelt objects;

� Laboratoryexperimentsoncomplex moleculetrappingandformationoninterstellarwater-
rich grainmantlesandplanetaryices;

� Cosmochemicalstudiesof meteoritesthat recordthe incorporationof water into silicate
materialin theprimordialSolarSystemasanearlystepin its eventualinclusionin larger
bodies,includingplanets;

� Modelsof theescapeof water(ashydrogen)from theatmospheresof Earth-sizedplanets;

� Spacecraft-andmeteorite-basedresearchand theoreticalstudieson the role of water in
forming thediversityof rocksandsedimentson Earth,Mars,andVenus.

� Biological explorationof ice-coveredhabitatsin Iceland,Antarctica,andNorth America
with potentialapplicationto thesearchfor life onMarsandEuropa.

� Biologicalandchemicalexplorationof extremeaquatichabitatsin andaroundtheHawaiian
islandsincludingthedeep-sea,Kauhako Lake crateron Molokai andLake Waiaunearthe
summitof MaunaKea.

� Developmentof conceptsandprototypehardware for instrumentsthat could be usedto
detectandcharacterizelife on otherplanetarybodies.

DistinguishingFeatures–

By developingand testingmodelsand exploring the outcomesof alternative scenarioswe
seekto determinewhatcontrolstheabundanceanddistribution of waterandhypotheticalaque-
ous habitatsin other planetarysystems.This researchwill directly supportthe NASA search
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for
�

pastor presentlife on Mars andefforts (suchasthe NASA TerrestrialPlanetFinder)to di-
rectly detectandcharacterizeEarth-sizedexoplanets.The proposedframework of our research
will supporta groupof postdoctoralscholarswho will carry out independent,interdisciplinary
researchspanningtwo or moreof theinvestigators’(or affiliated investigators’)researchspecial-
ties.Theislandsettingandtheuniquefacilitiesof theUniversityof Hawaii offer anenvironment
conducive to theseinvestigations.TheUniversityof Hawaii housesworld-classresearchgroups
active in astronomy, andin thechemical,geologicalandbiologicalsciences.It is hometo a sub-
stantialarrayof scientificfacilities, including the telescopesof MaunaKeaObservatory, a fleet
of researchvesselsfor oceanographicanddeep-seainvestigationsandfacilities for exploration
of theextremeenvironmentsfoundon thevolcanoesandin thelakesandoceansaroundHawaii.
Throughthis Astrobiologyproposalwe aim to combineandcapitalizeon thesemany areasof
researchexcellenceto craft anew, interdisciplinarystudyof waterandits relationto life.

ManagementApproach –

TheUH-NAI PI will meetonceaweekwith theCo-Investigatorsto discussresearchprogress,
discussany technical,financialor managementissues,andto involve everyonein theE/POac-
tivites. The timelinesandstatusof theprojectswill bereviewedandupdatedat thesemeetings.
In additionthe UH-NAI will offer an astrobiologyseminarserieswhich will involve the entire
local community. Additionally thedevelopmentof our collaborative visualizationtool will help
foster interdisciplinarycommunicationsandhighlight areasof new developmentwhich canbe
discussedat theseregularmeetings.

Education/PublicOutreach Activities–

Our grouphasa strongrecordin educationandpublic outreach,andwe intendto build on
thatexperienceby providing innovative laboratory-basedlearningopportunitiesfor teachersand
engagingthepublic in our research.We intendto developa programthat trainsteachersin the
scienceof astrobiology, how to incorporateastrobiologyinto their classes,andin how to usethe
activitieswewill developaspartof theprogram.Thefocalpointof our teacher-trainingprogram
will bea summerprofessionaldevelopmentprogram.Usingthesummerworkshopandresearch
experienceasa base,we will alsodevelop a coursefor pre-serviceteachers.All projectswill
involve developmentof standards-basedclassroomactivities. We alsointendto actively engage
thepublic in our discoveries.

InstitutionalCommitments–

TheUniversityof Hawaii andtheInstitutefor Astronomyarestronglycommittedto thesuc-
cessof this project,andhavecommiteda total of $4.5million in facultypositions,in-kind salary
supportandcashcontributionsto theproject.

CollaborativeNetworkingConcepts–

We will design,implementandevaluatea softwarevisualizationtool to interfacewith the
NAI ScienceOrganizerknowledgemanagementtool.
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2 Research and ManagementPlan

2.1 Water and Life in the Universe

“If thereis magicon this planet,it is containedin water.” – LorenEiseley, TheImmenseJourney

Wehumans,andall life onEarth,areaqueousbeings.Ourcellsaremostlywaterthathasbeen
exquisitelypackagedin lipid membranes.They arecytoplasmicsolutionsof solvablemolecules
whoseaqueouschemistryis responsiblefor cellularmaintenance,growth, andreproduction.Wa-
ter’s chemicalandthermodynamicpropertiesmake it anidealmediumfor biologicalactivity, so
muchsothat it is consideredessentialfor recognizablelife. It hasbeencalledthe“ultimate sol-
vent” becauseof its ability to form multiple hydrogenbondswith solutesandits stronglypolar
character. It is alsocapableof servingasboth an acid anda base. Stronghydrogenbonding
betweenwatermoleculesstabilizestheliquid phaseoverawiderrangeof temperaturescompared
to othercosmicallyabundantmolecules,andit endowswaterwith a high latentheatof vaporiza-
tion. Unlike many compounds,waterexpandsuponfreezingandits ice floats,a propertythat is
crucialfor thepersistenceof aquatichabitatsunderfreezingsurfaceconditions.In additionto its
directrole in biology, wateris alsoa predominantdeterminantin thegeology, geochemistry, and
climateof our planet. It influencedthestructureandearly evolution of theSolarSystemitself,
aspectsof which dictatethe habitabilityof Earth. Waterandlife areconnectedat many scales,
from the interstellarmediumto microbial habitats,andthroughmany processes;astrophysical,
geological,geochemical,andbiological. We proposeanAstrobiologyresearchconsortiumthat
seeksto betterunderstandtheseconnectionsandtheir implicationsfor the distribution, nature,
andsignatureof life throughouttheuniverse.

Water hasbeeninvolved in life sinceits first appearanceon the early Earth. The leading
theoriesof the origin of life invoke prebioticchemistryin low-temperatureaqueoussolutions,
e.g., a “warmlittle pond”

�
42� suppliedwith prebioticmoleculesby atmosphericchemistry

�
143� , or in

thehydrothermalbrinesproducedby high-temperaturewater-rock interactions
�
35� . Thefirst three

billion yearsof thedramaof life on this planetwasplayedout entirely in aquaticenvironments.
Theworld’s oceansandfreshwaterbodiesremainthehomefor a large fractionof speciesat the
presenteraandlife hasinvadedandadaptedto nearlyevery environmenton theEarth’s surface
wherethereis someliquid water, almostregardlessof temperature,pH, or chemistry.

Wateris alsoinvolved in geochemicalreactionsthatmaintainsurfaceconditionspermissive
of life. For example,aqueousweatheringof silicatemineralsin thepresenceof aCO� -containing
atmosphereproducesalkalinity, which in turn allows CO� in the ocean-atmospheresystemto
precipitateascarbonatemineralsandeventuallybecomesequesteredascarbonaterocks.Without
thesereactions,thebuildup of volcanicCO� in theatmospherewould leadto intensegreenhouse
conditionssimilar to thoseonVenus.Instead,temperature-sensitiveweatheringandtheconcomi-
tantdepositionof carbonatesconstituteanegativefeedbackthatmayhaveregulatedatmospheric
CO� levels to compensatefor the Sun’s luminosity evolution over 4.5 billion years

�
214� . Water

vaporitself is themostactive greenhousegasin thepresent-dayatmosphere,amplifying theef-
fectsof other, incondensiblegasesby a factorof 2-3. Wateralsomodifiesthe amountof solar
radiationreflectedby theEarthbackto space,eitherasrelatively absorbentoceans,asreflective
ice, or asscatteringclouds. Thesewarm or cool the Earthandcancreatepositive or negative
albedo-temperaturefeedbacks.“Snowball Earth” epochsof runaway glaciationthoughtto have
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been
�

drivenby sucha feedbackmayhaveprovokedmajorcrisesin thehistoryof life � 85	 111
 .
Finally, thepresenceof volatilessuchaswatersignificantlyalterstherheologyandthermo-

dynamicsof silicatemineralsin Earth’s crustandmantle. The presenceof waterin the mantle
hasa profoundeffecton its internalconvectivemotionsandthemeltingbehavior. Theformation
of magmasinvolved in volcanismat hot spotsandislandarcsis thoughtto be driven by, or at
leastinfluencedby, theability of fluxing waterto depressthesolidusof silicaterocks.Watermay
beresponsiblefor a low viscosityzonebeneaththebrittle lithosphere� 104
 andmayweakenfaults,
giving lithosphericplatesincreasedflexure� 168
 . Theselast two maybecritical to theoperationof
platetectonics. Platetectonicsis responsiblefor muchof the geologicactivity on Earth’s sur-
face,includingmid-oceanridgeandislandarcvolcanismat themarginsof oceanicplates,uplift
of mountainrangesby tectonicforcesat converging continentalplates,anddeepeningof basins
wherecontinentalplatesdiverge. Thesegeologicprocessesin turn drive many of the biogeo-
chemicalcyclesimportantto Earth’s habitability, particularlytheweatheringof uplifted silicate
andcarbonaterocks,therevolatilizationandreleaseof CO� from carbonatesatsubductionzones,
andtheburial of organiccarbonin sedimentsandconcomitantreleaseof molecularoxygen.

Wateris abundantonpresent-dayEarth.Three-quartersof its surfaceis coveredby oceansand
modelssuggestthatcrustalandmantlerockscontainanevengreateramountof water� 200
 . What
wasthe origin of this waterandhow did it becomeincorporatedin the Earth? The deuterium
to hydrogenratio (D/H) of seawater( ���������������� ) (anda similar valuefor mantlewater)offers
a constrainton the origin andsubsequenthistory of Earth’s water� 119
 . The total inventoryand
distribution of water on Earth was probablydeterminedearly in the planet’s history and may
have consistedprimarily of water dissolved into a magmaoceanin equilibrium with a dense
steamatmosphere� 174
 . TheD/H of seawateris similar to thatfoundin certainprimitivewater-rich
chondriticmeteorites.ThissuggeststhatEarth’s waterwasevolvedfrom dehydrationof hydrous
mineralsduringtheaccretionof chondrite-likeplanetesimals(notnecessarilyrepresentedby any
of the extant classesof meteorites). Thus it is possiblethat Earth’s water was evolved from
dehydrationof hydrousmineralsduringor aftertheaccretionof chondrite-likeplanetesimals(not
necessarilyrepresentedby any extant classes).The seawater D/H ratio is significantly lower
than ratios measuredin threelong-periodcomets. While this appearsto rule out long-period
cometsasprimarycontributorsof Earth’s water, theD/H ratiosof othercometarytypeshavenot
beenmeasured.In particular, theshort-periodcometsformedfurther from thesunandat lower
temperaturesthan the long-periodcomets. Their nebular processingand resultantD/H ratios
mayhave beensignificantlydifferentfrom thoseof their long-periodcometarycounterparts.In
addition,aswe discusslater, the terrestrialplanetabundancesof thenoblegasessuchasAr, Kr
andXe arenot easilyexplainedby delivery from the asteroidbelt, but morecompatiblewith a
cryogenic,presumablycometarysource.For thesereasons,it is too earlyto rule out a cometary
sourcefor Earth’swaterandothervolatiles.

Waterin precursorplanetesimalscouldhave derivedeitherfrom hydrationof silicategrains
by watermoleculesin the primordial solarnebula, or at greaterdistancesfrom the proto-Sun,
by aqueousalterationof larger bodiescomposedof a rock/ice mixture� 77
 and their dynamical
transportto accretionzoneof the proto-Earth. Nebular water in turn tracesits ancestryto the
chemistryof theinterstellarmediumat temperaturesof 10-20K. Theenrichmentof SolarSystem
waterin deuteriumwith respectto the protosolarnebula (D/H = �������������� ), wasthe resultof
isotopic fractionationin the protosolarnebula, perhapsinvolving irradiationand ion-molecule
reactions� 186
 . Irradiationof gas-phaseor solid-phasewatercould alsoprocessorganicmaterial,
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enrichingit in deuterium,in theinterstellarmediumandproto-solarnebula. Thisprocessingmay
take the form of gas-phasereactionsin the solarnebula, irradiationof icy grains,andaqueous
alterationin theparentbodiesof meteorites.Importantprebioticmoleculessuchasaminoacids
andsugarscouldhavebeenproducedin theseenvironments.Thismaterialwouldhavebeenlater
broughtto theEarthin comet-likebodies.

Earthhashostedsurfacewatersthroughoutmostof its history. The rock recordpreserves
water-lain sedimentsat leastasold as3.5billion yearsandtheoxygenisotopesof zirconcrystals
supportthe existenceof a hydrosphereasearly as4.4 billion yearsago 223! . How hasthe total
inventoryof terrestrialwaterchangedwith time andhow hasit exchangedbetweenreservoirs at
the surfaceandin the interior? The currentescaperateof water(ashydrogen)to spacewould
have a negligible impacton the total inventory, even over 4.5 billion years,and is small com-
paredto the fluxesbetweenthe surfaceand interior 119! . However, higher ratesof escapemay
have accompaniedan anoxicatmosphereandhigherultraviolet radiationfrom a youngerSun.
The elementalandisotopicabundancesof raregasesseemto requirethat a significantamount
of hydrogen(perhapssomefrom water)waslost in a non-fractionatinghydrodynamicwind  174! .
Additional water (ashydrogen)could have beensequesteredinto Earth’s core 169! . Becauseof
volcanism,weathering,andthesubductionof lithosphericplates,wateris continuallyexchanging
betweenthesurfaceandmantle.A seculardecreaseof surfacewater(anduptake by themantle)
with timehasbeensuggested,althoughthis conclusionis highly model-dependent 18! .

Like liquid water, life hasa lengthyhistoryon thisplanet.It is possiblethatfor nearlyaslong
asaquaticenvironmentshave beenstableat thesurface,life hasbeenpresentto inhabitatthem.
Carbonisotopic fractionationin apatitegrainsfrom the 3.85 billion-year old Isuasupracrustal
belt (Greenland)hasbeeninterpretedas the productof biological carbonfixation, andmicro-
forms from Australianchertshave beendescribedasthe oldestmicrofossils 194! . Both of these
interpretationshave beenchallengedin the light of new geologicdata 122" 19! , andthe exact tem-
poral relationshipbetweenwaterandlife on the early Earthremainsunresolved. Thoughthese
earlyoriginsremainobscure,it is clearthat life hassubsequentlyexpandedinto, andadaptedto,
theentirerangeof aquatichabitatson theEarth,from anoxicseasto theextremelynutrient-poor
openocean,from seafloorhot springsto low-temperaturebrinesin sea-ice,from highly alkaline
lakes(pH # 10) to theextremelyacidic (pH # 0) streamsdrainingmetalore bodies.How has
waterphysicallyandchemicallyinteractedwith thesilicatecomponentof theEarthover 4.5bil-
lion yearsto createa physicallyandchemicallydiversehabitatsfor life? How haslife evolvedto
adaptto thoseenvironments?

Humanityis extendingits searchfor life beyondtheEarthto otherbodiesin theSolarSystem,
andthatquesthasbeenlargely framedin termsof asearchfor water, especiallywaterin its liquid
state. Although the surfaceof present-dayMars is extremelycold anddry, a seriesof orbiting
spacecrafthave returnedimagescontaininggeomorphicevidencefor thepresenceof groundice,
andhighconcentrationsof icehavenow beendetectedin theuppermostmetersof martiansoil  57! .
Spacecraftimageryhasalsorevealedgiantoutflow channelsandvalley networks incisedin an-
cientterrain,evidencethatthiswateronceflowedasaliquid  57! . Whethertheselandformsindicate
thatMarsoncepossesseda temperateclimate,oceansandanEarth-likehydrologicalcycle is ac-
tively debated 33" 195" 71! , yet it is clearthataqueoushabitatsexisted,perhapsonly transiently, nearor
at thesurfaceof theplanet.Themorerecentidentificationof small“gullies” on thewallsof some
cratersandcanyons 126! , perhapscarvedby expelledgroundwater 69! or meltingice 36! hasprompted
speculationthatsuitablehabitatsfor microbiallife maypersistto thepresentday. Thesearchfor
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wateris anintegralpieceof theNASA programof Marsexploration:currentandfuturemissions
will usehigh-resolutionandmulti-spectralimagingto identify sitesof pastor presentaqueous
activity from orbit to beinvestigatedby roboticlandersandrovers.

The icy Galileansatellitesof Jupiter, especiallyEuropa,exhibit featuresindicative of ac-
tive geologicresurfacingthatmayberelatedto thepresenceof interior liquid watermaintained
by tidal frictional heatingin addition to heat releasedby the radioactive decayof long-lived
isotopes$ 170% . TheGalileo spacecraft’s detectionof aninducedmagneticfield aroundbothEuropa
andCallistocanbeexplainedby global interior oceansor layersof partially moltenice$ 226% . It is
widely speculatedthatinterior oceanscouldsupportlife, assuminga suitablechemicalsourceof
energy replacessunlight$ 184& 66& 130& 31% . Thetidal-driventectonicsof theicy crustof Europamayallow
liquid waterto penetratecloseto thesurface$ 67% . Missionsto orbit Europa,preciselymeasurethe
tidal flexureof its ice crustandprobeits interior with radarhave beenconsidered.Longer-term
conceptsincludeplansto landon its surfaceandpenetratethecrustto exploreany ocean.

The scopeof the searchfor life will expanddramaticallyasspaceobservatoriesaredevel-
opedto detectandcharacterizeEarth-sizeplanetsaroundotherstars$ 121& 11% . Currentground-based
methodssuchasDopplervelocimetryarecapableof detectingonly giantgasplanets$ 40% . Future,
space-basedsearcheswill bebasedon thedirectdetectionof aplanet’s reflectedor emittedlight.
This will alsoallow their surfacesand/oratmospheresto becharacterizedbothspectroscopically
andphotometrically(changesin full-disk light astheplanetrevolvesaroundtheparentstarand
rotateson its axis). Planetswithin the“habitablezone”of their parentstar(therangeof orbital
semimajoraxeswheresurfacetemperaturespermit liquid water) will be of particularinterest.
Searchesfor potentialatmosphericbiosignatures(e.g., methaneor molecularoxygen)$ 47% will be
accompaniedby observationsto determinethe physiochemicalconditionson the planet’s sur-
faceandespeciallythethermodynamicstateof water. The lattercanbeelucidatedby searching
for the spectralsignatureof atmosphericwatervaporandthe photometricvariability produced
by theplanet’s rotationandalbedodifferencesbetweenwater, landmasses,watervaporclouds,
andice. Furtherinto thefuture,giantspaceobservatoriesmayperforma censusof thousandsof
nearbystarsandimagetheclosestEarth-likeplanetsto determinedirectly if they haveoceansand
continents,cloudsandpolarcaps,ahydrologicalcycleandaquatichabitatslike thoseon Earth.

Cosmically, wateris not uniformally abundant,its incorporationinto Earth-sizedplanetsnot
necessarilyconstant,nor is its planetarymanifestationasaquatichabitatssuitablefor life agiven.
The searchfor life in the universemustaccountfor thesevariationsand the uncertaintiesthat
accompany them.Wateris formedin theinterstellarmediumandin thedensermolecularclouds
thatgive rise to star-forming regions. Dif ferencesin elementalabundance,gas-phasechemistry,
andgrainchemistrywill resultin measurablevariationin theabundanceof waterin thoseregions.
Wateris a significantsourceof infraredopacityin collapsingcloudcoresandprotostellardisks;
the efficiency at which the collapsinggascools may control the stability againstgravitational
fragmentationandtheformationof binaryor multiple systems(includingbrown dwarf compan-
ions).Theabundanceof waterin protoplanetarydisksis asensitivefunctionof theoxidationstate
of thenebula and,to first order, theelementalratio of carbonto oxygen:theC/O ratio hasbeen
observedto varysignificantlyfrom starto star, implying thattheremaybevery “wet” aswell as
“dry” planetarysystems$ 67% . Furthermore,the cosmochemicalrecordin meteoritesshows that a
largerangein oxidationstatesandwaterabundanceexistedin theearlySolarSystem,perhapsas
a resultof removal of waterfrom thewarminteriorof theprimordialnebulaandits condensation
at greaterdistances$ 41% . Presumably, planetsformedfrom differentmixing ratiosof this primitive
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materialwould beendowedwith differentinitial inventoriesof water. Thetotal planetaryinven-
tory of watermayalsodependonthepresenceof giantplanetsandtheefficiency of its dynamical
transportasicy bodiesfrom theouterregionsof aplanetarysystem' 150( .

Theefficiency of incorporationof waterinto planetswill alsodependontheaccretionhistory
andsubsequentescapeof waterbackinto spacevia hydrodynamicflow poweredby theextreme
ultraviolet radiationof theyoungparentstar. Starsof differentmass,metallicity (heavy-element
abundance)andinitial rotationrateswill emit differentlevelsof EUV radiation.Theconvection
of planetarysilicatemantlesasthey rejecttheheatfrom long-livedradioisotopesandthegravita-
tionalenergy of formationwill manifestitself asgeologicactivity andwill drive theexchangeof
waterbetweenthesurfaceandthemantleof theseplanets.Dependingonthesizeandcomposition
of a planet,that exchangewill result in differentpartitioningof waterbetweenthe surfaceand
interiorwith obviousconsequencesfor habitability. Further, thethermodynamicstateof wateron
thesurface(i.e., liquid, vaporor ice) will dependon surfacetemperaturesandatmosphericpres-
sureswhich aredeterminedin largepartby thegeochemicalcycling of volatilessuchascarbon
drivenby geologicactivity and,ultimately, mantleconvection. The tempoandmodeof mantle
convectionappearsto be sensitive to the amountof volatiles, particularlywater, storedin the
mantleitself. Finally, theprocessof biologicaladaptationmayallow life to colonizeandflourish
not only in a varietyof temperateaquaticenvironments,but alsoextremeenvironmentssuchas
low-nutrientoceans,high UV exposurelakes,high temperaturedeepseavents,low temperature
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subglaciallakeswithout sunlight,andeven ice or settingswheretheonly stablephaseof water
is steam.Theseadaptationswill ultimately constrainthe limits, distribution, andhistoryof life
relative to thatof waterin theuniverse.

Weseekto investigatetheastrophysical,cosmochemical,geological,andbiologicalprocesses
thatlink thehistoryanddistributionof life in theuniverseto thatof water. Thisresearchwill have
eightinterdisplinaryfoci:

) Theorigin of water and the formationof stars andplanetarysystems: This researchwill
focuson mappingthe distribution of water in the molecularcloudsandcloud coresthat
arethe precursorsof starsandplanetarysystems;understandingthe role of waterasac-
tive moleculeand potentialtracerin the evolution of collapsingcloud cores,protostars,
and protoplanetarydisks, and measuringandmodelingthe participationof water in the
protoplanetarydiskchemistrythatis recordedin pristinemeteoricandcometarymaterial.

) Observationalandexperimentalinvestigationof water icesin space: Cometicespreserve
a chemicalrecordof the interstellarmediumandearlySolarSystemthatcanbeexplored
by spectroscopy andimagingasthe icesvolatilize nearorbital perihelion. Interpretations
of theseobservations,however, requireslaboratorymeasurementsthat includesolid-phase
reactions.Water ice servesasthe energy-transfermediumandactive participantin a va-
riety of radiation-drivenorganicchemistryreactionsthoughtto be importantin eitherthe
interstellarmediumor theprimordialsolarnebula.

) Theorigin anddistributionof planetarywater: Thedistributionof waterin planet-forming
disks, its incorporationof water into planet-formingmaterial,and its eventualinclusion
in planetssuchasthe Earthis a fundamentalcosmochemicalproblem. The D/H ratio of
planetaryatmospheresandpotentialsourcessuchasmeteoritesandcometsis a powerful
meansof constrainingmodelsof early Solar Systemwater and continuedmeasurement
of D/H in additionalcometsandprimitive meteoriteswill aid that effort. The recordof
aqueousactivity in the parentbodiesof chondriticmeteoritesprovidesinformationabout
theabundanceanddistribution of waterin the primordial solarnebula andits subsequent
conversioninto thehydrousmineralsthatarea likely sourceof mostof Earth’swater.

) Water andaqueousalteration on Mars: Mars is theplanetmostresemblingEarth,it con-
tainsunambiguousevidencefor theactivity of pastandpresentwater, andis probablythe
mostlikely to hostor have hostedextantor extinct life. Studiesof thehistoryandaction
of wateron this bodycomparedto Eartharethusof greatimportancein this regard.These
includeunderstandingthepotentialfor thehydrothermalandlow-temperaturealterationof
crustalmineralsandrocksby water, andthe mechanismswherebyliquid watermight be
generatedon,or broughtto thesurfaceof theplanetat differentepochs.

) Water-rock chemistryand habitatsfor life: The reactionbetweensilicate rocks andwa-
ter, particularlyat high temperature,producesaqueousfluids andalteredmineralsurfaces
whosethermodynamicdisequilibriaarepotentialenergy sourcesfor life. Therole of both
subaerialandsubmarinehotspringsinfluencedby suchwater-rock reactionshasbeenwell
established,but thediversityof potentialchemistries– andconcomitantbiologicalcommu-
nities – hasonly begun to be explored. Theseincludesubseafloorhydrothermalsystems
in theoceaniccrustnearmid-oceanridges,low-temperaturesystemsfurtherfrom theridge
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axis, cool springsgeneratedby interactionof water with ultramaficrocks at subduction
zones,andtheinteractionof lavaandseawaterat thesurfaceof theearth.

* Extremeaquatichabitatson Earth andtheir analogy to potentialhabitatselsewhere in the
SolarSystem: Evidencefor waternearthesurfacesof MarsandEuropasuggeststhereare
potentialaquatichabitatsfor life waiting to be explored. Yet thesehabitatsmay be very
differentfrom thosetypically foundon Earthin termsof lack of sunlight,nutrientlevels,
high UV levels,or even the stateof wateritself. Approximateterrestrialanalogsto such
habitatsdo exist andwill beexploredto determineif andhow communitiesof organisms
haveadaptedto thoseconditions,andto evaluatestrategiesfor thedetectionof life in those
environments.

* An integratedmodelof planetarywater and its early history on Earth-like planets: The
processesof impacts,atmosphericescape,volcanicoutgassing,weathering,andburial or
subductionof hydrousmineralsresultin changesin thetotal inventoryof planetarywater
aswell astheexchangeof waterbetweensurfaceandinteriorreservoirs. Theimportanceof
eachprocess,andits effect on the time-dependentabundanceof surfacewater(andhence
theplanet’s ability to supportlife) will dependon the initial inventoryof water, theastro-
physicalenvironmentof theplanet(i.e., laterateof accretion,ultraviolet radiationfrom the
parentstar),its size,andits composition.A modelof planetarywatercanbeconstrained
usingknown or estimatedfluxesandreservoirs of wateron thepresent-dayEarth,andcan
be usedto explore the time-evolution of wateron the early Earth, aswell asEarth-size
planetswhosespaceenvironmentor compositiondiffer.

* Signatures of water-bearing exoplanets: The searchfor life – and water – will expand
outsidethe SolarSystemwith the eventualdeploymentof spaceobservatoriescapableof
detectingandcharacterizingEarth-sizeexoplanetsandtheir environments.Theescapeof
waterfrom suchbodiesin youngplanetarysystemsmaybedirectly detectable.In addition
to searchingfor signaturesof life onaplanet,it will bedesirableto measuretheabundance,
distribution, andstateof water on its surfaceusingphotometricandspectroscopicdata.
Earthshine,thelight from Earthreflectedfrom thedarksideof theMoon,providesa prac-
tical meansof evaluatingour capability to identify anddescribesimilarly water-covered
worldsaroundotherstars.

With regardsto the themeof Water andLife in the Universe,the University of Hawaii is
uniquein (1) having personnelwhoseresearchencompassestheroleof waterovertheentirerange
of astrophysics,planetaryscience,chemistry, geology, andbiology; (2) having unequaledaccess
to thetelescopesof theworld’spremierastronomicalobservingsiteto carryoutwater-relatedob-
servations;and(3) beinglocatednearavarietyof aquatichabitats,many foundnowhereelsenear
amajorresearchuniversity, (e.g., theopenocean,ahigh-altitudelake,fumaroles,andashoreline
wherelava entersthesea).To carryout our researchon WaterandLife in theUniverse,we pro-
poseto createaninterdisciplinarynetwork of investigatorsandacorecommunityof postdoctoral
fellows. This organizationwill bebasedat theUniversityof Hawaii but will have collaborators
in severalothercountries.Eachpostdoctoralfellow will carryout independent,interdisciplinary
researchthat connectstwo or moreof the areasof expertiseof the individual investigatorsin-
volvedin thisproposal.Thefellow will notbebasedwith any oneinvestigatorbut will insteadbe
physicallylocatedin their own group,whichwecall the“WaterHole”.
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2.1.1
+

Origin of Water and the Formation of Starsand Planetary Systems

Objectives– (1) quantify the presenceof waterice in the interstellarclouds,out of which stars
form. (2) understandthe structure,kinematics,composition,andphysicalpropertiesof thecir-
cumstellardisksoutof whichplanetsform, thusdefiningthegeneralenvironmentin whichwater
will exist. (3) determinethespecificrole of waterice in thesechemicalandphysicalprocesses.

Connections– , 2.1.3
AstrobiologyRoadmapLinks– Goal3; Objective3.1
Researchers– Reipurth,Williams, Ceccarelli

Background– The interstellarmediumcontainsthe basicmaterialout of which starsandnew
planetarysystemsform. Molecular cloudscontaincoresof gasand dust, which are cold and
dense,andwhichcancollapse,leadingto theformationof aprotostarandasurroundingrotating
disk. By studyingstarandplanetformationas it occursat presentin nearbydark clouds,we
opena window on the processesthat shapedour own solarsystem4.6 billion yearsago. The
Institutefor Astronomyat theUniversityof Hawaii hasjust inauguratedtheCenterfor Starand
PlanetFormationin orderto developandstrengtheninterdisciplinaryconnectionsbetweenearly
solarsystemstudiesfocusingon comets,Kuiper belt objects,andmeteorites,andthe analysis
of present-daystarformationeventsandnewbornstellarobjects.Oneof theprimegoalsof this
effort is to tracethe evolution of waterfrom its origins in molecularclouds,its role asa major
coolantin thecollapseprocess,its inclusioninto andprocessingwithin circumstellardisks,to its
eventualincorporationinto icy solarsystembodiessuchascomets.Ultimately this will leadto
planetarywaterreservoirssuchastheoceansonEarth,thusformingthebasisfor thedevelopment
of life asweknow it.

InterstellarChemistryandtheOrigin of Water

In thecoldenvironmentof denseinterstellarclouds,volatilemoleculesfreezeoutontodustgrains
andform icy mantlessurroundingthesilicateandcarbonaceouscores.Grainsurfacechemistry
allows for the formationof morecomplex moleculesthan is possiblein the gasphase.These
molecules,includingwater, arethenliberatedfrom thegrainsurfacesthroughheatingby ayoung
star. Determiningthesolid stateprocessesin densecloudsis thusessentialfor anunderstanding
of thechemistryandevolution of waterice. Observationally, therearethreecloselyrelatedap-
proachesto exploretherole of waterice in thestarformationprocess.

MappingtheDistributionof Water Ice in DenseCloudCores

Water ice exists in the interior of molecularclouds; it is estimatedthat about10% of oxygen
atomsin molecularcloudsareboundup aswaterice- 4. . For visualextinctionsof lessthanA /10
2 - 5 mag,UV radiationfrom theinterstellarradiationfield destroyswatermolecules.For higher
extinctions,theUV field graduallybecomessufficiently attenuatedfor ice to survive,anda linear
relationis foundbetweentheopticaldepthof waterice 243�576 and 89/:- 221; 157. . Suchobservationscan
becarriedout by observingbackgroundstarsin thenear-IR wavelengthrangethanksto a strong
watericeabsorptionbandat3.1 < m (Fig. 2.1.1a).
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Few studieshavebeenmade,sinceterres-
trial waterabsorptioninterfereswith ob-
servations. We will launcha major in-
fraredstudyextendingtheearlywaterice
studiesbetween5 =?>A@B= 20 mag(Fig.
2.1.1b)to themuchhigherextinctions(up
to >A@DC E�F�F ) in the densecoresout of
whichsolarlikestarsareforming. Thisre-
quiresthesuperiorhigh-altitudedry con-
ditionsat MaunaKeaandtheavailability
of 8 - 10 m classtelescopes,andthe In-
stitute for Astronomyis thus ideally po-
sitionedto successfullycarry out sucha
project.Nothingis currentlyknownabout
waterice absorptionat suchhigh column
densities,andwewill for thefirst timede-
termineif thelinearrelationfoundat low
extinctionscontinues.

Fig 2.1.1a–WatericemapoverlaidonaC G7H O mapof
partsof theTaurusmolecularcloudsI 157J . Both filled
andopencirclesshow thepositionof observedfield
starsandthediameterof filled circlesis proportional
to thevalueof KMLONQP .

Fig 2.1.1b–Calculatedand observed column
densitiesofwater ice as a function of visual
extinction over the range0 R A @ R 20 for
Taurus.Themodelsarediscussedin I 167J .

Onemayexpectthattheslopechangesas
theUV field decreasesandmoleculesin-
creasinglycondenseonto grain surfaces.
Physicalconditionsin thecloudcorescan
bedeterminedby mappingthemwith het-
erodynedetectorsandsub-mmcontinuum
arrays at Mauna Kea facilities like the
JCMT and the SMA, for direct compar-
ison with the water ice maps. Sincethe
C/O ratio differsbetweenvariousmolec-
ular clouds, we will also explore if the
abundanceof waterice changesin differ-
ent starforming regions. If so, the even-
tual incorporationinto planetsmay not
necessarilybeconstant.

ThePhysicalandChemicalPropertiesof CircumstellarDisks

It is possibleto learnmuchaboutwaterchemistryvia observationsof relatedspeciessuchas
CHS OH, HCOT , andtheir deuteratedcounterparts,which have observableline emissionoutside
of the broadterrestrialwaterbands.A rich chemistryhasbeenobserved in starforming cores
at (sub-)millimeterwavelengthsI 116J . The next stepis to extendthe studyof chemistryin proto-
stellarenvelopesto protoplanetarydisks. Dutrey I 50J have surveyed a variety of moleculesin a
nearbydisk in Taurusbut therearefew otherobservationsto datedueto theweaknessof theline
emission.Observationsof moleculesin disksaretechnicallymorechallengingthanin coresbe-
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causeof thelow resolutionof single-dishtelescopesoperatingat millimeterwavelengthsandthe
consequentbeamdilution. To achieve higherresolutionrequiresoperatingmultiple antennasas
aninterferometer. Interferometersalsohave theadvantageof automaticallyfiltering out uniform
emissionfrom unrelatedmoleculargasin thecloud. Thefirst sucharrayof telescopesoperating
at sub-millimeterwavelengthshasrecentlystartedoperationson MaunaKea.Onceit reachesits
targetedspecificationsin late2003,theSub-MillimeterArray (SMA) will provide theability to
mapmolecularline emissionin disksandstudytheir chemicalstate.

Throughthe UH accessto telescopeson MaunaKea, it is possibleto dedicatelarge quan-
tities of time to survey for sub-millimeterline emissionfrom water relatedspeciesin nearby
protostellarcoresandprotoplanetarydisksandfollow their chemicalevolution. Thesingledish
CaltechSubmillimeterObservatory (CSO) and JamesClerk Maxwell Telescope(JCMT) tele-
scopeshave a resolutionin the range10-20U U andarewell suitedto line surveys in protostellar
cores.Even in thecloseststellarnurseriesin Taurus,protostellardiskshave radii of only a few
arcsecondsso line detectionis very challengingwith thesesingle dish telescopes.The SMA
will bea uniqueresourcefor imagingat arcsecondresolutionin thesub-millimeterregime. By
matchingthebeamandsourcesizemoreclosely, many linesareexpectedto bedetectableandit
will becomepossibleto explore thestructure,dynamics,andchemistryof protostellardisks. A
pioneeringstudyof chemistryin theLkCa15diskwasmadeatmillimeterwavelengthsusingthe
OVRO interferometerV 180W . Our proposedobservationsareat shorterwavelengthsthanthis work
andtargetwarmergaswhereboth line andcontinuumemissionarestronger. In additionto the
line observations,thethermaldustemissionprovidesinformationon thegrainmassopacityand
therebythecompositionof the(icy) mantles.

Thecombinationof thesingledishobservationsof coresandinterferometermeasurementsof
diskswill show thechemicalevolution from theearlystagesof starformationin coresto thebe-
ginningof planetformationin disks.This is achallengingprojectthatwill requirelargeamounts
of telescopetime dueto themultitudeof speciesandrelative weaknessof emission.UH is in a
uniquepositionof beingableto bring threesub-millimetertelescopesto bearon this problem,
including theonly oneableto imageat arcsecondresolution.Therefore,this survey canbeex-
pectedto make a significantcontribution to our knowledgeof the initial chemicalconditionsof
star-forming clouds. The SMA will be dedicatedin November2003. It will be linked to the
JCMT andCSOin 2005,therebydoublingthesensitivity andresolution.Thesetelescopesarea
uniqueresourcebothfor researchandfor training. Theskills thatstudentsandpostdocslearnin
carryingout this work will preparethemto take full advantageof theAtacamaLargeMillimeter
Array (ALMA). Scheduledfor completionin 2011,this 64-elementsub-millimeterinterferome-
terwill revolutionizethefield of astrobiologyby imagingtheformationof starsin unprecedented
detail. It will have, for example,thecapabilityto imagethegapsin disksformedby protoplanets
andto studychemicalgradientsat AU scales.

Hot WaterEmissionandtheChemistryof CircumstellarDisks

Wateris foundin theform of waterice at temperaturesbelow about150K, but it existsaswater
vaporat temperaturesup to thethermaldissociationlimit around2500K. Whereasthe interiors
of darkcloudsarealwaysbelow the ice condensationlimit, circumstellardisksaroundnewborn
sun-likestarsarewithin thetemperaturerangeof watervaporbetweenroughly0.1and5 AU. In
this regionof adisk,wateris astrongandefficientmolecularcoolant(Fig. 2.1.1c).Furthermore,
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notonly is waterabundantin circumstellardisks,but it hasa largenumberof radiativetransitions
samplingawiderangeof temperatures.Wateris thereforeanexcellentdiagnosticof theproperties
of circumstellardisksat radii relevantfor planetformationX 159Y .
Groundbasedobservations of water are
complicated by the presenceof water
in the Earth’s atmosphere,causing tel-
luric absorption. Observations from dry
high-altitudeobservatorieslikeMaunaKea
greatly reducethis problem. Additionally,
becausehigher excitation statesof water
have transitions far from the vibrational
bandcenters,it is possibleto makeground-
basedlow-resolutionspectroscopicobser-
vationsof water, if it is muchhotterthanthe
Earth’s atmosphere,whenobservingin the
wings of the telluric water bandsat near-
infraredwavelengths.Najita et al. X 159Y have
demonstratedthat it is possibleto usehigh
spectralresolutionto study individual, re-
solved near-infrared lines far from the vi-
brationalbandcenters.

Fig 2.1.1c–Hotwateremission(vertical lines) in two
youngsolar-typestarsnearaCO bandheadX 159Y . A syn-
theticspectrumis includedfor DG Tau.

They find thatthewaterlinesarenarrower thantheCO lines(asexpectedfor a rotatingKep-
leriandisksincewaterhasalowerdissociationtemperaturethanCO)andthereforeextendfurther
out into moreslowly rotatingpartsof adisk. Suchspectroscopicstudiesrequireveryhighsignal-
to-noisein order to definethe broadweakmolecularfeatures,andwe envisageto employ the
8-10mtelescopesat MaunaKeafor the first detailedandcomprehensive studyof watervapor
emissionin thecircumstellardisksof newbornsun-likestars.

WaterMasers in theProtostellarEnvironment

Many orthoandpararotationallevelsof waterlie closeto eachotherandthustendto beeasily
inverted. Accordingly, if theselevels correspondto allowed radiative transitionsthey cangive
riseto maseramplification.Thestrongestwatermaseremissionis thatof the Z�[]\ ^`_ba�cd\ e transition
which is easilydetectedfrom thegroundat 22 GHzX 25Y . Thestrong22 GHz maseremissioncan
beexplainedby thecollisionalpumpingof denseneutralgaswhichhasbeenheatedby shocks.

In recentyearsa numberof surveys have demonstratedthatwatermasersarecommonlyob-
servedaroundnewbornstars,with detectionratesof 40%for theyoungestClass0 sources,4%
for slightly moreevolved (50,000to 100,000yr older) ClassI sources,and0% for still older,
optically visible ClassII sourcesX 64\ 65Y . This dramaticdecreasein watermaserdetectionover a
relatively shortevolutionarytimespanis likely to becausedby therapiddissipationof densegas
aroundthecentralobjects.In mostcasesthemasersappearto alignalongtheaxisof outflow from
thenewbornstarsX 32Y , supportingotherevidencesuggestingthatwateris efficiently andabundantly
producedwithin warmgas,heatedby shocksthatareconvertinggas-phaseoxygeninto waterX 164Y .
Thehigh spatialresolutionof theVery LargeArray (VLA) interferometer(0.08arcsecat 1.3cm
in theA configuration,correspondingto 10 AU in theneareststarforming regions)is thuspro-
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viding insightsinto the launchof protostellarjets which may be the sourceof chondrulesand
CAI’s in the early solarnebulaf 199g . This offers a uniqueconnectionbetweenthe formationof
otheryoungstarsandthestudyof ourown originsthroughmeteoriticanalysis.In rarercases,the
masersappearto tracethedistributionof gasin circumstellardisks,seeFig. 2.1.1df 211h 98h 171g .
Recently, propermotionsof watermasershave
been determinedby studieswith Very Long
Baseline Interferometry. Such observations
representan improvement of two orders of
magnitude with respect to the best angular
resolution achieved with the VLA in its A-
configurationf 210g . Interferometricwater maser
observationsaretheonlyobservationswith suf-
ficiently high spatialresolutionto allow a de-
taileddetermination,on solarsystemscales,of
physicalconditionsand kinematicsin the cir-
cumstellardisksoutof whichplanetswill form.
For the lastdecade,we have usedtheVLA ex-
tensively to studydeeplyembedded,newborn,
sun-like starsf 181g . We will employ this facility
to studythedistributionandtemporalevolution
of water masers,using the water maseremis-
sion asa tool to explorephysicalconditionsin
protoplanetarydisksversusof age.

Fig 2.1.1d–A1.3 cm radiocontinuumimagefrom
theVeryLargeArray f 210g . Dotsindicatetheposition
of thewatermasers.Theellipseshows thesizeof
Neptune’s orbit for comparisonpurposes.

Analysisof Water in StarFormingRegionswith SpaceMissions

Watervaporis soabundantandsorapidly variablein theEarth’s atmospherethatdetailedobser-
vationsareratherdifficult. The InfraredSpaceObservatory (ISO) andthe SubmillimeterWave
AstronomySatellite(SWAS) openedmid- andfar-infraredwindows with numerousstrongwa-
ter linesf 24h 128h 140g , andindicatedthe advanceswe canexpectin this areaof researchfrom future
missions.Two major projects,the StratosphericObservatory for InfraredAstronomy(SOFIA)
andtheSpaceInfraredTelescopeFacility (SIRTF), arein thefinal stagesof preparation,andwill
soonbe available to the astronomicalcommunity. Later this decadewe will get the Herschel
mission,a 3.5 m mid- and far-infrared telescopethat will be placedin a solarorbit at the L2
point. It will beextremelysensitive,andwill permitdetailedstudiesof therelationof watericeto
circumstellarchemistryin newbornstarsf 25g . MeanwhileSIRTF, dueto belaunchedthisyear, will
have far highersensitivity andresolutionthanISO andSWAS, althoughit, too,will beunableto
resolvecircumstellardisks.Wewill useSIRTF to measuretheglobalwatercontentin youngstar
forming coresanddisksasa constrainton modelingour resolvedgroundbasedobservationsof
waterrelatedmolecules.

2.1.2 Interstellar Ices ikj Comets

Objective– Wewould like to understandthevolatile (especiallywaterice)abundancesof comets
andrelatedbodiesandto know to what extent cometarywaterhasbeenprocessedsinceits ac-
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cretionin the precursormolecularcloud. As ice-rich bodies,the nuclei arethermodynamically
stableagainstsublimationonly at heliocentricdistancesl 5 AU. Therefore,wemustaddressthe
compositionsof objectsin themiddleandoutersolarsystemin orderto understandthesources
and delivery mechanisms.This requiresthe applicationof astronomicaltechniquesusing the
largesttelescopes.As thecometaryicesarelikely to have beenalteredby prolongedirradiation
by energeticparticles,wemustalsouselaboratoryexperimentsto understandthenatureandrates
of chemicalreactionsoccuringin exposedices. We will mounta systematicprogramto study
irradiatedicesbothastronomicallyandin thelaboratory.

Connections– m 2.1.4 m 2.1.3
AstrobiologyRoadmapLinks– Goal3; Objective3.1
Researchers– Bar-Nun,Jewitt, Kaiser, Meech,Owen,Prialnik

Background– Until the late1980’s, thestandardparadigmheld thatcometswerepristinerelics,
“planetesimals”,from the era of planet formation. Indeed,the inventory of speciesdetected
to datein the ISM is very similar to that found in the cometsn 156o , broadlyconsistentwith this
paradigm.However, we now understandthatcometscanhave differentsources.Dynamicalev-
idencesuggeststhat theshort-periodcomets(SP)musthave hada low-inclinationsourcein the
trans-Neptunianregion (beyond 30 AU), while long-periodcomets(LP) formedat smallerdis-
tances(e.g. theJupiter-Neptunezone),wereperturbedoutwardsandarenow storedin theOort
Cloudn 49p 58o . Thedifferentcometdynamicaltypeshave experienceddifferentthermal,collisional
and irradiationhistories;it is naturalto expect that thesedifferenceswill be reflectedin their
compositions.

TheComet– ISM Connection

Theinventoryof speciesdetectedto datein theISM is very similar to thosefound in cometsn 53o ,
leadingto the suggestionthat much of the interstellarmaterial is incorporatedunalteredinto
comets.However, during the earlieststagesof the evolution of the planetarydisk, infalling in-
terstellarmaterialmayhave beenheavily processeddueto shock-inducedsublimationfrom icy
grainmantlesandsubsequentvolatile re-condensationn 124o . At the low ambienttemperaturesex-
pectedin thenebula, thewatericewould recondensein anamorphousform, trappingothermore
volatile species.Nevertheless,observationsof recentbright cometshave shown that thereis ev-
idencefor preservation of an interstellarice componentwithin nuclei, yet at the sametime the
cometarymaterialhasundergoneprocessingduringits formation.Measurementsof theD/H ratio
in P/Halley n 10p 52o , in C/1996B2 Hyakutaken 17o andin C/1995O1Hale-Boppn 139o show anenrichment
by a factorof ten in watercomparedto the protosolarratio. The enrichmentis a resultof ion-
moleculeandgrain-surfacereactionsin molecularclouds. Laboratoryexperimentshave shown
thatthis ratio cannothavebeenre-equilibratedin thesolarnebulan 118o .

TheOort Cloud,theKuiperBelt andRelatedBodies

TheOort Cloudcontainsabout q�r�s7t comets,with a combinedmassprobablycomparableto that
of Neptune.The planetesimalsgrew collisionally until they werebig enoughto decouplefrom
thenebular gas(at sizesof 10’s to 100’s of meters)n 218o . Planetesimalsejectedto theOort Cloud
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mayhave undergonecollisionalevolution en-route,but have sincebeenstoredin acollision-free
environmentat only 10K temperatureu 201v . They havebeensubjectto thefull intensityof ionizing
galacticcosmicraysfor the past4.6 Gyr. The Kuiper Belt, containsperhapsw�xzy bodieslarger
than100 km in diameterand {|w�x�}7~ larger thanthe typical cometarynucleus( { 1 km: Jewitt
andLuu 2000).Thecurrenttotal massis only { 0.2 ��� but this is thoughtto beonly about1%
of the initial KuiperBelt mass.Materialhasbeenlost from theKuiperBelt throughdynamical
erosionand throughcollisional shatteriingand ejection. It hasbeenconjecturedthat the late
heavy bombardmentof the solar system,most clearly recordedin the crateringhistory of the
Moon,mighthavebeencausedby theclearingoutof themassive initial Kuiperbelt.

Presently, objectsescapefrom the Kuiper belt throughdynamicalchaos,andare scattered
amongsttheplanets.Thosethatarenot ejectedfrom thesolarsystemto the interstellarmedium
arescatteredinwardsto fall underthe gravitational control of Jupiter. OnceinsideJupiter’s 5
AU radiusorbit, waterice in thesurfacelayersbeginsto sublimate,giving riseto anatmosphere
or “coma”, andtheseobjectsareobservationally relabelledas“comets”. It is thusappropriate
to think of a streamof objectsemanatingfrom theKuiperbelt andbeingscatteredbetweenthe
planets,leadingsometimesto theappearanceof active cometsneartheearthand,on rareocca-
sions,to collisionswith theEarthandterrestrialplanets.Bodiesthathave left theKuiperbelt but
which arenot yet warmenoughto stronglysublimateareknown as“Centaurs”.About 50 such
objectsarecurrentlyknown. In contrastto theOort Cloudobjects,cometsfrom theKuiperbelt
arethoughtto be collisionally producedchipsfrom largerbodies.They have beenin a warmer
thermalenvironment(50K), havebeenat leastpartly protectedfrom cosmicraysby heliospheric
shielding,andmayhavebeenheatedandshockedduringejectionfrom their parentbodies.

Spectral Properties

Observationalevidencefor theeffectsof ir-
radiationof thecometsis foundin their re-
markablylow albedos.Even thoughthey
are known to be ice-rich, the cometary
nuclei are amongstthe darkest objectsin
the solar system,with albedostypically
of only { 4%. Albedos of Kuiper Belt
Objects and Centaurs,although few are
known with confidence,alsofall in thefew
to 10%range.Suchlow albedoes,together
with the reddish colors measuredin the
opticalspectralregion, areconsistentwith
hydrogen-depeleted,carbon-richorganics.

Fig 2.1.2a–Waterice bandsat 1.5and2.0� m in there-
flectionspectrumof Centaur2060Chironu ?v .

Spectralfeaturesonthesebodieshaveproveddifficult to find, indicatingthelow abundanceof
bondscapableof generatingmeasurablevibrationalfeaturesin thenearinfrared.In onespectac-
ular counter-exampleto this claim, telescopicobservationshave revealedthepresenceof several
near-infraredabsorptionsin thespectrumof Centaur5145Pholus.Onemodelcanfit thesefea-
turesusinga surfacecompositionincluding complex organics(“tholin”), water ice anda light
hydrocarbon(possiblemethanolu 39v ). Waterice is seenalsoin thereflectionspectraof otherCen-
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taursandKBOs (seeFig. 2.1.2a). The existenceof organicsin cometsis known from optical
spectroscopy of radicals(C� , C� ) and from nearinfraredandradio spectroscopy of molecules
(HCN, H � CO).In-situmeasurementsof dustgrainsin P/Halley detectedgrainscomposedlargely
of theelementsCHON.

Whethertheprocessedorganicsareconfined
to ameter-thick surfacelayeror “mantle”, or
are to be found throughoutthe bulk of the
cometarynucleusremainsunknown(seeFig.
2.1.2b).Cosmicrayshave a stoppinglength
of only metersbut irradiationof solid mat-
terprior to incorporationin thecometarynu-
cleuscould lead to this matterbeing found
at all depths� 138� . Observationsof amorphous
ice in comets� 44� show thatthecometscannot
have beenheatedmuch above 137K. This
placeslimits on theallowableabundanceof�]� Al andon timescalesfrom chondrulefor-
mationto cometformationto allow the �]� Al
to decay by 2 orders of magnitudefrom
theabundanceinferredin theAllendemete-
orite. Theheatingfrom �]� Al would occurin
the first few ����� � to ����� years,or possibly
longerfor largerbodies� 176� . Delayedforma-
tion is a featureof accretionin the low den-
sity KuiperBelt, sothatit seemsnaturalthat�]� Al wouldbelargelyabsentin thesebodies.

Fig 2.1.2b–Sequencesof aging in the upperlayers
of a cometnucleusfrom the pristinestate,through
alterationsundergonefrom heatingin theOortcloud
from bright stars,supernovaeanddecayof �]� Al to
theactive phaseof volatile loss.

Cometsformedcloserto the sunat higherdensitiescould have grown morerapidly andmight
have incorporateda largerfractionof �]� Al andothershort-livedisotopes,possiblywith important
consequencesfor thermalandchemicalprocessinghistories.Organicmoleculeswhenexposedto
chargedparticleandUV radiationproduceradiolysisandphotolysis.Laboratoryevidenceshows
that carbon-containingfrozenmixtureswill form complex organicswhenexposedto radiation
andthatcomplex organicswill breakdown underirradiation(see� 2.1.3).Theeffectsof progres-
sive irradiationincludeweakeningof theIR bandsowing to CH bonds,a changein theslopeof
thevisible reflectancespectra(0.4-0.8� m) andaprogressive loweringof thealbedo.Hencethere
is muchspeculationthatredoutersolarsystemmaterialsresultfrom theseprocesses� 204� , andthat
bright, neutral-bluesurfacescorrespondto newly exposedicy surfaces.Thetechnologyhasjust
becomeadvancedenoughto begin to studyastatisticallymeaningfulsampleof cometsandCen-
taursto look for thewater-ice signature,andthechemicalcompositionof thesurface,including
organicmaterials.

ProposedObservations

We aim to capitalizeon University of Hawaii accessto MaunaKeato undertake a systematic
investigationof theabundancesandabundancedifferencesin theice-bearingbodiesof thesolar
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system.Suchastudyis timely because(i) new surveyshaverevealedalargenumberof observable
but currentlyunobservedtargetCentaursandKuiperbeltObjectsand(ii ) new telescopesandnew
detectortechnologiesallow high quality observationsthatwerepreviously impossibleto secure.
As a counterpartto theacquisitionof astronomicalspectra,we will obtainlaboratoryreflection
spectraof relevant ice-dirt mixtures,all subjectto appropriatedegreesof irradiationdamageby
highenergy particlesources.See� 2.3.4for details.

2.1.3 Role of Water in the Formation of Biologically Important Moleculesin Space

Objective– To useultra-highvacuumscatteringlab experimentsto investigatethechargedparti-
cleversusphotoninducedformationof interstellarC� H � O� isomersin astrophysicallyimportant,
water-rich icemixtures.

Connections– � 2.1.1
AstrobiologyRoadmapLinks– Goals3, 4; Objective3.1,4.3
Researchers– Kaiser, Ehrenfreund,Bar-Nun,Owen

Background– Cutting-edgelaboratoryexperimentspresenta uniqueopportunityto addressfor
theveryfirst time theimportantquestionsof how thebasiclife ingredientscanbeformedabioti-
cally in extraterrestrialenvironmentssuchasmolecularcloudsandthecrucialrole thatwaterhas
playedin their formation. Waterice presentsthe main constituentnot only of interstellargrain
material,but alsoof cometarymatter� 146� . Dueto its highabundance,it playsavital role in theun-
derlyingphysicochemicalprocesseswhich leadto the formationof astrobiologicallysignificant
moleculeslikecarbonhydrates(sugars)in theinterstellarmediumandin our solarsystem.

Basicprocessesof ice formationanddestructionin interstellarclouds

Therearefour basicprocesseswhich influencetheicechemistryin theISM. Figure2.1.3ashows
a schematicoverview of an icy grainandits catalyticsurface.Accretionis a very efficient pro-
cessin coldenvironmentsbecausemostof thegaseousspecies(with theexceptionof H � andHe)
stick onto thegrainswith almost100%efficiency. This accretionprocessoccurson a timescale
of �1���������z� �¢¡:£¥¤¦� § yr, assuminga stickingefficiency of unity. Theaccretionprocessoccurs
to specificgrainsites,known asbindingsites.Waterice actsasa matrix which embedscomplex
organicmoleculessuchasfreshlysynthesizedsugarsandaminoacids.Dueto this matrix isola-
tion, ionizing radiation(nuclei,electrons,photons)from thegalacticcosmicradiationfield and
thesolarwind interactpredominantlywith themainconstituentof theseices: watermolecules.
Therefore,watermoleculesprotectastrobiologicallysignificantmoleculesinside the icy grain
materialfrom beingdestroyedby ionizing radiation.Without this waterice,noorganicmolecule
cansurviveneitheron interstellargrainsnor oncomets.

Secondly, the actualformationof astrobiologicallyimportantmoleculesgenerateschemical
energy, which is storedasvibrationalenergy in the newly formedmolecules.This excessen-
ergy mustbedivertedfrom themolecules;otherwiseorganicmoleculesfragmentandcannotbe
stabilized. The watermatrix candivert this excessenergy via phononcoupling. Without this
energy transferof waterice, theastrobiologicalevolution of extraterrestrialenvironmentswould
stopright at the beginning. However, the actualeffect of both processesandthe role of water
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on theformationof astrobiologicallyimportantmoleculeshasnever beeninvestigatedin labora-
tory experiments.Here,we unravel for the very first time how theseastrobiologicallyrelevant
building blocksareactuallyformedin waterrich ices(via ionizing radiation,chargedparticles,
andphotons).Theformationof thesugarglycolaldehydeandits isomersaceticacidandmethyl
formatein waterice actsasa prototypeexamplewith fundamentalastrobiologicalimplications.
The productionroutesareexploredquantitatively asa function of temperature(10 K – 300 K)
to simulatethechemicalprocessingin cold cloudsandhot molecularcores.We alsoaccountfor
thedifferentchemicalreactivities in variouswatericephases(crystallineversusamorphous).By
couplingtheselaboratoryinvestigationsandtheproductionroutesof glycolaldehyde,aceticacid,
andmethylformatewith sub-mmobservations,wewill theninfer conditionsin thecoresandcold
cloudswherethechemistryin water-rich icesis occurring.

Untangling the synthetic routes to form basic sugars,
which arethebuilding blocksof RNA, in waterrich ex-
traterrestrialices is particularlysignificantbecausethey
serve asan energy sourceto living organisms(glucose)
andasa structuralskeleton(cellulose)̈51© . Carbohydrates
alsoplay a role in vital aminoacid producingchemical
reactions.Thesespeciesmayhave formedonearlyEarth
via the polymerizationof two formaldehyde(H ª CO)
molecules.However, thevalidity of whetheror not these
conditionswerelikely on a primitive Earthhasbeense-
riously questioned,becauseunderany conditionswhere
monosaccharideswill form, they wouldsubsequentlyde-
gradeor reactonshorttime-scales.

Early in Earth’s history, it experienceda periodof heavy
bombardmentduring which fragile carbon-basedlife
could not have survived̈30© . Geological surveys have
found 3.5Gy old cyanobacteriafossils and evidenceof
chemicalprocessingdatingto 3.8Gy. Thus,theevolution
of pre-bioticmoleculeson Earthtook lessthan300mil-
lion years,suggestingthat thesebiologically important
moleculesmight have beenalreadyavailable. Astrobi-
ologically importantmoleculessuchasglycolaldehyde,
a monosaccharidesugar, could have beenproducedin
extraterrestrialenvironmentsandthensubsequentlysur-
vivedsolarnebular processingor wereintroducedto the
Earthduringtheperiodof heavy bombardment.

Fig 2.1.3a–A schematicview of an in-
terstellargraincoveredwith polar (water-
dominated)and/orapolar(highly volatile,
H-deficient) ice layers. Four major pro-
cessesactto form andequilibrateinterstel-
lar icy grainmantles.A moredetailedex-
planationis givenin thetext.

An analysisof meteoritessuchasMurchisonandMurray also indicatesa large proportionof
complex organicmatterincludingaminoacids,lipids andsugarsto supportthis claim. In addi-
tion, several interestingorganicmolecules(suchasmethyl formateandaceticacid) have been
tentatively identifiedin comets.

Hot molecularcoresand star forming regions provide a rich laboratoryfor understanding
complex molecularevolution. Thetransitionfrom thecoldmolecularcloudto thehotcorephase
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depends« strongly on the molecularcomposition. A detailedunderstandingof the synthesisof
threeC¬ H  O¬ isomers[aceticacid (CH® COOH),methyl formate(HCOOCH® ), andglycolalde-
hyde(HCOCH¬ H)] is of particularpertinencesincethey play a key role in astrobiology. Acetic
acid,a precursorto thesimplestaminoacidglycine,wasfirst detectedin thehotcoreSagittarius
B2(N) (SgrB2) , andlateralsotowardW51e2̄89° . Thesecondisomer, methylformate,is ubiqui-
tousin the interstellarmediumandhasbeenobservednot only in hot coreslike SgrB2 but also
in molecularcloudssuchasOMC-1. Therecentdetectionof glycolaldehydein SgrB2 is a sig-
nificantastrobiologicalmilestonesinceit representsthefirst memberof monosaccharidesugars
anddenotesanimportantbiomarker.

Despitethe key role of theseC¬ H  O¬ isomersin astrobiology, their formation is not un-
derstood.Chemicalreactionnetwork modelsof puregasphasechemistrywhich focuson ion-
moleculereactionswith methanolandformaldehydeyield abundances50-100lessthanobserved.
Grain-surfacereactionson sub-micrometersizedsilicate-andcarbonaceous-basednanoparticles
atT ± 10K in coldmolecularcloudshavebeenproposedasanalternativeformationmechanism.
The moleculescan be liberatedinto the gasphasevia sublimationin hot coreswhen the sur-
roundedmatteris heatedabove100K by theembeddedprotostar. Millar & Hatchell̄142° extended
previous reactionnetworks to simulatethesegrain sublimationprocesses,however, the models
could not adequatelyfit the observed abundances.This suggeststhat key productionroutesto
form C¬ H  O¬ isomersinvolving interstellargrainsarestill missing.

UnderstandingGrain Chemistry

The crucial role of the grain mantlesto producemolecularhydrogen(H ¬ ) andsimplehydrides
suchaswaterandmethanehasbeenrecognizedexplicitly, but no consensushasbeenreached
whethercomplex astrobiologicallyimportantmoleculesareactuallyformedon grainsurfacesor
insideicy grains̄120² 142° . In thecoldmolecularclouds,interstellargrainshavetemperaturesof 10K.
Thus,grainparticlestrapall moleculesandatomsexceptH, H ¬ , andHewith unit efficiency upon
collision. This resultsin the formationof nm-thick icy layerswhich consistpredominantlyof
water(H ¬ O), methanol(CH® OH), carbonmonoxide(CO), carbondioxide (CO¬ ), andof minor
componentslikeammonia(NH ® ), formaldehyde(H ¬ CO),hydrogencyanide(HCN),carbonyl sul-
fide(OCS),andmethane(CH ). Theseicemantlesareprocessedchemicallyby MeV cosmic-ray
(CR) inducedinternalUV radiationwhich is presentevenin thedeepinteriorof thedenseclouds.
Becausecurrentreactionmodelsassumethatthisfrozengrainmantlematerialis chemicallyinert,
they have limited validity.

Despitethe importanceof high energy particleandphotoninducedchemicalformationof
moleculesin extraterrestrialices,theseprocesseshaveneverbeencomprehensively includedinto
astrophysicalreactionnetworksmodelingtheformationof C¬ H  O¬ isomersin coldcloudsandhot
cores.Studies(includingtheNASA decadalsurvey) investigatingtheeffectsof chargedparticle
processingof interstellaricesto form heavy hydrocarbonsin molecularcloudscall for extensive
laboratoryinvestigationsof the underlyingelementaryprocesses.Theinterstellarmediummod-
eling communitiesarealsocalling for laboratoryexperiments.Novel laboratoryexperimentson
theCRandUV triggeredformationof C¬ H  O¬ isomersin extraterrestrialicesareclearlydesired.
Oncetheprebioticsyntheticroutesto form thesemoleculeshave beenexposedquantitatively in
laboratoryexperiments,we canthenpredictwheresugarsandtheir isomers(or their precursors)
canbeformed,searchedfor, andultimatelybeobservedspectroscopically(via telescopes)or in
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situ (via spacemissions).

ExperimentalObjectives

We will useultra-high vacuumscatteringlab experimentsto investigatethe charged particle
versusphotoninducedformation of interstellarC³ H ´ O³ isomersin astrophysicallyimportant,
water-rich ice mixtures.Theseexperimentswill generatequantitativedataundercontrolledcon-
ditions andprovide temperature,kinetic energy, andwavelength-dependentsyntheticroutesto
form aceticacid,methylformate,andglycolaldehydein water-rich icesaspresentin coldmolec-
ular clouds,hot cores,andin cometaryices. This uniqueapproachaddressesfor the first time
specificmechanismsandgeneralizedconceptson photonversusparticle inducedformationof
complex moleculesin astrophysicalicesratherthanattemptingsolelyto reproduceinfraredspec-
traof astronomicalobservations.

Productionratesof C³ H ´ O³ isomerswill beexploredsystematicallyasa functionof ice tem-
peraturein molecularcloudsandhot cores(10 to 100-300K), ice composition,photonwave-
length,natureof the chargedparticles(electrons,hydrogen,helium,oxygen,andcarbonions),
andflux andkinetic energy of the irradiatingparticles. Sincephotonspenetrateonly the outer
layersof the grain, whereascosmicray particlescanpenetratedeepinside,a depth-dependent
moleculardifferentiationis expected.Thelaboratoryexperimentscombinedwith kinetic models
predicttheexistenceof theseisomersquantitatively in variousextraterrestrialenvironments.Us-
ing JCMT, CSO,andSMA at MaunaKea( µ 2.1.1),wecanthenattemptto observe theseisomers
in molecularcloudsandstarforming regionsin themicrowaveregion; themicrowavetransitions
of all threeisomersarewell known. It will bepossibleto comparetheT – dependentproduction
ratesandoutputsof thekineticmodelswith resultsfrom astronomicalobservations.

Theseexperimentsmayalsobe importantfor understandingthedatafrom futurespacemis-
sions(e.g. DeepImpactMission)andspectroscopicobservationswith telescopes(Stratospheric
Observatoryfor Far InfraredAstronomy;SpaceInfraredTelescopeFacility). This uniquesyner-
gistic approachcombinesfor thevery first time sophisticatedlaboratoryexperiments,electronic
structuretheory, kineticmodels,andactualastronomicalobservationsto addressgeneralizedcon-
ceptsin understandingtheformationof astrobiologicallyimportantmoleculesin waterrich ices
in oursolarsystemandin theinterstellarmedium.

ChemicalProcessingin theClouds– Physicalprocesses

An understandingof thechemicalprocessingof icesby photonsandchargedparticles,will enable
usto predictthenatureof theicemixtureswhereC³ H ´ O³ isomersmightbesynthesized.Dictated
by opticalselectionrules,aphotoncanbeabsorbedby asinglemoleculein theice. Thisprocess
canbefollowedby a selective bondrupture.If a hydrogenatomis releasedin thephotodissoci-
ationprocess,it mayhave kinetic energiesup to a few eV. Thecorrespondingradicalformedis
internallyexcitedandmight reactwith a neighboringmolecule.Sincetheinternalenergy canbe
coupledinto thereactioncoordinate,entrancebarrierscanbepassedandendothermicreactions
arefeasible.

UV photonsareabsorbedwithin about100Å of thesurface,but CRparticles(suchas10MeV
H ¶ ) canpenetratedeeperanddepositup to 1 MeV insidetheicy mantle.Thisexceedsthechem-
ical bondstrength(1 eV) andthestability of themolecule.Uponabsorption,a CR caninteract
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inelastically
·

or elasticallywith either the electronicor nuclearpart of molecules,respectively.
Consequencesof this interactionincludethe electronicexcitation, ionization,and/orbondrup-
tures.Theenergeticspeciesthusformedarenot in thermalequilibriumwith thesurrounding10K
ice. Onceparticlesareslowed down in successive collisionsto kinetic energiesof a few eV –
energiesin theorderof chemicalbondstrengths– they canreactwith a moleculein the ice via
oneof threemechanismsto form new molecules:(i) hydrogenabstraction,(ii ) insertioninto a
singlebond,or (iii ) additionto anunsaturatedbondor to anon-bondingorbital.

The power of suprathermalreactantsis basedon the ability to impart their kinetic energy
into the reactioncoordinate.Reactionbarrierscanbeovercome,andendothermicreactionsare
openresultingin rateconstantsup to 16 ordersof magnitudelargerthanthermalreactions.Most
importantly, calculationsshow thatalthoughtheCRflux in densemolecularcloudsis two orders
of magnitudebelow the internalUV flux, eachMeV particlegeneratesabout100suprathermal
speciesin a0.1 ¸ m thick icy layer. Hencetheflux advantageof theUV field is eliminatedby the
ability of oneCR particleto generatemultiplesuprathermalspecies.

2.1.4 Origin and Distrib ution of Planetary Water

Objective– Mineralogical,geochemicalandisotopicstudiesof aqueously-alteredmeteoriteswill
helpto understand,firstly, thetime andphysico-chemicalconditionsof aqueousalterationin the
asteroids,andsecondly, how andwhenthewateraccretedinto asteroidsandplanetsfrom these
diversesources.

Connections– ¹ 2.1.12.1.2
AstrobiologyRoadmapLinks– Goal3, 5; Objective3.1
Researchers– Owen,Jewitt, Keil, Krot, Scott

Cometsto Earth: Isotopes

Theorigin of theEarth’s wateris oneof thekey issuesthatwe will addressunderthis investiga-
tion. It is likely thattheEarthformedtoo hot for muchwaterto have beenincorporateddirectly,
or aschemicallyboundwaterin minerals,into thebodyof theplanet. Thepresenceof º 10»�¼
M ½ of wateron our planetinsteadindicatesdelivery from an externalsourceor sources.The
otherterrestrialplanetsarelikewisethoughtto haveharboredsubstantialwaterinventories.

Marsmight still do soin theform of permafrostice. For a long time, thewater-rich nucleiof
cometshavebeensuspectedasmajorcarriersof planetarywater. Measurementsof theD/H ratio
in cometsP/Halley, C/Hyakutake andC/Hale-Bopphave indicateda problemwith thesimplest
versionof this idea,however. TheD/H ratio in thesecometsaverages¾�¿zÀ = 3 Á�Â�Ã »�Ä , which is
twice thevaluefor StandardMeanOceanWater, ¾�¿zÀÆÅ�ÇÉÈËÊ = Â�ÌÎÍÏÁÐÂ�Ã »�Ä . Thethreemeasured
cometsarefrom dynamicalclassesthoughtto derive from theOortCloud,andto haveoriginated
in themiddlesolarsystem.Thecometsin theKuiperBelt, (so-calledshort-period,Jupiter-family
comets),remainunmeasured.Thefigureattheright showstheD/H ratiosof Hale-Bopp,P/Halley
andHyakutakeasa functionof the(current)inversesemimajoraxis, Ñ .

Accordingly, the strongestconclusionthat canbe drawn from the availabledatais that the
Earth’s waterdoesnot consistonly of meltedcometsfrom themiddlesolarsystem.Therecould
beothercontributionsfrom cometarysourceswith D/H ratiosquitedifferentfrom the3 measured
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sofar. It hasbeenspecificallysuggestedthatthemeasuredcometsarenot representativeof the

isotopiccompositionsto be found in the
outer solar system. It has also been
suggestedthat Earth’s water could have
comefrom the outerasteroid-belt.Mea-
surementsof planetarynoble gas abun-
dancescannotbe easily reconciledwith
“hot” sourcesfrom the outer belt, anda
cometarycarrierstill seemslikely. How-
ever, we lack the datato definitively un-
derstandtheorigin of theEarth’swater.

Cometsto Earth: Isotopes

Thereis a long traditionof assumingthe
Earth is madeof matterthat is identical
to or at leastcloselyresemblesthechon-
dritic meteorites. Starting from the ob-
servation that the value of Kr/Xe in the
Earth’s atmosphereis 20 times greater
thanthevaluein themeteorites,andthat

Fig 2.1.4a–D/H ratio of Hale-Bopp(HB), Halley,
andHyakutake (Hyak) versussemi-majoraxis. The
wavy line shows theSMOW value,andthedashed-
dottedline, thein situvaluefor Halley. Depictedare
1Ò standarddeviations.Figurefrom [139].

Fig 2.1.4b–MaunaKea spectrumof Hale-
Bopp showing the HDO 101-000 line to-
getherwith two methanoltransitions. The
CHÓ OH 112-111A transitionoriginatesin the
lower sideband(LSB) (top frequency scale);
all other lines belongto the uppersideband
(USB).Thedouble-peakstructureof thelines
is causedby the velocity distribution in the
cometÔ 139Õ .

the Xe isotopeabundancesin our atmosphereare also fundamentallydifferent from thosein
meteoriticxenon,the term“planetarycomponent”for noblegasesin meteoritesis a misnomer.
If meteorites– andby extensionasteroids– did not deliver the noblegases,they cannothave
broughtin the water, nitrogenandcarboneither. If they had,we would have a very different
situationfor xenonin ouratmosphere.Fractionationdoesnothelp.

This leadsto thesuggestionthat cometsmayhave playedsomerole. Amorphousice could
trap noblegasesin theproportionthat we find themon Earth,but the isotopicpatternin atmo-
sphericxenoncannotbe duplicated. Furthermore,we now know that the water in Oort cloud
cometshastwice thevalueof D/H thatwe find in seawateron Earth.Hencewe cannotmake the
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oceansoutof meltedOort cloudcometsalone.
Supposecometsindeedare a minor carrierof water to Earth, even thoughthey may have

broughtthe noble gases. Then what broughtin the water? Presumablyit was the rocks that
formedthe planet,which may have beensignificantlydifferent in compositionfrom the chon-
dritic meteorites.Mars is an importanttestbedfor this idea,becausethereis very little mixing
betweenthesurfaceandthe interior, andthe atmosphereis very thin. Henceexternalcontribu-
tionsof volatileswill belikely to stayonor nearthesurface,while internalvolatilesshouldretain
their original properties.

Recordsof AqueousActivity onMeteoriteParentBodies

Fig 2.1.4c–Backscatteredelec-
tron imagesof the TagishLake
carbonaceouschondrite(a) and
QUE94411 carbonaceouschn-
drite. Both containedsecondary
mineralsproducedduring aque-
ous alteration, including car-
bonates(crb), magnetite(mgt),
FeNi-sulfides(sf), andphyllosil-
icates(phyl).

Chondriticmeteorites(chondrites)arefragmentsof mineralog-
ically andchemicallydiverseasteroidsthat formedat 2-3 AU
from theSunprior to accretionof theplanetsin theinnersolar
system(Mercury, Venus,Earth,Mars).They areconsideredto
beanalogsfor thebuilding blocksfor theseplanets.Asteroids,
like planets,formedby aggregationof solidsandgasfrom the
protosolardisk. Remotesensingof asteroidsand laboratory
studiesof chondritesshow thatasteroidsat 2 AU largely con-
sistof anhydroussilicates,metalandsulfides,whereasat dis-
tancesÖ 3 AU mostasteroidsarelargelycomposedof hydrated
silicateslike clay minerals,organicmaterials,carbonates,sul-
fates,magnetite,andotheriron oxides(Figs. 2.1.4c,2.1.4d).
Experimentalstudiesandstudiesof meteoritessuggestthatthe
hydratedminerals,carbonates,sulfates,magnetite,etc. were
not producedin theprotosolardisk,but resultedfrom aqueous
activity onasteroidalbodies.Thewateronasteroidsis thought
to havemultiplesources,includinginterstellarice,hydroussil-
icatesfrom asteroidalandcometaryfragmentsthatformedfur-
theraway from theSun,andminor amountsof icecondensing
in the solar nebula (Fig. 2.1.4e). Mineralogical,geochemi-
cal and isotopic studiesof aqueously-alteredmeteoriteswill
helpto understand,firstly, thetimeandphysico-chemicalcon-
ditions of aqueousalterationin the asteroids,and secondly,
how and when the water accretedinto asteroidsand planets
from thesediversesources.In orderto addressthesequestions,
we proposeto studysecondarymineralization(e.g., phyllosil-
icates,magnetite,halite, carbonates,nepheline,sodalite,fay-
alite, andradite)that resultedfrom asteroidalaqueousalter-
ationof variouschondriticmeteorites(H, L, LL, CI, CM, CO,
CR,CH, CV).

Wewill conductthiswork throughdetailedmineralogic,petrologicandisotopicstudiesusingop-
tical, scanningandtransmissionelectronmicroscopy (SEM,TEM), electronprobemicroanalysis
(EPMA), ion probemicroanalysis(SIMS), RamanandIR-spectroscopy, thermalionizationand

27



inducti
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vely coupledplasma-massspectrometry(TIMS, ICP-MS).

We will carefully characterizesecondary
mineralizationin chondritic meteoritesus-
ing optical microscopy, SEM, EPMA, and
TEM. Using X-ray elemental mapping
and backscatteredelectron imaging (Figs.
2.1.4c, 2.1.4d), we will identify phyl-
losilicates, magnetite, halite, carbonates,
nepheline,sodalite,fayalite, andradite,and
searchfor fluid inclusionsin carbonatesand
salts. Chemicalcompositionof the identi-
fied phaseswill be measuredusingEPMA.
Basedon the occurrencesof the secondary
phases,theirchemicalcompositionsandtex-
tural relationshipswith primary minerals
of high-temperaturechondritic components
(e.g., chondrulesandCa,Al-rich inclusions),
we will infer setting(nebular or asteroidal)
and chemicalchangesresultingfrom aque-
ousalteration.

Fig 2.1.4d–CombinedX-ray elementalmap in Mg
(red), Ca (green)and Al K Ø (blue) of the Tagish
Lake carbonaccouschondrite, which experienced
extensive aqueousalterationthat resultedin forma-
tion of abundant carbonates(crb), magnetiteand
phyllosilicates. These secondaryphasesreplace
chondrules(chd),Ca,Al-rich inclusions(CAls) and
matrix (mx) materials.

Physico-chemicalconditionsof aqueousal-
terationwill be estimatedusing thermody-
namicmodelingÙ 113Ú . The identifiedfluid in-
clusionswill bestudiedusingRamanandIR
spectroscopy, andSIMS to definecomposi-
tion (pH, D/H, oxygenisotopes)and redox
conditions (Eh) of a fluid phasephaseÙ 227Ú .
In order to understandsourcesof water in
aqueously-alteredasteroids,we will study
hydrogen isotopic compositions of their
phyllosilicatesÙ ?Ú . As a result of this com-
plex mineralogical,petrologicalandisotopic
studiesof aqueouslyalteredchondriticmete-
orites,we will beableto infer environment,
temperature,pressure,water/rockratio, and
other physicochemicalconditions(Eh, pH,
fluid composition) of aqueousalteration.
Our recentresultsshow that aqueousactiv-
itiesonthechondriteasteroidsstartedwithin
1-2 Myr after formation of Ca, Al-rich in-
clusions( Û 4567Ü .6 Myr Ù 5Ú ) andlastedfor at
least Û 15 Myr Ù 207Ý 55 Ý 93 Ý 94Ý 95 Ý 87 Ý 113Ý 115Ý 90 Ý 20Ý 21 Ý 175Ú .

Fig 2.1.4e–Distribution of the hydrogeniso-
topic compositionin solarsystembodies.

Physico-chemicalconditionsof aqueousalterationwill be estimatedusing thermodynamic
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modelingÞ 113ß . In orderto constraintiming of aqueousalterationof H, L, LL, CI, CM, CO,CP, CH,
andCV chondrites,wewill datesomeof thesecondaryminerals(carbonates,fayalite,magnetite,
phyllosilicates)usingSIMS andTIMS basedon short-livedradionuclidesystemssuchas à]á Al-
à]á Mg (t â¥ã àåä 0.7Myr), æ]ç Mn- æ]ç Cr (t â¥ã àåä 3.7Myr), and â à]è I- â à]è Xe (t â¥ã àåä 16 Myr).

Dating of carbonateand fayalite formation will be done in situ using SIMSÞ 95ß . Dating of
magnetiteandphyllosilicatesformation will be doneusing TIMS on mineral separatesÞ 175ß . If
we find thataqueousalterationof chondriticmeteoritesoccurredwithin thefirst few Myr of the
solarsystem,it would indicatethataccretionof the planetsin the inner solarsystem(Mercury,
Venus,Earth,Mars)musthave involvedaqueouslyalteredasteroidalbodies.This wouldprovide
importantinformationon thesourcesof waterin theinnersolarsystemplanets.

2.1.5 Water and AqueousAlteration on Mars

Objective– Developpredictive modelsfor the transportandstateof waterin theMartiancrust,
its alterationof crustalrocks,andtheproductionanddepositionof sediments.

Connections– é 2.1.6,2.1.7
AstrobiologyRoadmapLinks– Goal2; Objective2.1
Researchers– Taylor, Gaidos

AqueousProcesseson Mars

TheMartiancrustwasconstructedby igneousprocessesandsubsequentlymodifiedby aqueous
andaeolianprocesses.The productsof this geologicactivity containsthe recordof the early
differentiationof Mars, the evolution of magmacompositionand productionrates,the nature
of interactionsamongthe atmosphere,hydrosphere,andlithosphere,and,perhaps,a history of
(microbial) life. TheMartiancrustpreservesextremelyancientmaterialbut it alsorecordsvery
recentevents.Combiningdatareturnedfrom spacecraftinstrumentswith geochemicalmodelsit
is possible,in principle,to reconstructthehistoryandimportanceof theseprocesses,particularly
thoseinvolving water, over4.5billion yearsof Marshistory.

We proposeto continueanextensiveproject(fundedlargely by othersources)thatcombines
theoreticalcalculationsandpublisheddataonterrestrialanalogsto developpredictivemodelsfor
thetransportandstateof waterin theMartiancrust,its alterationof crustalrocks,andtheproduc-
tion anddepositionof sediments.We will make predictionsthatcanbetestedby datafrom past,
present,andfutureorbital andlandedmissions.Specifically, we intendto make detailedpredic-
tionsaboutwhatassemblagesof mineralswill bediagnosticof agivenaqueousprocess.Thiswill
becoupledwith predictionsof theeffect of theseprocesseson thechemicalcompositionof the
surface(includingtraceelementconcentrations).A goodexampleof thisapproachis predictions
basedon terrestrialanalogsof how thelargehematitedepositson Mars form Þ 28ê 97ß . Thehematite
problemcanbetackledby modelingaswell, includingmodelingreactionratesto determinethe
likelihoodof hematiteformationby aqueousreactions.For geochemicalmodelingwe will use
Geochemist’s WorkbenchÞ 14ß , which allows thermodynamicbasedgeochemicalreactionmodel-
ing. Finally, wewill usethesemodelsto studypossibleaqueousactivity onpresent-dayMars,its
chemicalsignature,andits potentialfor hostingextantlife. This researchwill have threefoci, as
describedbriefly below.
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Productsof PastHydrothermalAlteration

Hydrothermalprocessesmighthavepervasively alteredtheancienthighlandsof Marsë 165ì 166í . The
Noachianwasmarkedby active hydrologicsystems,vigorousmagmatismthatwould have pro-
videdheatto drive hydrothermalsystems,anda high impactratethatwould alsohave provided
heatfor hydrothermalprocesses.Latermagmatismandimpactswouldalsohaveproducedlocal-
izedhydrothermalsystems.Theseproductsmighthaveendedupdeepin thecrust,assedimentary
rocks,or in aglobalsoil/dustlayer.

î Productsproducedby hydrothermalactivity – Hydrothermalsystemsproducesomespe-
cific typesof minerals,dependingonphysical-chemicalconditionsandthecompositionof
thestartingrock. This is testableby geochemicalmodeling.Thesuspectedigneousrocks
will serveasinput into assessingthelikely productsthatwouldbeproducedby hydrother-
malprocesses.

î Changesin thenatureof hydrothermalsystemswith time–Becauseof changingatmospheric
compositionandpressureandpossiblylesswaterbeingavailablethroughtime, thenature
of hydrothermalalterationmight changedramatically. This canbeassessedby modeling
rockalterationundervaryingCOï pressureandwater/rockratio.

î Marsvolatile inventorytrappedin hydrothermaldeposits. Griffith & Shockë 75 ì 76í havedrawn
attentionto thepossibility thatmuchof the H ï O andCOï on Mars might be sequestered
in the crust. The mineralassemblagesproduceddependin part on the activities of these
volatilesduring alteration.More extensive modelingis calledfor to mapout the compo-
sitionalspaceof startingrocksandtheconditionsunderwhich thehydrothermalalteration
tookplace.

î Hydrothermaldeposits– effectson compositions/ oxidationstatesof magmas–Hydrother-
mal mineralassemblagesarelikely to beassimilatedreadilyby ascendingmagmas.This
processhasbeenproposedfor chemicalandisotopicpropertiesof Martianmeteoritesë 213ì 137ì 81í .
This would altermagmacompositions,watercontents,andpossiblyoxidationstate.This
processcanbe modeledby assimilatingthe alterationproductssuspectedto be madein
hydrothermalsystemson Mars. This alsoillustratesthat igneousandalterationprocesses
areintimatelyrelated.

AncientWeatheringandSedimentation

Thereis clearly a gradationfrom low-temperaturealterationat the surfaceto hydrothermalal-
teration.We separatethemherelargely for convenienceandincludeall low-temperature,water-
drivenprocessesoperatingwithin a few tensof metersof thesurface.Weatheringis theprocess
in whichrocksreactwith waterandatmosphereto form new minerals.Thenew mineralsmaybe
eroded,transported,anddepositedaspartof sedimentarydeposits.

î Assessingtheweatheringproductsof themajorigneousrockson Mars– Thestartingrock
compositiongreatlyaffectswhatweatheringproductsaremade,sowe alsowill work ex-
tensively on determiningthefull rangeof possiblecompositionsof igneousrockson Mars
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to guide the choiceof startingrock compositionsð 74ñ . This is an importantquestionbe-
causemany remote-sensinginstrumentswill analyzeweatheredrock. We might be able
to determinethenatureof theunweatheredrock from characteristicweatheringproducts.
Terrestrialanalogstudieswill bevery usefulin this aspectof our studyð 163ñ , aswill becon-
siderationsof productionof alterationproductsin theMartianregolith ð 74ò 136ò 216ñ

ó Theweatheringproductsof hydrothermaldeposits– Hydrothermaldepositscanbeweath-
eredwhenexposedto the Martian atmosphereandsurfaceor near-surfacewater. If hy-
drothermaldepositsareaswidespreadassuspected,thentheirweatheringproductswill be,
too. Thus,it will beusefulto determinethenatureof themineralassemblagesfor a suite
of hydrothermaldepositsproducedunderdifferentconditions.

ó Martiansedimentarymineralproduction– Whensedimentsweredepositedon Mars, they
would have reactedwith waterfor however long it wasstill present.Diageneticprocesses
would have operatedto producelithified sedimentaryrocks. Theseprocesseswill likely
be themostdifficult to model,but it is importantto do sobecausesedimentaryrockswill
beprime targetsfor exploration. Water-rock reactionratesareslow andthe lossof water
was probablyrelatively rapid, so evaporationmight be the major processthat produces
cementingmineralsin thesedimentaryenvironmentð 134ñ .

ó Fractionationduringsedimentarytransport– An intriguingandimportantpossibilityis that
heavy mineralsmight bedepositedbeforelessdenseminerals,forming distinctpatternsin
sedimentarybasins. This canbe examinedby knowing the mineralassemblagespresent
afterweatheringor partialweatheringandapplyingdepositionalmodelsto themto seethe
extent to which fractionationis possible.Fractionationby sedimentarytransporthasbeen
proposedto explainaspectsof theMartiansoil ð 133ñ .

ó Theeffectmicroorganismsmighthavehadon sedimentarymineralassemblages– In prin-
ciple, a vigorousmicrobialpopulationcould influencewhatmineralsareproducedduring
alteration.In many waysorganismsactascatalystsfor reactions,but unique,nonequilib-
rium phasesarealsoproduced.This work is speculativebut still worth doing,especiallyif
it helpssetlimits on therole of organismsin producingtheobservedcharacteristicsof the
Martian soil. GeochemistsWorkbenchallows a certainlimited amountof modeling,but
mostof this effort will concentrateon theextensive literatureof terrestrialsoils.

Water, AqueousChemistry, andHabitatsonPresent-DayMars

The detectionof copiousgroundiceð 57ñ and recentlycarved gully-like landformsð 126ñ raisesthe
possibilitythatliquid wateris appearingcloseto or at thesurfaceof present-dayMars.Continued
aqueousactivity on Mars hasimplicationsboth for thegeochemicalevolution of the surfaceas
well as the potential for discovering life ð 71ñ . Detailedand integratedmodelingof liquid water
formation,transport,andaqueousgeochemistryis neededto understandthesephenomena:

ó Expulsionof groundwaterby permafrostprocesses– Groundwatermay be expelled from
deep,freezingaquifersandrapidly eruptedto the surfaceof Marsð 69ñ . A mechanicaland
geochemicalmodelof groundwaterexpulsionð 69ò 71ñ will beimprovedandappliedto realistic
Martiangeologies.
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ô Melting of groundiceandicefieldson present-dayMars– Melting groundiceor icefields
during periodsof high obliquity is currently a favored mechanismfor the formation of
the gullies seenon the walls of many canyonsandcratersõ 36ö . However, the frost point of
theMartianatmosphere(the temperatureabove which ice is unstable)hasprobablynever
reachedthemeltingpointof water, andmeltingmustcompetewith surfacesublimationand
refreezingat depthto producesignificantliquid water. We will furtherdevelopthemodel
of Clow õ 34ö to examinetheseissues.

ô Martianhydrothermalsystemsat low ambientpressureThepresenceof groundiceandev-
idencefor recentgeologicactivity (i.e., youngcrystallizationagesfor someMartianmete-
orites)suggeststhathydrothermalsystemsmaystill beactive on presentMars. However,
the atmosphericpressureon Mars is nearthe triple point of waterandliquid waterboils
at a very low temperature(or is unstableentirely): Waterdriven to the surfaceat sitesof
hydrothermalcirculationis mostlikely to boil below groundandreachthesurfaceassteam.
Nevertheless,suchfumarolicsystemswill producegeochemicalsignaturesandbe impor-
tant targetsof exobiologicalexploration: We will modela hydrothermal/fumarolesystem
in aMartianregolith to determineits likely physicalandchemicalcharacteristics.

2.1.6 Water-Rock Chemistry and Habitats for Life

Objectives– (i) to understandtherole of microbiallymediatedreactionsin diverseseafloorenvi-
ronmentsthatmayexist on otherplanets,includinghot springsalongthemid-oceanridgeaxis,
warmspringson ridgeflanks,andultramafic-hostedspringsin subductionzones,and(ii ) to as-
sesstheinterplaybetweenthesereactionsandthetransferof waterbetweenmantle,crust,oceans.

Connections– ÷ 2.1.5,2.1.7,2.1.8
AstrobiologyRoadmapLinks– Goals4, 5; Objectives4.2,5.1
Researchers– Cowen,Mottl, Gaidos

Background– Chemicalreactionsbetweenwaterandsilicateminerals,particularlyat high tem-
perature,producesfluids that are in thermodynamicdisequilibriumwhich, if quenchedat low
temperature,provide a sourceof free energy for life. Microbial life also acceleratesmineral
dissolutionreactionswhoseeffect is to releaseimportantnutrientssuchasphosphorus.Also,
rock-water interfacesprovide surfacesthat canbe colonizedby structuredcommunitiesof mi-
croorganisms. Water-rock chemistry, someof it catalyzedby microorganisms,is involved in
much of the geochemistryof the Earth’s crust and oceans. It also plays an importantrole in
the formationof hydrousmineralsandtheplanetarywatercycle. On theearlyEarthbeforethe
appearanceof substantialcontinentalcrust, the chemicalreactionof waterwith basalticrocks
wasthe dominantgeochemicalprocess,and it is still importantin muchof the seafloorof the
present-dayEarth. Suchsubmarinesettings,shieldedfrom high levelsof solarradiationandthe
thermalinsultsof impacts,werelikely to have beenimportantfor early life. They mayalsobe
critical to thesustenanceof subsurfaceecosystems,if they exist, on Marsor Europa.Therole of
microorganismsin subaerialweatheringreactionsandtheproductionof hydrousmineralsõ 162ö and
their ability to exploit thechemistryof high-temperaturewater-rock reactionshave beenclearly
established.However, theroleof biology in thegeochemistryof seaflooralterationis only begin-
ning to beexplored.Most alterationof seafloorcrusttakesplacewithin thefirst few ø 10ù yr õ 185ö .
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microbiotaplacea significantrole in geochemicaltransformationswithin theoceaniccrust
both at mid-oceanridgesû 206ü and in cooler, off-axis crustû 37ü . Known biology (T ý 115þ ) could
persistasdeepas4 km in off-axis oceaniccrust.Weproposeto investigateseveralenvironments
dominatedby water-basalticrockchemistry, includingsomethatareparticularlyaccessiblefrom
Hawaii.

Hot springsalongthemid-oceanridgeaxis

Basalticmagmacrystallizesalong the mid-oceanridge axis to form the oceaniccrust. This
magmaalsosuppliesheatto drivehydrothermalcirculationof seawaterthroughthecrust,produc-
ing spectacular“black-smoker” springsat temperaturesupto about400þ C.UH scientistswhoare
Co-Is for this proposalhave active field programsat severalsuchsiteson theseafloor, including
the Endeavour main vent field on the Juande FucaRidgeandthe Lau Basinbehindthe Tonga
volcanicarc.Theformeris atypicalbasalt-hostedsystemwith someevidencefor sedimentinput,
whereasthe latter hassystemsin rocksrangingfrom basaltto rhyolite. The rangein rock type
hasa large effect on the chemistryof the springs,particularly their metalandvolatile content,
whicharedoubtlessimportantfor themicrobialcommunitiesin thedifferentsettings.Thesefield
programswill provide a rangeof opportunitiesfor post-doctoralresearcherswithin theproposed
NAI.

Oneparticularlyuniqueopportunityto studytheadaptationof microbial life to extremehy-
drothermalenvironmentsand to freshly emplacedbut rapidly evolving basaltsis offered by a
programheadedby UH to detectandrespondto mid-oceanridge eruptive events. Ridgeaxis
diking anderuptive eventsareepisodicperturbationsthat triggera sequenceof interrelatedand
rapidly evolving physical,chemical,andbiological processesassociatedwith the formationof
oceancrust.Dikesandlavaflows developrapidly andinstantlyalterthelocal hydrothermalflow
regime.Volcanicactivity produceshydrothermaldischargewith adistinctgeochemicalsignature
and triggersspecificgeochemicalandmicrobial responsesin the adjacentcrust andoverlying
water-column. Significantchangein a variety of processescanbe expectedto take placeover
limited time spans.In effect, diking-eruptive eventsoffer short-termnatural“experiments”un-
achievable in the laboratory. Observingandquantifyingco-variationamongrelatedprocesses
providesopportunistictime-zeropointsfor observationsof water-basaltreactionsandthedevel-
opmentandrole of microbialcommunitiesin low water/rockenvironments.

Diking anderuptiveeventsdramaticallyaltertheintensityof hydrothermaldischargefrom the
seafloor, epitomizedby the generationof so-calledeventplumes(Fig. 2.1.6a)û 9ü , which involve
thenearinstantaneousreleaseof enormousvolumesof hydrothermalfluids. Eventplumesappear
to form only during the short-lived periodof intenseseismicactivity and the event-associated
chronicdischarge canattenuatequickly. Furthermore,the chemicalandbiological characteris-
tics within hydrothermalplumeschangerapidly, with thesteepestrateof changeoccurringover
secondsto daysfollowing their discharge andsubsequentmixing in the deepsea. Becauseof
theserapidchanges,earlyon-siteinvestigationof eventplumesandassociatedchronicventingis
essentialto derive thewealthof informationthatthey canprovide, including:

ÿ Chemical,biological, andphysicalconstraintson subseafloorchemistry, biology andhy-
drology; in effect openinga window to thesubsurface.It is importantto take advantageof
this informationbeforeagingprocessesdegradetheinitial signals.
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� A uniqueopportunityto studyandisolate
subseafloorextremophiles,perhapsdis-
charged from otherwiseinaccessiblere-
gionsof thecrust.

� Knowledge of the heat and chemical
fluxes also provide insight into the po-
tential productionand physiologicaldi-
versity of subseafloormicrobial commu-
nities.

Diking-eruptiveeventsprovideuniqueopportu-
nitiesto detectandcharacterizesubseafloormi-
crobial communitiesthat are ejectedfrom the
oceancrust

�
88� . Modelsof the responseof hy-

drothermalsystemsto amagmaticeventindi-

Fig 2.1.6a–Active mid-ocean ridge show-
ing formation of event plume at location of
magmadike extrusion.Continuous“chronic”
styleventingalsoindicated

�
37� .

catethat theflux of heatandvolatilesincreasesenormouslyat thetime of an intrusionandthen
decaysslowly with time. In addition, the outputof subsurfacebacterialbiomassundoubtedly
alsochanges.Presumably, thehydrological(e.g., hydrothermalcirculation)changesinducedin
theoceaniccrustby diking-eruptive eventstappre-existing microbialcrustalhabitatsaswell as
createnew ones. Massive bacterialoutput from the associatedfissuresandventscreateddur-
ing diking/eruptiveactivity hasaccompaniedtheearlystagesof all threeeruptive eventsstudied
to date

�
80� 88 � 205� . The so-calledsnow blower ventsassociatedwith someof theeventswhich dis-

chargedcopiousamountsof microbially-derivedsulfur-basedparticulatematterwereparticularly
dramaticdemonstrationsof potentialsubsurfacemicrobial activity andbiomass.Both familiar
andnew speciesandgeneraof hyperthermophilicanaerobicArchaeawerealsodetectedandiso-
latedat eacheventstudied.

Volatileoutputhasbeenveryhigh in theearlyphasesof mostdiking eventsobserved.Ratios
of He, H � S, H � andCO� to heatwereall relatively high in the ventingfluids during the early
period of an event, recovering to lower, more steady-statelevels over weeksto several years.
The subsurfacemicroorganismsaresubjectedto thesechanging,intensechemicalandthermal
conditions.Themostintenselyaffectedpartsof thehydrothermalsystemareprobablysterilized
andwould subsequentlyhave to berecolonized.Theseprocessesarelikely analogouson a small
scaleto sterilizingeventsduringearlySolarSystembombardmentof theterrestrialplanets.

Theunpredictabilityof theseresearchopportunitiesaccentuatesthevalueof a sensitive and
reliableeventdetectiontool. Directedrapidresponseto volcaniceventsdependson remotereal-
time detectionof seismicevents. In 1993, the T-phaseMonitoring Systemwasdevelopedby
NOAA-PMEL to accesstheU.S.Navy’s SoundSurveillanceSystem(SOSUS)andallows real-
timemonitoringof acousticT-wavesgeneratedby seafloorseismicactivity

�
61� .

The T-phaseMonitoring Systemdependson U.S. Navy hydrophonearrayslocatedoff the
coastof Oregon,Washington,andBritish ColumbiaandcoversthenortheastPacific ridgesystem
from the southernlimit of the GordaRidge(GR) to the northernlimit of ExplorerRidge(Fig.
2.1.6b).
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Sincethereal-timeT-PhaseMonitoring System
was broughton-line in June,1993, threema-
jor eruptiveepisodeshavebeendocumentedon
the northeastPacific spreadingcenters(1993
CoAxial, 1996North GR, and1998Axial Vol-
cano).Anotherlikely magmaticevent,the2001
Middle Valley event, apparentlydid not pene-
tratethethick sedimentcapoverlyingthatridge
valley. In total, at least6 eruptive eventshave
occurredalongtheJuandeFuca/GordaRidges
over 15 years,or 4 remotely detectedevents
over 6 years.Given this recentrecord,thereis
a very high probability that at leastonemajor
eruptiveeventwill bedetectedalongtheJuande
Fuca/GordaRidgesduring the lifetime of this
proposedNASA program;UH is theleadinsti-
tution on theresponseteamwhich is fundedby
NSFto maintainreadinessfor rapidresponseto
SOSUSdetectedeventsthrough2007.
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Fig 2.1.6b–Mapof Juan de Fuca and Gorda
Ridges(andExplorerRidge to north). SOSUS
systemcoverstheentireMOR shown.

The closeinvolvementand leadershipof the University of Hawaii in this Event Response
programwill insureexcellentopportunitiesfor participationby Institutepostdoctoralassociates
whoareinterestedin pursingresearchinto theidentification/isolation/functionalityof mesophiles,
thermophiles,hyperthermophiles,halophilesandother“extremophilic” microorganisms,aswell
asinto water(fresh)basaltinteractions.Rapidandfollow-upfield responseefforts(includingsub-
mersible)will provideabundantwater, fluid, androcksamplingopportunitiesoverandat thenew
eruptionsites.

Warmspringsalongmid-oceanridgeflanks

The possibility of a significantbiosphereextendingthroughoutthe immensevolume of aging
crustsundertheglobalsystemof mid- oceanridgeflanksandoceanbasinsis controversial.Since
mostridgeflankandoceanbasincrustis buriedunderathick, impermeablelayerof sediment,the
fluids circulatingwithin theunderlyingoceaniccrustareusuallyinaccessiblefor directstudies.

However, CORK (CirculationObviation Retrofit Kit) observatories

45� (Fig. 2.1.6c)affixed

to over-pressuredOceanDrilling Program(ODP)boreholes

46� on theflanksof theJuandeFuca

Ridge,offer unprecedentednew opportunitiesto studybiogeochemicalpropertiesandmicrobial
diversity in circulatingcrustalfluids with very low water/rockratiosover a rangeof tempera-
tures( � 1.5 to � 100� C). Basementwaterscollectedfrom onesuchhole(ODPHole 1026B)are
chemicallysimilar to fluid ventingfrom nearbyrocky outcrops


153� 219� 220� ; thechemicalcharacter-

isticsandtemperature(65� C) of thefluidsescapingfrom Hole1026Bareconducive to microbial
growth, supportingadiversecommunityof bacteriaandArchaea


37� .
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Small subunit rRNA genescloned from mi-
croorganismscollected on BioColumn filters
(Fig. 2.1.6c)revealeda diverseassemblageof
phylogeneticgroups (including both Archaea
and Bacteria) that are often most closely af-
filiated with culturedthermophiles,many that
are known for their metaboliccapacityto re-
ducesulfateor nitrate

�
37� . Thoughspeculative,

the datasuggestthat microbial processeswith
theseelectron acceptors(nitrate and sulfate)
mayplay animportantrole in this region of the
oceaniccrust. However, stoichiometricincon-
sistenciesin the crustalfluid chemistryremain
unexplained. Critical questionsremainregard-
ing theageandflow rateof thecrustalfluid

�
59� ,

and the potentialpresenceof novel metabolic
pathwaysthatmaysustainmicrobiallife in low
water/rock,slow rechargeenvironments.

Fig 2.1.6c–CirculationObviationRetrofitKit
(CORK) structureon top of ODP borehole
1026B. Cylinder and box to right are sam-
pling device “plumbed” into the fluid access
portof theCORK.

To whatextentdoesH � productionaswell asorganiccompoundsynthesisvia abiotic reactions
betweenseawaterandbasalt

�
198� fuel this deepsubsurfacebiosphere?Theopportunitiesaregreat

for Institute postdoctoralresearchersto uncover new insightsinto “low water/rock” microbial
communitiesandto discovernew organismsandnovel metabolicpathways.

Ultramafic-hostedspringsin subductionzones

Ultramaficrocksmakeup themantleof mostrocky bodiesin theSolarSystem.Whenultramafic
rockscomein contactwith liquid waterthey arealteredto serpentiniteoverawide rangeof tem-
peratures,from freezingto about500� C. OnEarth,new crustis primarily maficbasalts,however
platetectonicsstill providesopportunitiesfor thereactionof waterwith ultramaficrocks:1) along
themid-oceanridgeaxis,especiallywherethebasalticcrustis thin suchasat fracturezonesin
slow-spreadcrust;2) in subductionzones,wheredehydrationreactionsin thesubductingslabre-
leasewaterthatascendsinto andserpentinizesthemantlewedgeof theoverridingplate;3) most
controversially, in the outerrise just seaward of the trench,wherethe plateflexesupward asit
beginsto bendbeforeplunginginto themantle

�
173� . On planetsaroundotherstarswith somewhat

differentcompositionsor wheremantlemelting is lessefficient, considerablemore ultramafic
rockmaycomein contactwith water.

Recentwork in the Marianaforearcby a Co-I
�
154� , including mannedsubmersibledivesand

deepdrilling by the OceanDrilling Program,indicatesthat slabdehydrationandthe resulting
serpentinizationproduceunusualhabitatsfor extremophilicmicrobes,including both Bacteria
andArchaea,thatmaybea modelfor someextraterrestrialenvironments.TheMarianasubduc-
tion complex is formedbetweenthe northwestwardsubductingPacific plateandthe overriding
Philippineplate.Volatilesreleasedfrom thedowngoingPacificplatehydratetheoverlyingmantle
wedgeof thePhilippineplateandconvertdepletedharzburgiteto low-densityserpentinite.There-
sultingserpentinitemud,containingvariablyserpentinizedharzburgite clasts,ascendsbuoyantly
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alongfracturesandextrudesat the seafloor, whereit forms large (30 km diameter, 2 km high)
mudvolcanoesalongtheouterMarianaforearc,in abandthatextendsfrom 50to 120km behind
thetrenchaxis

�
63� . Thesemudvolcanoesarebuilt from flows of poorly consolidatedsedimentary

serpentinitefed throughacentralconduit.Cold ( � 2� C) springwatersfresherthanseawaterhave
beensampledon severalof thesemudvolcanoes.

Fig 2.1.6d–Compositionof pore water squeezedfrom serpentinitemud at ODP Site 1200, summit
of SouthChamorroSeamount,an active serpentinitemud volcanoin the Marianaforearcat 13� 47.0N,
146� 0.2E

�
154� . HolesA andE weredrilled at a cold (2� C) springandHolesF andD are20 m and80 m

to the north, respectively. Sulfate reductionat 1 to 3 and13 mbsf, mainly by Archaeaas indicatedby
the concentrationof phospholipid-derived diphytanyl diethers(DE), producesalkalinity, bisulfide, and
ammonia,all at pH 12.5. The carbonsourceis methane,which is presentat 2 mmol/kg in the fluid
ascendingfrom thetopof thedowngoingplate,which is about27km below theseafloorat this site.

Thechemistryof thesespringsis highly unusual:they areamongtheleastsalinewatersever
recoveredfrom thedeepseaandhave thehighestpH, 12.5,which resultsfrom ongoingserpen-
tinization. Relative to seawater, thesespringshave higherto muchhighersulfate,alkalinity, pH,
Na/Cl,K, Rb,B, light hydrocarbons,ammonia,����� O, and � D; andlower to muchlowerchloride,
Mg, Ca,Sr, Li, Si, phosphate,andSr isotopicratio. Ba,Mn, Fe,andbisulfidearelow

�
152� . Within

theupper20m below seafloorin thevicinity of thesesprings,amicrobialcommunityoperatingat
pH 12.5,aremadeupoverwhelminglyof Archaea,is oxidizingmethanefrom theascendingfluid
to carbonateion andorganiccarbon,while reducingsulfateto bisulfideandprobablydissolved
nitrogento ammonia(Fig. 2.1.6d).Thereis essentiallynosedimentaryorganiccarbonin thisset-
ting. Themicrobialcommunitythatfeedsthemacrobiotaatthesummitof S.ChamorroSeamount
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thereforenot only extremophile,but subsistsona sourceof chemicalenergy deliveredfrom as
deepas27 km below the seafloor. Additional cruisesto the Marianaforearcduring the period
of this grantwill permit Institutescientists,including post-doctoralresearchers,to characterize
theseunusualmicrobialcommunitiesandto assessthelikelihoodthatsimilarcommunitiesmight
have evolvedin extraterrestrialhabitats.We will culte theseorganismsin the laboratoryat high
pH in aserpentinitematrix.

Microbial “colonization” of lava-seawater-generatedplumes

Direct entryof lava into theoceanon theshorelineof KilaueaVolcano,Hawaii, createsasurface
hydrothermalplumeenrichedin dissolvedF, Cl, Fe,Al, Ti, Mn, Si,V, certainrareearthelements,
dissolvedgasessuchasH ! andevensulfate" 190# 191# 182# 183$ . Theplumesareacidicandcontainhigh
levelsof suspendedsilicateglassparticlesproducedby theexplosivedisintegrationof lavaasit is
quenchedfrom temperaturesnear1400K to thatof boiling water. Surfacewatersarealsoinflu-
encedby input of aerosolsgeneratedin theresultingsteamplume" 192$ . Theseplumesareaunique
biologicalhabitatbecauseof thehighconcentrationsof biologically importantelements,particu-
larly PandFe,which weremeasuredat 2 and5 ordersof magnitude,respectively, aboveaverage
seawaterconcentrations" 183$ , extremelyhigh concentrationsof potentially toxic metals(Al, Co,
Cu,Pb,Cd,V), thehigh densityof suspendedglassparticlesavailablefor colonization(up to 65
mg L %'& " 191$ ), and they arewithin the photic zone(unlike deep-seahydrothermalvents). Strong
thermalandchemicalgradientsareproducedby entrainmentof ambientwaterinto theplume" 191$ .
Thesecouldrepresentanalogsto aquaticmicrobial “oases”on theearlyProterozoicEarthwhen
rising oxygenlevelsandtheinsolubility of iron in surfacewatersdeprivedphotosyntheticorgan-
ismsof critical nutrients" 111$ . They alsomaybe representative of processesoccuringon a wider
scaleduringtheemplacementof largeigneousprovinces" 222$ duringthePhanerozoic.

Although large zooplanktonbloomshave beenobserved, the biology of theseplumeshas
remainedunexplored. We proposeto survey the microbiologyassociatedwith the plumewater
column and that attachedto the glassparticulates,using the ambientseawater as the basisof
comparison. We are especiallyinterestedin tracing the dynamicsof both populationsas the
plume watersare a dynamicentity, being mixed out over a distanceof about1 km. We will
carry out spectrophotometricanalysesof the plumewatersto identify potentialphotosynthetic
pigments.Filteredparticulatesandwatersampleswill beanalyzedseparatelywith microscopy,
includinglow-vacuumscanningelectronmicroscopy for theformer. DNA will beextractedand
amplifiedusingpolymerasechainreaction(PCR)andanalyzedbothatthecommunitylevel , e.g.,
denaturinggradientgelelectrophoresis(DGGE),andat theindividualsequencelevel. Wepredict
thatbecauseof thehigh levelsof H ! andferrousiron in theplume,gnallgasandiron-oxidizing
bacteriawill bewell-representedin thesecommunities.

2.1.7 Extr emeAquatic Envir onmentson Earth and their Analogy to Potential Habitats in
the Solar System

Objective–In thisprojectwewill focusonacomparativestudyof microbialbiodiversity, biomass
andmetabolicactivity in avarietyof “extreme”aquatichabitats.

Connections– ( 2.1.5,2.1.6
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obiologyRoadmapLinks– Goal5; Objective5.3
Researchers– Gaidos,Karl, Thorsteinsson

Background– Life, especiallymicrobial life, hassuccessfullyradiatedinto nearlyall theaquatic
habitatspaceon Earth. It is usuallyassumedthat life aswe know it absolutelyrequiresliquid
waterandthatthefundamentalconstraintfor growth is theactivity of wateror theavailability of
freewater. Besideswater, life alsorequiresasourceof carbonandnutrients,andanenvironment
thatis conduciveto thepropagationof geneticinformation,i.e., theerror-freereplicationof DNA.
Many aquaticenvironmentsonEartharechallengingor “extreme”from thepointof view of these
otherrequirements.By studyingthesewe canbetterunderstandwhat may limit the origin and
persistenceof life in aquatichabitatselsewherein theuniverse.

Thescopeof potentialhabitatsis expandedfurtherwhenoneconsidersindicationsof possible
aquaticenvironmentselsewherein theSolarSystem.Thereis significantgeomorphologicalevi-
dencefor past(or evenpresent)flowing wateron Mars,andgeophysicalevidencefor aninterior
oceanbeneaththecrustof Europa(andpossiblyCallisto).Groundice is abundantonpresent-day
Mars* 57+ andthe outflow channelsandvalley networks carved in ancientterrainsshow someof
that waterwas liquid, at leasttransiently, in the past* 23+ . Apparentlymuchmorerecentgullies
carved in the walls of canyonsandcratersraisethe exciting possibility that surfaceor shallow
groundwatersoccur at the presentepoch* 126+-, * 69+-, * 36+ . The geomorphicevidencefor a subsurface
oceanon Europa* 170+ hasbeenstrengthenedby thedetectionof aneddycurrent-inducedmagnetic
field aroundthesatellite* 226+ .

However, theseextraterrestrialaquaticenvironmentsmaybefar moreextremethanmosten-
counteredon Earth:Liquid wateris not,andmayneverhavebeenstableon Mars,andany long-
livedbodiesof waterwereprobablycoveredwith thick ice cruststhat isolatedthesurfacefrom
sunlightandtheatmosphere* 71+ . Duringepisodesof highmartianobliquity, summersurfacetem-
peraturesonpolewardfacingslopesonMarscanexceedthemeltingpointof waterice,but mean
surfacepressuresandtemperatureswill limit theamountof liquid thatcanbegenerated.Martian
meteoriteswith youngcrystallizationages* 135+ andlow cratercountson somemartianterrains* 79+
suggestthat magmais still reachingrelatively shallow depthson Mars. The near-ubiquitous
presenceof groundice* 57+ supportsspeculationthathydrothermalsystemsmaystill beactive on
presentMarsandarepotentialtargetsfor exobiologicalexploration. However, the atmospheric
pressureonMarsis nearthetriple pointof waterandliquid waterboilsatavery low temperature
(or is unstableentirely): Waterdrivento thesurfaceat sitesof high planetaryheatflow is most
likely to boil andreachthesurfaceasa vapor. Europa’s oceanis isolatedfrom sunlightby anice
crustbetween10 and100km thick andtheamountof free energy for chemotrophicorganisms
will be meager* 66, 31+ . Tide-driven shearandviscousdissipationcanwarm the shallow crustof
Europaandcreateliquid waterwithin reachof sunlight* 67+ , but themelt fractionwill be low * 168+
andany aquatichabitatswill probablyconsistof brinechannelswithin anicematrix.

Thelimits to life with respectto temperaturehavebeenintenselyexploredsincethepioneering
work of Brock* 22+ . Hyperthermophilicprokaryoticarchaeawith measurablegrowth ratesat115. C
have beenculturedfrom deep-seahydrothermalsystemsandtherehasbeentantalizingevidence
of biologicalactivity at still highertemperatures.Acceleratedhydrolysisof tri-phosphatesabove
160. C mayconstituteanultimatetemperaturelimit to life basedon known biochemistry. What
are the limits to life with respectto the activity of water, e.g., can life exist underconditions
wherethestablephaseof waterin theenvironmentis vapor?Hyperthermophilesgrowing above
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100/ arefound in environmentswherethepressureis well above ambientandtheboiling point
well abovethemaximumgrowth temperature.Certainmicroorganismsflorish in superheatedhot
springs1-2/ C above theboiling pointbut theirability to survive in superheatedsteamconditions
is unknown. Any life in thesetruly extremeconditionsmust adaptto the limited activity of
water. Thesetruly extremeconditionscreatelife thatmustadapt.By studyinganalogsof such
environmentson Earthandtheir potentialbiotawe obtainbasicinformationon thestrategiesof,
andlimitationsto, biochemicalandphysiologicaladaptation.

In this projectwe will focuson a comparative studyof microbial biodiversity, biomassand
metabolicactivity in a variety of “extreme” aquatichabitatsincluding: (1) the openseanear
Hawaii, (2) Lake Kauhako, Molokai and(3) Lake Waiau,Hawaii, (4) subglacialhabitatsin Ice-
landandAntarctica,and(5) fumarolesin Hawaii andSouthAmerica.Eachstudyareahasunique
physicalandchemicalcharacteristicsandeachis expectedto selectfor adifferentassemblageof
microorganisms.By studyingthesimilaritiesaswell asthedifferenceswe hopeto provide basic
informationon thestrategiesof biochemicalandphysiologicaladaptationandongeneevolution.

1. Scientists in the UH-NAI program will
have accessto numerousopenoceanhabi-
tatsrangingfrom thenutrientstressedsur-
facewatersof StationALOHA (22/ 450N,
158/ W) to thedeepabyss.Thesestudyar-
easare visited approximatelymonthly as
part of the ongoingHawaii OceanTime-
series(HOT) programthatusestheuniver-
sity’s researchvesselasa floating labora-
tory. Samplescollectedat seacan either
beprocessedon siteor returnedto theuni-
versityfor moreextensiveor sophisticated
analyses.

2. Lake Kauhako (Fig. 2.1.7a),Molokai is
a deep(248 m) meromictic lake that oc-
cupies the crater of an extinct volcano
(21/ 11.5’N, 158/ 58’W). This lake hasthe
highestrelativedepth(ratioof depthto sur-
facearea)of any lake in the world. The
upper4.5mof thelake is well stratifiedbut
below 4.5m the lake is nearlyuniform in
temperatureandsalinity (26.25/ C, 32 per
mil). The lake is anoxicbelow about2 m
with very high concentrationsof hydrogen
sulfideappearingbelow about6m1 482 .

Fig 2.1.7a–Lake Kauhako on Molokai. Upperpanel
shows a verticalprofile alongA to B on thebottom
map.Theshadedportionin thetopfigureis thelake
itself with depthinterval in meters. Bottom panel:
contourelevationmapin meters.

In many respectsthislakehasconditionsthatareanalogousto thepermanentlyanoxicbasin,the
BlackSea1 1582 andthusservesasaconvenientandrelatively accessiblehabitatfor compara-
tivestudiesof aquaticmicrobiology. Kauhako Craterwasdesignateda “specialEcological
Area” in 1994.
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3. Lake Waiau,Hawaii, is locatedat anelevationof 3980m nearthesummitof MaunaKea
(193 484N, 1553 294W). Thelake lies in a shallow craterandis approximately90min diam-
eterand3 m deep,althoughits dimensionsvarywith precipitationpatterns.Weatherat this
siteis extremewith especiallyhighwinds;thetypically isothermallaketemperatureranges
annuallyfrom 0-133 C, with wintertimeice cover. Lake Waiauultraviolet radiationlevels
areabout30% higher thanat sealevel for comparablelatitudeand is thusof interestto
studiesof organismaladaptationto thehigh radiationenvironmentsof theearlyEarthand
on otherplanets.Like Lake Kauhako, Lake Waiauis locatedin a restrictedconservation
areawhich minimizeshumanimpactandinterference.For the openPacific Ocean,Lake
Kauhaku,andLake Waiauwe will make comparative observationsandmeasurementsof
key indicesof microbial biomass(by total ATP, lipopolysaccharide,chlorophyll andepi-
fluorescencemicroscopy 5 1066 andhabitatchemicalcharacteristics)temperature/salinity, dis-
solvedoxygenandCO7 gasconcentrations,inorganicandorganicnutrientconcentrations,
particulatemattercarbon/nitrogenandphosphoruscontent5 1056 at eachsite.

Metabolicactivity will beassessedfor the total microbialassemblageby measurementof
respiration(in vitro oxygenconsumption)aswell asfor specializedphysiologicalfunctions
suchasnitrogenfixation (by the acetylenereductionmethod)andotherselectedenzyme
activities(phosphatase,peptidase).Wewill alsoendeavor to isolaterepresentativemicroor-
ganismsfrom eachsite,with a focuson prokaryotes.

4. The existenceof a large, deepfreshwater lake beneaththe ice of centralEastAntarctica
was reportedin 19965 1036 . The lake wasnamedLake Vostokbecauseof its proximity to
VostokStation(near773 S,1053 E). During thesameyearaninventoryof 77suchAntarctic
subglaciallakes was published5 1966 proving them to be a relatively commonoccurrence.
LakeVostokis locatedbeneathapproximately3800mof ice; below approximately3500m
the ice appearsto berefrozenfrom Lake Vostok,accretedto thebottomof theglacial ice
column(i.e., so-calledaccretionice). Althoughmicroorganismshave beendetectedin the
accretedice portionof the3623m longVostokicecore(drilling wasterminatedat adepth
of approximately120m from theice-lake waterinterface5 1078 1796 ) no sampleshave yet been
recoveredfrom any Antarcticsubglaciallake.

Besidestheliquid waterin thelake itself, boththeglacial ice columnandtheaccretedice
mayalsoprovideuniquehabitatsfor thegrowth of microorganisms.For example,bacteria,
yeasts,fungi andmicroalgaeat depthsrangingfrom 1500to 2750m have beenfound5 26
in Vostokglacial ice. Someof the microbeswereclaimedto be viable. Price(2000)has
alsoreportedviable cells to depthsof 3600m in the Vostokcore. He hypothesizedthat
the microorganismsinhabit a microenvironmentconsistingof interconnectedliquid veins
along three-grainboundariesin ice whereinpsychrophilic,halophilic bacteriacanmove
andobtainenergy andcarbonfrom ions andcompoundsin solution. We plan to testthis
hypothesisusingicecolumnmesocosmsin thelaboratory. Wewill alsotestthehypothesis
concerningthe role of brine channelsin seaice asa uniquehabitatfor microbial growth
usingalaboratorybasedmesocosmapproachsimilar in designto theonerecentlydescribed
by Mock 5 1476 .

5. Icelandis locatedon the Mid-Atlantic Ridgeandat the Arctic Circle, andconsequently
hostsnumerousactive volcanoesandglaciers. We are investigatingIcelandicsubglacial
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volcanismas uniqueterrestrialenvironmentsand analogsto potentialhabitatson Mars
and the galileansatellitesof Jupiter. Somemartianlandformshave alreadybeenidenti-
fied aspossiblyof glaciovolcanicorigin 9 26: . Subglacialsystemswherevolcanicheatdrives
hydrothermalcirculationaremorelike to supporta flourishingsubsurfacecommunitybe-
cause(1) liquid wateris producedfrom themeltingof theoverlyingiceby highgeothermal
heat; (2) free energy is provided by the reducinghydrothermalfluids producedby high-
temperaturewater-rockchemistrymixing with oxidizinggasessuchasO; or CO; released
by melting of ice; and (3) the extremethermalgradientsbetweenthe ice and hot rock
or waterwill createa wide rangeof habitats. We expect that, becauseof differencesin
temperature,geology, and ice flow, subglacialhydrothermalenvironmentswill manifest
significantphysiochemicalandbiological diversitysimilar to that seenin the hot springs
within theYellowstonecaldera.

Grimsvötn is one of two active volcanoesunder the Vatnaj̈okull ice sheet. Intensehy-
drothermalcirculationwithin the100km; calderadrivesanaverageheatflow of 50W m < ; ,
far exceedingthe 2 W m < ; typical of the Yellowstonecalderaandin vent fields on mid-
oceanridges.Glacialmelt in a300km; drainagebasinfeedsageothermallysustainedlake
covering20 km; . Continuousgeothermalactivity anderuptionscausethe lake to episodi-
cally–andcatastrophically–drain,triggeringjökulhlaups,thelargestfloodsonpresent-day
Earth. The lake waspreviously sampledfor geochemicalanalysesin 19919 3: . We carried
out a preliminarybiological investigationof theGrimsvötn subglacialcalderalake in June
2002expedition9 70: . Self-sterilizinghot-waterdrilling wasusedto penetratethe300m ice
shelfandsamplethelake(Fig. 3.1.7b).Wesampledthelakewater, thetephraat thebottom
of thelake,andtheiceandsnow over thelake. ChemicalanalysesincludedpH, alkalanity,
andtotaldissolvedsolids.Cell countsweremadeonreplicatesamples.Lakewatersamples
wereincubatedwith =?> C-labeledbicarbonateandacetyleneto assayfor carbonfixationand
nitrogenfixation, respectively. DNA wasextractedandamplifiedusinguniversalbacterial
primersand the polymerasechain reaction(PCR).An analysisof the whole community
wasdoneusingthedenaturing-gradientgelelectrophoresis(DGGE)technique.

There were significant cell counts in both
lakewatersandespeciallyhighcountsin the
tephrasediments.We measuredsignificant
carbonuptake andnitrogenfixation by lake
samples. The DGGE analysisshowed that
(at themolecularlevel) the lake community
was distinct from the organismstrappedin
the overlying snow and ice. We have pre-
liminarily concludedthat an endemic,au-
totrophic,andnitrogen-fixingcommunityof
microorganismsexists in the lake, theprod-
uct of the uniqueenvironmentselectingon
an assemblageof “innoculating” microbes
that arereleasedinto the lake from melting
ice.

Fig 3.1.7b–Hot-water drilling apparatusin
operationon the lake ice shelf within the
Grimsv̈otnvolcaniccaldera,Iceland.
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The discovery of high cell countsin the lake tephrais consistentwith findings in many
settingsthatmicroorganismspreferentiallycolonizeparticlesurfacesrelative to thewater
column. At Grimsvötn andsimilar environmentsin Iceland,volcanic tephraandhyalo-
clasticbrecciais emplacedasextremelyhot (900-1400K) andthussteriledebrisduring
subglacialeruptions.Thismaterialis, of course,immediatelyquenchedby meltingandva-
porizationof thesurroundingice,but temperaturesarelikely to remainat theboiling point
(230@ C under300m of ice)andwell aboveplausiblelimits for life for abrief periodof time
thatdependson thewaterto rock ratio andthevigor of subsequenthydrothermalcircula-
tion. Eventualcoolingwill allow organismsreleasedfrom thesurroundingice to colonize
the mineral surfaceson the tephra. Our objective is to understandthe mechanismsand
sequenceof eventsassociatedwith theestablishmentandmaintenanceof amicrobialcom-
munity in an initially sterile,abiotic subglacialenvironment. The processesof coloniza-
tion andsuccessionon subaerialA 209B andsubmarineA 155B basalticlavas,particularlyinvolving
plantsandmacrofaunahasbeenextensively studiedincludingon Hawaii. The subglacial
processis arguablysimplerandbetterdefinedbecausepotentialcolonistsmustcomefrom
theoverlying ice andcanbesurveyed,andplantsandmacrofaunaareabsent.Theprocess
may be crucial to the continuity of life on planets(suchasMars) with inhospitablesur-
faces.Weareinterestedin addressingthefollowing question:Is thereasinglecolonization
event or continuedsuccessionin the microbial communityover time? In the absenceof
sunlightandphototrophy, is thecolonizationprocessrelatedto the suiteof chemotrophic
metabolismsavailableto, andemployed by, microorganisms?Is the processidenticalat
every subglacialsite or is it a functionof local conditions?Is it deterministicor depends
on somestochasticelement?Whatarethe importantpotentialbiomarkersof colonization
thatcouldbeusedto identify pastbiologicalactivity at similar siteson otherSolarSystem
bodies?

Our plansfor future field work includea returnto Grimsvötn in the summerof 2004for
additionaldrilling andsamplingcloseto thecalderarim wherenormalfaultingassociated
with the collapseof the calderais expectedto permit moreintensehydrothermalcircula-
tion. We will alsoinvestigatethe Skáfta “cauldrons”, two sitesof subglacialgeothermal
heatingwhosesurfaceexpressionare2 km-wide depressionin the Vatnaj̈okull ice sheet.
Theseoccupy separatedrainagebasinsadjacentto thatof Grimsvötn. Additionalcauldrons
have beenidentified on the Mýrdalsj̈okull ice cap, which occupiesthe extremely active
KatlacalderaA 16B . Sampleswill beexaminedusingbothepifluorescencemicroscopy anden-
vironmentalscanningelectronmicrocopy. DNA will be extractedandamplifiedfor both
community-level analysisandtheconstructionof clonelibrariesfor sequencing.Fluores-
centprobeswill bedesignedto targetorganismswith DNA sequencesof interestandimage
themin thetephraparticleenvironment.We will remove pristinesamplesof ice andfresh
tephrafor usein laboratorymicrocosmexperiments:Thetephrais reheatedto temperatures
sufficient to sterilizeandvolatilizeany organiccarbonandthenaddedto theice. Sampling
of theseincubationswill allow time-dependentphenomenaeto beobserved.

6. On Earth, high-altitudefumarolesprovide naturalenvironmentsin which temperatures
within the known rangeof biological toleranceexceedthe boiling point. For example,
waterboilsat92@ C in Yellowstone(2225m elevation)andat theGeysersdelTatio in Chile
(4321m elevatio)theboiling point is 85@ C.At SoldeManana,Bolivia (upto 5000m eleva-
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tion) waterboilsata“mere” 83C C,well within therangeof non-photosyntheticlife. Organ-
ismssurviving in suchenvironmentswould have to evolve two adaptations;(1) preventing
its cytoplasmicfluid from boiling, and(2) preventingdehydrationdueto thedifferencein
thevaporpressurebetweenliquid waterinsideandoutsidetheorganism.Microorganisms
with cell wallsmaintaintheirvolumeby creatinganinternal(turgor)pressure.This is done
by maintainingadifferencein osmolality(equivalentsoluteconcentration)betweenthein-
ternalcell andits environment. Gram-negative bacteriacanmaintainturgor pressuresup
to severalbars.Thecorrespondingboiling point elevationis approximately60C C. Cellular
cytoplasmis alsoa briny fluid andthepresenceof anti-boil compoundscouldelevatethe
boiling point. Finally, boiling requiresthenucleationof bubbles.Thescaleof mostbacteria
is 1 D m, raisingthepotentialof suppressionof boiling by suppressionof nucleation.Dehy-
drationcouldbepreventedby suppressingthevaporpressureof thecytoplasm(by antiboil
compounds),or by expendingenergy to actively pumpwaterinto theorganismagainstthe
osmoticgradient.In fumarolicenvironmentswheresteamtemperaturesareoutsidethetol-
erablerangeof life, microorganismscouldadaptendolithiclifestylesandusetheinsulating
propertiesof thefumarolerockwalls to protectthemfrom heatandretainwater.

We have developeda programto search
for biological activity, and organisms,
in low-temperaturefumarolesassociated
with the Kilauea Volcano in Hawaii
(1200 m elevation). We will expand
our programto identify high-altitudefu-
marolesin SouthAmerica,including the
Geysersdel Tatio (4321 m) and Sol de
Mananasites.Pastandpresentfumarolic
activity has been identified as high as
6000m in the Andes,wherethe boiling
point is about80C C. Fumarolewall sam-
pleswill beretrievedfor opticalandelec-
tron microscopy, isotopicanalysis,DNA
extractionfor molecularidentificationof
organisms. We will also carry out col-
onizationexperiments,leaving sterilized
silicate surfacesin placefor a period of
1-2 years(Fig. 3.1.7c).

Fig 3.1.7c–Colonizationexperimentstestedin fu-
marolesat KilaueaVolcano,Hawaii. Basaltsample
werethin-sliced,attachedto glassslidesusinghigh-
temperatureepoxy, androughlypolished.This pro-
videsanaturalsubstratefor potentialorganisms.

2.1.8 An Integrated Model of the Planetary Water Cycle

Objective– Develop and refine an integratedmodel of planetarywater, including mantlede-
gassing,crustalhydration,dewateringat subductionzones,andescapeto space.Usethis model
to explorethesensitivity of planetarywaterevolution to planetarymass,composition,andinitial
inventoryof water.

Connections:E 2.1.4, E 2.1.9
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obiologyRoadmapLinks– Goals3, 5; Objective3.1
Researchers– Gaidos

Background– Earth’s mostvisible inventoriesof waterare its oceans,fresh-waterbodies,and
continentalicesheets,howeveranadditional40%is presentashydrousmineralsin sedimentsand
crustalrocks,andseveraloceansis containedin thehydratedmantleG 200H . Mantleconvectionand
platetectonicsmediatesthe exchangeof waterbetweensurfaceandinterior reservoirs. Mantle
water partitions into the silicate melts createdby the divergenceof lithosphericplatesand is
volcanicallyoutgassedatmid-oceanridges.Waterenterscrustalrocksandsedimentsashydrated
mineralsduring continentalandseafloorweatheringandhydrothermalalterationof theoceanic
crust. Much of this wateris re-releasedduringhigh pressuremetamorphismandarcvolcanism
at subductionzones,but somefraction is returnedto themantle. Thedifferencein thesefluxes
controlstheevolutionof thesurfaceandmantleinventoriesof wateroverEarthhistory.

Althoughthecurrentescaperateof waterto space(asH) by thermalandnon-thermalmech-
anismsis I 10JLK oceansperbillion yearsG 225H andis negligible comparedto thegeologicalfluxes,
more significantamountsof hydrogen(and equivalent water) may have beenlost during the
Archean(prior to 2.5 billion yearsago)whenmolecularoxygendid not limit the mixing ratio
of molecularhydrogenG 108H or biogenicmethaneG 84H in thetrophosphere.Greateramountsmayalso
have escapedto spacevia hydrodynamicspacepoweredby giant impactsor highersolarultra-
violet raditionearly in Earth’s historyG 92H . Converselyit hasbeenproposedthatadditionalwater
wasbroughtto Earthsubsequentto accretionby carbonaceouschondriticor cometarybodiesG 29H .
Theseprocesseswouldobviouslyhaveeffectedthesizeof Earth’ssurfaceandinterior inventories
of water.

A minimum reservoir of surfacewater is probablyrequiredfor planetaryhabitability, e.g.,
to promotethe precipitationof atmosphericCOM ascarbonatemineralsandits sequestrationas
crustalcarbonaterockssoasto avoid a runaway greenhouse.In addition,surfacewaterentering
the crustcanlubricatefaults,weakeningthe brittle lithosphereandpossiblyenablingplatetec-
tonicsitself to functionG 168N 151H . Theabundanceof waterin themantleinfluencesits rheologyand
solidusandthusexertsa powerful controlon mantledynamicsanddegreeof mantlemeltingG 82H .
In turn, this affectstheexchangeof waterbetweenthesurfaceandinterior. Thusthepartitioning
of planetarywaterbetweenmantleandsurfacereservoirs maybecrucial to long-termhabitabil-
ity, especiallyif the initial surfaceinventoryis removed early on andreplenishedby degassing
of themantle. In addition,hydrousmelting is involvedin theproductionof buoyant felsic crust
thatservesasthesourcematerialfor continents.Continentalgrowth is importantfactorin rates
of weatheringandatmosphericCOM levels,sequestrationof organiccarbonandstabilizationof
atmosphericOMOG 13H . High oxygenlevelsandstablecontinentalplatformsmaybeprerequisitesfor
theappearanceof complex terrestriallife, and,perhaps,intelligence.

The inventoriesandcycling of water in Earth-sizeplanetsaroundotherstarsmay be quite
different than our own. The initial abundanceof water may dependsensitively on the redox
chemistryof the planet-formingnebula and water contentof the planetarysourcematerialG 68H ,
thepresenceof giantplanetswhich facilitate(or impede)transferof waterfrom theouterto the
inner regionsof a planetarysystemG 125H , andvariationin the efficiency of lossprocessessuchas
impactsG 141H or ultraviolet radiation-drivenhydrodynamicescapeG 217H . Thefluxesof waterbetween
thesurfaceandinteriorcandifferbecauseof differencesin thecompositionandmeltingproperties
of theplanet’smantleandtheabundanceof heat-generatinglong-livedradioactive isotopes.

45



We aredevelopinga modelof thedynamicsof waterin andon a solid planet.Our objective
is to understandthe implicationsof differencesin planetarymass,composition,environment
andinitial inventoryon thelong-termevolutionof planetarywater. Suchmodelswill beusefulin
predictingthepotentialdiversityof Earth-masscompanionstostarsthatmightbedirectlydetected
by future space-basedobservatoriessuchas thoseenvisionedby the TerrestrialPlanetFinder
projectP 11Q . We have developedaninitial parametricmodelof anideal,perfectlyuniform mantle.
Similar parameterizedconvectionmodelsincludethoseof P 131R 208R 18Q . Thethermalevolution of the
mantleis setby thebalancebetweentheheatgeneratedby thedecayof long-livedradioisotopes,
heatrejectedby mantleconvection,andmantlecooling. Theconvectioninvolvesa temperature-
andwatercontent-dependentviscosityP 131Q andtheusualparametricrelationshipbetweenheatflow
andthe mantleRaleighnumberis assumed.The total spreadingrateof the lithosphereis then
calculatedasa functionof heatflow P 131Q .

The evolution of the surfaceandmantlewater reservoirs ( SUT and SWV ) is specifiedby the
differencebetweentheoutgassingflux andtheregassingandescapefluxes;

X SUTX�Y[Z]\_^a`cbedf\hgjiakmlnk?opdf\_iqTrk (1)

X SsVX�Y Ztdu\v^a`cbxwy\_gqirz (2)

Therateof outgassingis

\_^a`cb{Z}|~V_����V���� ������ � X���� (3)

wheretheconcentrationof waterin themantle|~V_� is SWV����'V , ��V is theaveragemantledensity,��� is thespreadingrate,
X V is thedepthof melting,and � is themelt fraction. We assumethat

waterpartitionsinto themelt fraction � up to a specifiedsolubility limit. We useanempirical
meltingparameterizationto calculatethemelt fractionanddepthof meltingP 132Q .

The rate of recycling of water back into the mantle is the rate of subductionof water in
lithosphericslabscorrectedby a factor �ugqirz thataccountsfor thedevolatilizationandescapeof
waterfrom unstableminerals;

\hgjiakmlnk?o'Z�����d��ugjirz���|�km����k X k���� � (4)

where |�km� is theconcentrationof waterin crustalminerals,��k is thedensityof thecrust,and
X k

is thethicknessof thehydrouscrust. Theamountof waterin thecrustwill dependon thedepth
at whichhydrothermalcirculationpenetrates,andon themineralogyof thecrustP 99Q .

Fig. 2.1.8ashows theresultsof initial simulationswith threedifferentinitial total inventories
of water(measuredin present-dayEarthoceans).In eachsimulation,theinitial surfacereservoir
is zeroandtheinitial mantletemperatureis setsothat themantleis in thermalequilibriumwith
theinitial rateof heatproductionby long-livedradioactiveisotopes.Usingtheseassumptions,we
find that thesurfacereservoir asymptoticallyincreaseswith time. This result is consistentwith
theabsenceof any indicationof adramaticchangein continentalfreeboardin thegeologicrecord.
Themodel(Fig. 2.1.8a)alsocorrectlyproducesthecurrentmantlepotentialtemperatureof the
Earth but the estimatedglobal spreadingratemust be correctedby a factorof 1.7. Currently
the modelsimulatesonly planetswith contiguousoceaniccrust; we will add the formationof
continentalcrustto a laterversion.We will continueto improve themodel,constrainthemodel
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parametersusing the terrestrialcase,and then usethe model to explore the effect of varying
theabundanceof planetarymass,abundanceof heat-producinglong-livedradioisotopes,mantle
composition,initial waterinventory, andrateof hydrogenescapeontheevolutionof theplanetary
watercycle.

Fig 2.1.8a–Planetarysurfacewaterreservoir versus
time for anEarth-like planetsimulatedusinganem-
pirical modelof mantleconvection coupledwith a
geologicwater cycle model. Only the initial total
waterinventoryis varied.Seetext for details.

2.1.9 Signaturesof Water-Bearing Exoplanets

Objective– Model thewater-rich comaeof super-cometsandplanetsexperiencingatmospheric
escapeanddeterminetheir detectability. Evaluatethefeasibility of thetime-seriesspectroscopic
determinationof theabundance,distribution,andstateof wateronEarth-likeplanetsaroundother
starsusingobservationsof earthshinereflectedby theMoon.

Connections– � 2.1.1,2.1.8
AstrobiologyRoadmapLinks– Goal1; Objective1.1,1.2
Researchers– Gaidos,Meech

Background– Nebular waterwill be removed with the rest of the primordial disk gasfrom a
youngsolarsystemeitherby a T-Tauri wind or by incorporationinto giant planets. However,
volatiles,includingwater, will beretainedfor muchlongerperiodsof timein icy bodiesor water-
rich planets,dependingon their massesandorbits.This watermaybesubsequentlylost to space
by directdevolatilization(in thecaseof anicy body)or by theultraviolet radiation-drivenescape
of water-rich atmospheres.This processis still ongoingin our solarsystem,althoughit is now
importantonly for comets. In the early Solar System,(dissociated)water would be escaping
from the runaway greenhouseatmosphereof Venus  27¡ aswell as from satellite-sizedicy plan-
etesimalsscatteredcloserto theSunby thegiantplanets.Are theextended,hydrogen/water-rich
atmospheres/comaof equivalentobjectsaroundotherstarsdetectable?Transient,doppler-shifted
absorptionlines in the spectrumof ¢ Pictoris, surroundedby a circumstellardisk, have been
proposedto betheresultof comet-like “f alling, evaporatingbodies”crossingthestellardisk  15¡ .
We proposeto modelthecomaeof “super-comets”andplanetswith hydrodynamicallyescaping
atmospheresanddetermineif it is possibleto detectthemeitherin absorptionor emission.

Space-basedobservatorieshavebeenproposedto directlydetectandcharacterizeEarth-sized
planetsaroundnearbystars  121£ 11¡ . Theultimategoalof theseprojectsis to ascertainwhetheraex-
trasolarplanethaslife by identifying“biosignatures”in aplanet’sspectrum,e.g., atmosphericO¤ ,
O¥ , CH¦ , or biogenicpigmentssuchaschlorophyll.Time-seriesphotometryandspectroscopy of
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an Earth-like planetmay alsoreveal importantphysiochemicaldetailsaboutthe surfaceandits
habitability. Theseincludethepresenceof oceans,clouds,ice caps,anddeserts§ 60̈ . Thethermo-
dynamicstateof wateron a planetandits variability is fundamentalto its climateandseasonal-
ity. Earth-like planetsneednot resembletheEarthasit is today: Large continentalglaciations,
episodesof intensewarming (andcloudiness)and so-called“snowball Earth” events§ 85̈ would
havedramaticallyalteredthealbedoandspectrumof thepastEarth.

In the absenceof known Earth-like extrasolarplanets(anda spaceobservatory to observe
them),a suitabletestof an observationalstrategy is to observe theEarthitself from a distance.
Sagan§ 189̈ observedtheEarthwith theGalileo spacecraftanddetectedthechlorophyll“red edge”
of terrestrialvegetationat © 750 Å. A morecost-effective techniqueis to measurethe intensity
andspectrumof earthshinereflectedby the dark sideof the Moon. Two groupshave derived
theterrestrialalbedoasa functionof wavelengthandreportthedetectionof Rayleighscattering
at blue wavelengthsandabsorptionfeaturesof ozone,molecularoxygen,andwater§ 224ª 6̈ . They
also report the tentative detectionof the chlorophyll red edge. The Earth exhibits significant
albedovariationsasa consequenceof exposureof theAntarctic ice sheetto australsummersun-
light and changesin cloud andvegetationpatterns§ 73̈ . But with limited temporaland spectral
resolution,limited signal-to-noise,andno spatialresolution,how cancloudsandice sheetsbe
distinguished?How canwater-ice andCO« -ice cloudsbe distinguished,particularly in the ab-
senceof independenttemperaturedata?Canseasonsbe inferredsolelyby detectingchangesin
cloudcoverpatternsor thewaxingandwaningof icesheets?Thesesignaturesmaybesubtleand
difficult to deconvolve. While theabsorptionbandsof watervapormaybeobvious(at leastfrom
space),thespectrumof oceanwateris blueandresemblesthatproducedby Rayleighscattering
andanatmosphericaerosolcomponent.

To answerthesequestionswe are carryingout a long-termmonitoring of the spectrumof
earthshinewith theUH 2.2metertelescopeandtheHARIS spectrograph.Thefirst observations
areto becarriedout duringlateMarchof 2003. Theearthshinespectrum,moduloa constant,is
obtainedby dividing thespectrumof thedarksideof theMoonby thatof theilluminatedportion.
Carewill be taken to remove from eachspectrumthe temporallyinterleavedspectraof the sky
(which changeswith time)andcorrectingfor detectoreffects,includingCCD fringing.

2.2 Extending the Stateof the Field – Relevanceto Past, Curr ent, Futur e
NASA OSSPrograms

Wehavechosenwater, andits relationshipto life, asbothaunifyingparadigmandinterconnecting
theme.Our consortiumwill advancethestateof the field by placingthe researchof individual
investigatorsinto a framework in which the resultsin any given field will advance,or serve as
thefoundationof, researchin otherfields:Observationsof theabundanceandchemistryof water
in star- andplanet-formingregionsprovidestheboundarycounditionsfor experimentson space
ices,which in turnarecritically importantto correctinterpretationof observationsof cometsand
the interstellarmedium. Modeling of Martian hydrothermalsystemsis necessaryfor selection
of terrestrialenvironmentsasappropriateanalogs,explorationof which will help thesearchfor
potentialhabitatsfor and signaturesof life on Mars. Modeling of the planetarywater cycle
requiresinformationaboutwaterin planet-formingmaterialprovidedby thestudyof meteorites
andcomets,andin turn informssearchesfor thesignaturesfrom water-bearingexoplanets.

In addition,thebulk of thefundingrequestedin thisproposalwill supportpostdoctoralfellows
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who will be given accessto facilities, the academicfreedom,and the independencenecessary
to pioneerinnovative and interdisplinaryrsearchthat includes,and builds upon, the research
describedin this proposal.In funding a corpsof respectedjunior colleagues,allowing themto
createauniqueandindependentenvironment(the“WaterHole”) andconnectingthemto multiple
investigatorsandresearchfacilities,weplanto developauniqueassemblyof scientistsbondedby
acommoninterdisciplinaryresearchthemratherthansometimes-anochronisticdisciplinaryties.

Waterunderpinsmuchof the currentresearchof the Astrobiology Instituteandour efforts
wouldsupportthese,aswell asotherNASA efforts, includingtheMarsExplorationProgramand
theSearchfor Origins. Oneof theproductsof this researchwill bean improvedunderstanding
of processesthatcontrol the frequency andnatureof extrasolarplanetswith aquatic(i.e., habit-
able)environments,informationthatis critical to thedesignof spaceobservatoriessuchasthose
envisionedby theTerrestrialPlanetFinderproject.Finally, muchof this researchwill becarried
out in Hawaii, a locationwhereavarietyof aquaticenvironmentsandtheirconjugateecosystems,
someuniquecanbestudied.It is alsoaplacewherethethemeof waterhasanobviousresonance
anddeeproots. As inhabitantsof the most isolatedarchipelagoon Earth,we will contribute a
senseof importanceto scienctificties thatspangreatdividesof distanceanddiscipline,and,as
dwellersin anocean,anappreciationbothscientificandculturalto thatgreatmediumfrom which
weall sprang.

This work is well-alignedwith NASA OSSprograms,closely following the Astrobiology
Roadmap(asnotedin eachsection).In addition,thework is closelyrelatedto many upcoming
andproposedNASA missions,suchasDeepImpact,Pluto-KuiperExpress,andmostespecially
theTerrestrialPlanetFinder. Ourgoal,in effect, is to establishtheparametersof a“WateryDrake
Equation”,to betterassessthepropertieswhichmakeaworld habitable.

2.3 TechnicalApproach

2.3.1 Infrar ed Spectroscopyand Sub-mmInterfer ometry:
YoungStars,Cir cumstellar Disks,and Molecular Clouds

Objective– Identify processandsupportinstrumentdesignfor detectionandmeasurementsof ice
andwaterbiomarkers.

Connections– ¬ 2.1.1
AstrobiologyRoadmapLinks– Goal3; Objective3.1
Researchers– Reipurth,Williams, Ceccarelli

Background– Wewill determinethewatericedistributionin molecularcloudsby takinginfrared
spectraof field starsshining throughthe molecularcloudsbeing investigated.We will obtain
high-qualityspectra(S/N of 30or betterin thecontinuum)of avarietyof sourceslocatedbehind
the cloudsand cloud coresof interest. For the study of water ice distributions in cloudsand
to explore differencesbetweencloudswe will useseveral telescope/instrumentconfigurations
(SPEXon the 3.5 m IRTF, UIST on the 3.9 m UKIRT) to achieve a resolvingpower of about
1000in theK plusL bands.About 200starswill be targetted,requiringabout20 nights,which
over a five yearperiodis about2 nightspersemester. For a studyof thedensercloudcoreswe
will observe about20 - 30 starsusinglarger telescopes(the8 m Subaruwith IRCS,andthe8m
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Gemini with NIRI) totallingapproximately10nights,which is onaverageonenightpersemester
if spreadover5 years.

For thestudyof hot wateremissiontowardsyoungstarswith massivecircumstellardiskswe
will usehigh-resolutioninfrared spectroscopy in the K-band with a resolvingpower of about
20,000. Sincemany of our targetsare ratherbright (K of 8 - 10), we can usemediumsized
telescopes(e.g., IRTF with CSHELL, UKIRT with CGS4or its successor),and only for the
faintestobjectsdo we needto go to very large telescopes(e.g., Subaruwith IRCSin its echelle
configuration).Giventhatthis is a largely unexploredresearchfield, it is difficult to estimatethe
amountof observingtime required,but we envisageusinga total of around6 to 7 nightson a
3-4 m classtelescopeanda few nightson largertelescopesfor this study.

We will explore watermasersin circumstellardisksby usingthe Very Large Array (VLA)
in New Mexico. This is a generalfacility which we have usedrepeatedlyin the past. We will
employ theA-configurationat 4.86,8.46,22.255,and107.1GHz. TheA-configurationis avail-
ableapproximatelyevery 15 months,andwe intend to submitour proposalsfor eachof these
deadlinesfor thecomingyears.

ThroughtheUH accessto telescopesonMaunaKea,it is possibleto dedicatelargequantities
of time to survey for sub-millimeterline emissionfrom waterrelatedspeciesin protoplanetary
disksaroundyoungstarsin nearbystarforming environmentsusingthe CaltechSubmillimeter
Observatory (CSO)andJamesClerk Maxwell Telescope(JCMT). The resolutionof thesedata
will be ®°¯²±´³ ³ which is sufficient only to allow abundancemeasurementsto bemade.Followup
observationsof diskswith detectablelineswill thenbemadewith theSMA to mapthedifferent
speciesat a few arcsecondresolution(few hundredAU). In additionto theline observations,the
thermaldustemissionprovidesinformationon the grain massopacityandtherebythe compo-
sition of the (icy) mantles. Millimeter interferometricobservationsof the LkCa 15 disk show
interestingmorphologicaldifferencesat this scaleµ 180¶ . Our proposedobservationsareat shorter
wavelengthsthanthis work andwill targetwarmergascloserto theprotostarwhereabundances
maybehigherandline emissionstronger. Progressin learningaboutprotostellardisk chemistry
will requirelargeamountsof telescopetimedueto themultitudeof speciesandrelativeweakness
of emission.UH is in a uniquepositionof beingableto bring threesub-millimetertelescopesto
bearon this problem,includingtheonly oneableto imageat arcsecondresolution,andthis sur-
vey canbeexpected,therefore,to make a signficantcontribution to our knowledgeof the initial
chemicalconditionsof thesolarnebula.
Atmospherictransmission(Fig. 2.3.1a)
versusfrequency for a rangeof precip-
itable watervapor(pwv) levels. The sky
offersseveral“windows” whichallow as-
tronomical observations of the line and
continuumradiationfrom the molecules
and dust in star forming cores. There
arevery few telescopesin the world that
operate at sub-millimeter wavelengths
( ·[¸ ¹�±�± GHz) and three are situated
on Mauna Kea, including the only one
(SMA) that will producesub-arcsecond
resolutionimages. Fig 2.3.1a–Atmospherictransmissionin thesub-mm.
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of theopacityin theatmosphereat thesewavelengthsis dueto waterbut theextremelydry
conditionsat thesummitof MaunaKea,pwv»½¼�¾À¿ÂÁUÃ mm,allow for observationsat frequencies
as high as 900 GHz. Other siteswith sub-millimetertelescopesin Europeand Arizona have
muchhigherwatervaporlevels,pwv»ÅÄÆÁÈÇ mm,andareconsequentlyrarelyableto observeat
frequenciesgreaterthan400GHz.

2.3.2 Extraterr estrial Ice Laboratory Experiments

Connections– É 2.1.3
AstrobiologyRoadmapLinks– Goal3; Objective3.1
Researchers– Kaise,Bar-Nun,Ehrenfreund

TheExperimentalSetup

Theexperimentson theinteractionof chargedparticlesandphotonswith extraterrestrialiceana-
log bodiesarecarriedout in vacuumchamberswhichmimic theinterstellaror solarsystemenvi-
ronments.All experimentswill becarriedout at theUniversityof Hawaii in anexisting oil free
ultra highvacuum(UHV) vesselwhichhasthefollowing characteristics:

Ê Contamination-freeoperationat extremeultrahighvacuumconditions(pressuresof about
10Ë'ÌjÌ torr),

Ê Reproduciblepreparationof thin frost layers( Í 500nm),

Ê Target substrateswhich allow a rapidheatdissipationfrom the irradiatedicesto thecold
headthusminimizingsurfaceheatingandreactionmechanismchanges,

Ê Temperaturemonitoringof heatedicesurfacesandsubstrates,

Ê Preparationof cleanchargedparticlebeamsandoperationof monochromaticphotonsources,

Ê Quantitativeon line andin situ analysesof thesolidstateandthegasphaseemploying low
backgrounddetectionschemes.

This machineconsistsof an irradiation unit and a stainlesssteel chamberwhich can be
pumpeddown to 3x10Ë'ÌjÌ torr by a magneticallysuspendedturbopump(Fig. 2.3.2a). A rotat-
able,two stageclosedcycle helium refrigeratoris attachedto the lid of the machineandholds
a polishedsilver monocrystal. This crystalcanbecooledto 9.5 K, servesasa substratefor the
ice targetsandconductsthe heatgeneratedfrom the impinging photonsor particlesto the cold
head.To allow a selectionof any target temperaturefrom 9.5 K to thesublimationpoint of the
samples,a temperaturesensoranda programmableheaterareattachedto thecrystal.To assista
quickchangeof theirradiationsourceandmaintaintheUHV conditionsin themainchamber, the
irradiationunit is placedin a removablesidechamberwhich canbeseparatedfrom themachine
throughagatevalve. Threeirradiationmodulesarenecessaryto simulatetheCR andUV effects
on interstellarice mixture: the ion module(shown in Fig. 2.3.2a),the electronmodule,anda
tunablephotonsource.Continuousion beamsaregeneratedby an ion gun via electronimpact
ionizationof a gasprecursor, ion extraction,accelerationup to 5 keV, andmassseparationof
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contaminantsin aWienfilter. Thecurrentof thechargedparticlesis monitoredby aFaradaycup.
Sincethegasloadinsidethemainchamberhasto bekeptto aminimumduringtheirradiationto
avoid any condensationof contaminantson theice surface,theion sourceis triply differentially
pumpedby magneticallysuspendedturbomolecularpumpsbackedby oil freescrollpumps.This
pumpingschemereducesthe pressurefrom 10Î�Ï mbarvia 10ÎLÐ mbar, 10ÎLÑ mbar, and10Î'Ò�Ó
mbarto 3x10Î'ÒjÒ mbar in the main chamber. Secondly, electronswith kinetic energiesup to 5
keV aregeneratedby anelectrongun. Dueto themodulardesignof theirradiationunit, theion
sourcecanbesimply replacedby theelectrongun,which is interfacedthenvia two differentially
pumpedregionsto themainchamber. Thirdly, photolysisexperimentsareperformedemploying
adifferentiallypumpedultraviolet sourcewhich is alsointerfacedtogetherwith thedifferentially
pumpedmonochromatorregion throughtwo differentiallypumpedchambersto themainrecipi-
ent.Theadvantageof thetunablephotonsourceis thewavelengthselectivity. Sinceexperiments
areperformedat distinctwavelengths,a completepictureof theunderlyingphotochemicalpro-
cessescan be obtained. The main chamberhasspareports, andsimultaneousphoton/particle
irradiationcanbealsoconducted.

To guaranteeanidentificationof thereac-
tion productsin theicesandthosesublim-
ing into thegasphaseon line andin situ,
two detectionschemesare incorporated:
(i) aFouriertransforminfraredspectrom-
eter (FTIR), and (ii ) a quadrupolemass
spectrometer(QMS).Thechemicalmod-
ification of the ice targetsaremonitored
during the irradiationexperimentsto ex-
tract time-dependentconcentrationpro-
files andhenceproductionratesof newly
formedmoleculesin thesolidstate.Since
noQMScandistinguishmultipleCÔ H Ï OÔ
isomersfrom theraw dataalone,themass
spectrometermust be calibratedfirst for
thefragmentationpatternsof distinct iso-
mersof interest;hereafter, theseraw data
are processedvia matrix interval arith-
metic to extract quantitative information
on theisomersformed.

Fig 2.3.2a–Schematictop view of the simulation
chamber, ion irradiationunit, quadrupolemassspec-
trometer(QMS), Fourier transforminfrared(FTIR)
spectrometer, andthegascondensationunit.

Ice Mixtures–Mechanismsfor Formationof CÔ H Ï OÔ Isomers in Interstellar Ices

We elucidatenow the mechanismsby which glycolaldehyde,aceticacid, and methyl formate
might be formedinsideinterstellaricesvia chargedparticlebombardmentandphotolysis.Syn-
theticroutesarederivedcombiningconceptsof suprathermalchemistryÕ 102Ö 187× andphotochemistryÕ 212×
togetherwith aclassicalretrosyntheticapproachÕ 127× . Thiswill ultimatelyidentify thosemolecules
aspotentialprecursorsto theCÔ H Ï OÔ isomersandguidetheselectionof icemixturesin oursim-
ulation experiments.Note that dueto the complexity of the interstellarenvironmentsno single
experimentcanmimic all effectssimultaneously, andanunderstandingof elementaryprocesses
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mustbebasedonexperimentsinvolving binarysystemsfirst beforeextendingthemto morecom-
plex ice mixtures. As evident from the structuresof the CØ H Ù OØ isomers,the COØ -unit canbe
found in aceticacidandmethyl formate,whereastheCO-moietyis presentin all isomers(Fig.
2.3.2b). SinceCO andCOØ arecommonin astrophysicalices,we investigatefirst if binary ice
mixturesCO/CHÚ OH (mixture1) andCOØ /CHÙ (mixture2) synthesizeany CØ H Ù OØ structure.

Consideringa CHÚ OH molecule,a photonor particlecansplit theCHÚ -OH (1.1), CHÚ O-H
(1.2), or H-CHØ OH bond(1.3) to yield [CH ÚÜÛOÛÝÛ OH], [CH Ú O ÛOÛOÛ H], and/or[H ÛÝÛOÛ CHØ OH]
radicalpairswhich could reactwith a CO moleculeto aceticacid, methyl formate,andglyco-
laldehyde(Fig. 2.3.2b). Similarly, a CHÚ -H bondin a CHÙ moleculecanbe broken to form a
[CH Ú . . .H] pair; the radicals/atomsmight addto a COØ neighboringmoleculein the ice matrix
to give aceticacid (2.1) or methyl formate(2.2). All routesto CØ H Ù OØ investigatedso far re-
quire only onebondrupturein a singlemolecule;both reactingradicals/atomsoriginatefrom
the sameprecursor. However, reactantscould emanatefrom two differentmolecules,andtwo
bondrupturesprior to thereactionarerequired.Hence,ice sampleswith formaldehyde(H Ø CO)
arestudied,as the formyl group(HCO) is presentin methyl formateandglycolaldehyde.Bi-
narymixturesof H Ø CO/CHÚ OH (mixture3) couldform methylformate(3.1)andglycolaldehyde
(3.2).

After binarymixtureshave beeninvestigatedcomprehensively, ternarymixtureswith a rad-
ical plus an atomprecursor, which requirestwo bondruptures,will be alsostudied. Thesein-
volve mixturesof CO with CHÙ /H Ø O, CHÙ /CHÚ OH, H Ø O/CHÚ OH, andof COØ with CHÙ /H Ø O,
CHÙ /CHÚ OH, andCHÚ OH/HØ O. To get informationon thereactionmechanism,isotopicsubsti-
tutionswill be performed.For exampleirradiationof CHÚ OH/ CO/HØ O could give CHÚ (from
CHÚ OH) andOH radicals(from H Ø O) which might reactwith CO to aceticacid. SinceCHÚ OH
canbe cleaved to CHÚ plus OH aswell, both CHÚ OH andH Ø O canform OH. The dominating
pathway is unraveledusingCHÚ OD which producesonly OD. CHÚ COOHandCHÚ COODhave
differentinfraredspectraandcanbediscriminatedexperimentally. Note that theradicalspecies
formedcanrecombineeither in a radicalpair cageinsidethe solid ice even at temperaturesas
low as10K or - if they areseparatedinsidetheicematrix - afterannealingof theice targetin the
hot corephaseto allow theradicalsto diffuse.Sincetheproductionratesof theCØ H Ù OØ isomers
areexpectedto dependontheinitial concentrationof theicecomponents,experimentshaveto be
performedat variousconcentrationsof theiceconstituents.

Besidessimplebondruptureprocessesfollowedby atom/radicaladditionsandrecombination
reactions,wehave to investigatealsoto whatextentinsertionprocessesof suprathermalparticles
canleadto theCØ H Ù OØ isomers.Notethat in thefollowing considerations,thespinstatesof the
reactingparticlesareomittedfor clarity. Further, thereadershouldkeepin mind thatthereaction
of a suprathermalparticlewith a thermalmoleculeleadsto highly internallyexcitedmolecules.
In the gasphase,the latter fragments,but insideices,the surroundingmatrix might absorbthe
excessenergy of thenewly formedmoleculevia phononinteraction.Acetaldehyde(CHÚ CHO)
andformic acid(HCOOH)areidentifiedasthekey reactantsin this scheme.

Here,suprathermaloxygenatoms,which canbeformedasknockon speciesvia interaction
of the primary implant with watermolecules(CHÚ CHO/HØ O; mixture 4) asthe dominantcon-
stituentof extraterrestrialices,caninsertinto thecarbon-hydrogenbondof themethylgroupof
theacetaldehydemoleculeto form glycolaldehyde(4.1);aninsertioninto thecarbon-carbonand
formylic carbon-hydrogenbondleadsto methylformate(4.2.)andaceticacid(4.3.),respectively.
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Fig 2.3.2b–Formationof CÞ H ß OÞ isomersvia simple bond rupturesfollowed by addition of atomic
hydrogenand/ora radialandrecombinationof radicals(left) andvia insertionof suprathermaloxygen
atomsandcarbeneradicals(right).

Alternatively, insertionof carbeneradicals(CHÞ ), which canbegeneratedvia interactionof
chargedparticleswith methanemolecules(CHß /HCOOH;mixture5), canundergo threedistinct
insertionreactionsinto thecarbon-hydrogen(5.1.),oxygen-hydrogen(5.2.),andcarbon-oxygen
bonds(5.3.) to form aceticacid,methyl formate,andglycolaldehyde,respectively. Thesecon-
siderationsmakeit clearthatchargedparticleirradiationof binaryicemixturesof H Þ O/CHà CHO
andCHß /HCOOHcouldyield all threeCÞ H ß OÞ isomers.

Notethatthesingleinsertionprocessof acarbineradicalcanbesubstitutedby aninsertionof
a carbonatomor methylideneradical(CH) followedby two or onehydrogenationsteps,respec-
tively. We like to stress,thatafterbinarymixtureshavebeenexposedto highenergy radiationin
thelaboratory, it is crucialto prepareternarymixturesof theseicesinto awater-rich matrix. Wa-
ter is thedominantcomponentof theinterstellarandcomataryicecomponent,andtheproduction
ratesdependstronglyon thenatureof theicematrix.

2.3.3 Comet& Centaur Observations

We will obtainJHK (1.2 á½âUá 2.4 ã m) spectraof a sampleof ä 50 bright CentaursandKuiper
belt objectsusingthe Keck,SubaruandGemini 8-m and10-m classtelescopes.Thesespectra
will beusedto determinethesurfaceabundanceof watericefrom the1.5 ã m and2.0 ã m spectral
features,andto searchfor expectedcorrelationsin thewaterice abundancewith objectdistance
andsize. Thespectralpropertiesof amorphousandcrystallinewaterice aremeasurablydiffer-
ent (seereferenceby JohnDavies). We will usethis fact to placea limit on the abundanceof
amorphouswater ice or to detectit. As noted,this placesan upperboundon the temperature
experiencedby a given body. We will alsosearchfor indicationsof organicandothersurface
molecules,like thosealreadyfoundin Centaur5145Pholus.

Thepresenceof organicsis mosteasilyascertainedfrom theultra-redopticalreflectionspec-
tra,of which5145Pholusremainstheprimeexample.Wewill obtaincalibratedopticalreflection
spectraof 100Centaurs,KBOsandcometarynucleito examinetheincidenceof surfaceorganics.
We areinterestedto know whetherthe organicsso prevalentin the outersolarsystemcansur-
vivepassageto thehot innerregions.Recentobservations,for instance,suggestthatthey cannot,
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on therelative lackof ultraredobjectsamongstthecometsanddead-cometsæ ?ç .
While detailedcompositionalstudiesof the organicsare not possiblefrom low resolution

spectraalone,we will, with theaid of laboratoryexperiments,beableto makeusefulstatements
aboutthedegreeof hydrogenationof theorganics.Theability to takecomparablespectraldatasets
for astronomicallyremoteobjectsand for laboratorysamplesdesignedto model thoseobjects
constitutesa powerful aspectof our collaboration.Presently, theliteraturecontainsirradiatedice
spectrafrom the laboratorythat aredifficult to comparewith real astronomicaldata. In some
casesthis is becausethespectralresolutionsaremis-matched,in othersit is becausetherelevant
spectralrangehasnot beensampledor becauseastrophysicallyrelevant ice mixtureshave not
beenemployed. We will have completecontrol over all theseaspects,andwill ensurethat the
laboratoryspectraarefully comparablewith thoseobtainedat thetelescope.

2.3.4 Comet Isotopic Measurements

CometObservations

In this proposal,we will usetheobservationalfacilitiesatopMaunaKeato obtainmeasurements
of cometaryèêé�ë in cometshaving a wider rangeof dynamicalcharacteristicsandorigins than
the 3 alreadysampled. The JamesClerk Maxwell Telescope(JCMT) hasbeenusedto study
the ìOíïîñðòìOíjí line of HDO at 464.92452GHz in cometHale-Bopp. This high frequency line
is challengingbecauseof telluric absorption:MaunaKea is probablythe only placeon Earth
whereit canbestudied. In addition,thenew SubmillimeterArray Telescope(SMA), will have
sensitivity andhigherangularresolutionattheHDO line. Thekey is to find cometsthatarebright
enoughto permitusefulsignal-to-noiseratiospectrato beobtained.In practicethismeanscomets
mustbeobservedwhennearthesunandat smallsolarelongationangles.Theoptically opaque
Gore-Tex screenof theJCMTmakessuchobservationsroutine.

Herethe main emphasis,asidefrom seeingif therearereal variationsin D/H amongthese
cometswill be to testthepristinenatureof thecomets.How extensive wasthemixing of inter-
stellarmaterialwith materialin thesolarnebula?Canweassumethatcometsin othersystemswill
resembleours(little mixing) or will thecometsof a givensystembedependenton thestructure
andcompositionof thelocalcircumstellarnebula(extensivemixing)?Theanswerwill determine
to whatextentwecangeneralizethetransportof waterin oursystemto othersystems.Theques-
tion canbeaddressedby investigatingD/H and î�ó N/ î?ô N in morecompoundsin morecomets,and
comparingtheresultswith valuesmeasuredin interstellarclouds.

For Kuiperbelt comets,conceivably theD/H in their watercouldmatchthat in seawater, but
they aretoo faint to investigatefrom Earth.However, thesearetheonesthatmissionscango to.
Owenis Co-I ontheRosinamassspectrometerthatwill becarriedontheRosettaSpacecraft.This
instrumentwill not only measureD/H in thecomet’s water, it is capableof measuringthenoble
gasabundancesandisotoperatios,includingxenon,in thecomet,therebytestingthehypothesis
that cometsmight have broughttheseparticularvolatilesto Earth. If they did, they obviously
would have broughtSOMEwateraswell asorganiccompoundsandothersourcesof nitrogen.
Rosinawill alsomeasurethenitrogenisotopesin thecomet,providing anothertestof cometary
deliveryof volatilesto Earth.Wenow know thatthenitrogenin Hale-Bopp’sHCN hasanisotope
ratiocloseto thetelluric value,but HCN is aminorconstituentof comets,soweneedto evaluate
thetotal cometarynitrogen,andthis Rosinacando.
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MarsObservations

As a startingproposition,onemight expect that Mars hadthe samesourcesof volatilesasthe
Earth.Supportfor thisassumptioncomesfrom astudyof noblegasesin theMartianatmosphere,
whichshowsthatAr/Kr/Xe andtheXe isotopesarevirtually identicalonMarsandEarth.Wecan
testthewateron Marsby remoteobservationsfrom Earthandby studiesof Martianmeteorites
(SNCs).Wefind thatwaterin theMarsatmosphereshowstheeffectof atmosphericescape:D/H
is 5.5 timesthevaluein seawater. Waterin mineralsin theSNCsshowsa rangeof valuesof D/H
extendingto thevaluemeasuredin atmosphericwater, showing thatsomeof thiswatermusthave
becomeincorporatedin the minerals. But the lowestvalueof D/H in thesemineralsis not the
valuein our oceans,it is thetwicehighervaluefoundin comets.

Finally, the xenonin the rock that comesfrom the greatestsub-surfacedepthshows xenon
with solar isotoperatios, ratherthan the atmosphericvaluesthat mimic thoseon Earth. Thus
the stageis set to useMars to test ideasaboutthe origin of volatileson Earth. To pursuethis
investigation,a postdocsupportedby thepresentgrantcouldcollaborateto investigatetheMars
rocksfurtherto unravel theevolutionof theMartianatmosphereandto evaluatethewatercontent
of the Martian interior. For example,it will be interestingto comparethe total wateron Mars
with thetotal on Earth,to seeif thereis a modelfor waterdelivery that is compatiblewith these
results.

2.3.5 Instruments for the Identification of Biomarkers

Objective– Identificationof processesandinstrumentsrelevantto iceandwaterbio-markersmea-
surements.

Connections– õ 2.1.6,2.1.7
AstrobiologyRoadmapLinks– Goal7; Objective7.2
Researchers– Anderson,Gaidos

Background– Detectionand identificationof biomarkersand bio-moleculesin extraterrestrial
aquaticenvironmentsremainsa key challengefor futureexplorationof planetarybodiesö 143÷ , e.g.,
thepositedsubiceoceansof Europaö 202ø 112÷ , theicy polarcapsof Earth,Mars,Callisto,andtheicy
surfaceof Europa.Ourapproachwill useknowledgeof thesetypesof waterandicelocalesasthe
basisfor testingbothvehiclesandinstrumentsrequiredto find bio-habitats,aswell asthespecific
measurementsthatwill mostrapidly assessthepresenceof biomarkersin thatenvironment.Our
proposalspecificallyseeksfundingto supportcontinuedoperationaltestingof a uniqueCryobot
vehiclefor in-situ analysisof ice andwaterenvironments,in conjunctionwith samplehandling
andbiomarker detectionstudiesusingsimpledefinitive instrumentstestedin boththelaboratory
andin analogsites.

The Cryobot is a tetheredvehiclecapableof penetratingice to kilometersof depthusinga
combinationof passive heatingandactive hot waterjetting thathasbeendevelopedby partners
at both the University of Hawaii andthe JetPropulsionLaboratory(Fig. 2.3.5a,b). It hasthe
advantageof beingsmallin size,mass,andpower, while providing thecapabilitiesof ahotwater
drill, while considerablysimplifying icecontaminationissuesfrom bothdangerousdrilling fluids
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andsurfacebiology. Theonboardavionicsallow theCryobotto steer, cut sidechannelsto store
debris,andtransmitrealtime datato thesurfacevia a tetherthatspoolsfrom thebackof theve-
hicle,allowing it to continuedescendingfollowing refreezeof theborehole.Thetethersupports
gigabitcommunicationspeeds,enablingrealtimehigh resolutionvideo,massspectroscopy, and
samplehandling.

Fig 2.3.5–a) Fundingfrom this proposalwill aid in linking technologydevelopment,suchasthe ice
drilling Cryobotvehicleshown above with astrobiologyinstrumentsappropriatefor wateryandicy envi-
ronments.TheCryobotis a fully independentroboticvehicle,including: 1) a nosethatheatsandjetshot
water, 2) aninstrumentandavionicsbaycontaininganadvancedcomputerandcontrolsystem,including
directionalcontrolandfault tolerance,aswell ason-boardanalyticalcapability, and3) a fiber optic tether
capableof transmittingvideoandgigabitsof instrumentdatain realtime. b) TheCryobothasbeentested
in extremeenvironments,including thenorthernpolar islandof Svalbard,Norway, in winter. Additional
funding will be usedto bridgetheexisting designwith our ongoingscienceefforts in Icelandandin the
laboratory. The systemdoesnot useenvironmentallyharmful chemicallike many ice drilling methods,
protectingthebiosignaturesthatthescienceeffort seeksto measure.

Thevehiclehasbeentestedin icesheetsduringtheharshwinterin Svalbard,Norway, andis ready
for integrationwith instruments,aswell astestingof samplingandsterilizationtechnology. It can
alsobeusedin thedeepoceanto studyhydrothermalvents,andotherastrobiologicallysignificant
targets. Thoughnot selected,the vehiclewasoneof the mosthighly ratedScoutproposalsfor
exploring Mars,andis underconsiderationfor the ice penetratingstudiesof othericy bodiesin
thesolarsystem.Furtherdevelopmentof this systemby terrestrialanalogstudiesis supportsthe
long term astrobiologyinfrastructureof searchingfor life associatedwith water. Our proposal
seeksmoney to supportlaboratorytestsof the existing vehicle,aswell asfundsto allow us to
usethe vehicle in ice andlakesin collaborationwith our otherprojectsin Iceland,Antarctica,
Kauhako LakecrateronMolokai, andLakeWaiaunearthesummitof MaunaKea.

Identificationof processesandinstrumentsrelevantto iceandwaterbio-markermeasurements
is ongoing,andis oneof theweakestlinks in theexisting astrobiologyinfrastructure.While nu-
merousastrobiologydetectionconceptshavebeensuggestedù 7 ú 160ú 161ú 86 ú 56û , nodefinitiveflight ready
astrobiologyinstrumentexiststoday. To thatendour NAI proposalwill focuson theprovenance
andassociationof life with waterto thedesignandselectionof appropriateinstrumentsfor plane-
taryuse.Wewill bothpartiallysupportnew instrumentdesignsaswell assurvey theastrobiology
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field, asa wide rangeof possibleinstrumentsareplannedor arein partial stagesof
completionthroughoutthe planetarysciencecommunity. This effort will focuson identifying
themostrelevantinstrumentsfor theice andwaterenvironment,aswell asthebasictechnology
hurdlesto their broaderacceptancewithin the ASTEPor ASTID programs. Successfulinter-
pretationof complex naturalenvironmentswill requiredetailedlaboratorystudyof thephysical
processesthatproduceameasurableastrobiologysignaturein waterandice,whichwewill carry
outat theUniversityof Hawaii in ourexisting labs,aswell asin partnershipwith theNationalIce
CoreLaboratory(NICL), in Denver Colorado.Our proposaleffort will focuson processesand
relatedmeasurementtechniquesby usingsamplesobtainedfrom terrestrialanalogs,includingthe
dry desertsof Antarctica,therelatively wetenvironmentsof thedesertsouthwest,andtheunique
waterenvironmentsin Hawaii. Hence,theresearcheffort weareproposinghasspecificstrengths
in thatit builds on:

ý TheAstronomyandLaboratoryportionsof this proposal,includingthesources,sinks,and
historyof astrobiologicallyrelevantwater.

ý Therich historyof design,construction,andfield useof instrumentsin theharshestenvi-
ronmentsby theUniversityof Hawaii, includinga rangeof spectrometersandwet chem-
istry systems.For example,theUniversityhasrecentlydeployedmassspectralsystemsto
4000m in hydrothermalvents,anddemonstratedstand-off Ramaninstruments.

ý Integratespreviouswork for identifyingbiomoleculesandmarkers,bothattheUniversityþ 12ÿ ,
andin theliterature.

ý Integratesnew measurementsusinginstrumentscurrentlybeingproposedby theUniversity
of Hawaii for astrobiologyby testingthemat terrestrialanalogsites,aswell assupportsa
inclusive effort to identify the physicalprocessesunderlyingbiologic processesthat will
producethedefinitive instrumentsof thefuture.

Definitionof Biomarkers

Therearetwo broadclassesof environmentalsignaturesthatcanbe interpretedasevidencefor
life: geochemicalfractionationanddirectbio-moleculeidentification.Onetaskof this proposal
will supportthe ongoingdevelopmentof astrobiologyinstrumentsfor the direct detectionof
biomoleculesin wateror iceenivronmnets.A secondwill beafeasibilityanalysisto usethebasis
for new ASTID, ASTEP, PIDDP, andMIDP proposals.We will demonstratethepracticalityof
usingof a rotatingfield massspectrometer(RFMS)currentlyin our possessionat theUniversity
of Hawaii to searchfor biosignaturessuchasstratifiedgeochemistrybothusingtheCryobotand
samplesfrom hydrothermalvents,Antarctic ice cores,andfield-testingin Iceland.Whatmakes
theRFMStruly uniqueis its rotatingfield approach,which allows usto measuremoleculeswith
weightsfrom 1-100,000daltons,far morethancomparablesystems,with a lengthof � 6 cm and
noprecisionparts(Fig. 2.3.5c).BecauseRFMSusesasemi-soft-ionizationtechnique,this range
is sufficientto measureelementalabundance,ions,andlargeorganicmolecules.Wewill calibrate
theinstrumentby measuringtheinorganic,organic,andisotopicchemistriesof avarietyof liquid
samplescontainingbiosignatures.Theseinstrumentsarecurrentlyoperational,anddemonstrated
at high-pressuresandextremetemperatures(Fig. 2.3.5d).
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In additionto supportinglab testingof the in-
strument,we proposeto use funds from this
proposalto enableus to testthis instrumenton
currentlyproposedNSFandfutureASTEPice
projects.Thesebridgingfundswill allow usto
bringalongtheexisting instrumenton thesead-
ditional field proposalsto constrainreal world
sensitivity to biosignatures.The proposedef-
fort will not only returnusefulsciencedataon
therangeof environmentsconduciveto life, but
provide real world in situ testingof advanced
instrumentationthat could be used to study
oceans,ice sheets,andhydrothermalventson
Europa,or the icy polesof Mars. Thesetech-
nologiesenablethe sciencegoalsof MEPAG,
ASTEP, andtheEuropaFocusGroups,andrep-
resenta convergenceof scienceobjectives,en-
abling technologies,and field deployment ex-
perience.This technologywill enableNASA to
directly searchfor biomarkers,measurethe

Fig 2.3.5c–Thecoreof theRFMSinstrument
shown hereis smallandtolerantof thespace-
flight environment. Funds from this pro-
posalwill beusedto testthesensitivity of the
existing instrumentsusing lab standardbio-
moleculesfrom the AmericanType Culture
Collection (ATCC), and bridge the existing
technologywith ongoingscienceefforts.

metabolicpotentialof biotashouldthey bepresent,andcharacterizethegeologicandclimatalogic
environmentwhetheror not biosignaturesarepresent.

Fig 2.3.5d–TheRFMSinstrument,shown herein a
very large pressurechamber, hasbeenusedin high
pressureaqueousenvironmentssimilar to thosethat
maybeanalogsfor life onMarsor onEuropa.While
theinstrumentcasingshown hereis not suitablefor
ultimatespace-flight,weareinterestedin labtesting,
aswell asultimatemodificationfor Cryobotuse.

Cellular Membranes(Lipids)

Biosignaturesin organiclipids includespecificbiomarker compoundsandotherfeatures(stere-
ochemistry, non-randomdistributions)of the lipid fingerprintthatcannotbe explainedby abio-
geneticsynthesis

�
149� . Both lipid distributionsandtheoccurrenceof complex molecularstructures

requiringbiosynthesis(biomarkers)areimportantwhenscreeningfor organicbiosignatures.In
screeningfor biomarkersit maybepossibleto recognizewhetherany of thethreeextantdomains,
Bacteria,ArchaeaandEucarya,werepresentby includinghopanes,head-to-headisoprenoidsand
steranes,respectively, in thesearchprotocolusedto interrogatethemassspectra.Distributionsof
non-biomarker compoundscanamountto a biosignature,e.g., a normalalkanedistribution that

59



shows predominanceof theeven (or odd)carbonnumberedcompounds,reflectingbiosynthetic
pathwaysthathomologateby two-carbonincrements.

Fig 2.3.5e–New designsfor incorporatingpyrolysisandgaschromatographyinto a RFMSsystemare
currentlyunderconsideration.We will usefundsfrom this proposalto usethe ATCC samplesasa test
suitefor designslike theoneshown here,to determinetheir sensitivity to bio-molecules.

In general,lipids arefound ascomplex mixtures. We canrecognizebiosignaturesin these
mixtureswhentheir compositionis out of balancewith whatcouldbeformedfrom abioticsyn-
thesisalone.Characteristicsof abiosignaturemayinclude(1) excessesof somestructuralisomers
or homologuesoverothersoutsidetherealmof possiblerandom(abiotic)synthesis,(2) repeating
structuralsub-unitsin a molecule,for example,theC� isopentenesub-unitsin isoprenoids,and
(3) enantiomericor otherstereochemicalexcessesthatdo not reflectrelative thermalstability.

The most abundantlarge lipids producedeitherby abiogeneticprocessesor by enzymatic
synthesisarethe normalalkanes.A large componentof thesearebiosyntheticallyproducedas
functionalizedcompounds,suchas fatty acids. Fischer-Tropschsynthesis,an abiotic process,
alsoproducesthesestraighthydrocarbonchains,againmostly with functionality. The smooth
distribution(by gaschromatographyor gaschromatography-massspectrometry)of fattyacidsor
n-alkanesin aFischer-Tropschproducttypifieswhatwouldbeexpectedfrom abioticsynthesis

�
129� .

This distribution of homologsis controlledby conditionsof thesynthesis,suchastemperature,
pressure,andcatalyses.In contrast,biogenicdistributionstypically show predominanceof the
evencarbonnumberedhomologuesunlessthey areobscuredby thermalalterationor diagenesis.
For example,diageneticeffectsof clay canresult in decarboxylationandproducean n-alkane
distribution with anoddC-numberpredominance.But thebiosignature,thoughaltered,remains
legiblebecauseit differsfrom thesmoothdistributioncharacteristicof anabiogenicorigin. Sim-
ple methyl-branchedalkaneswhosemethyl groupshows a positionalpreferencealongthe car-
bon chain may be a key biosignature,becauseof the link betweentheselipids and primitive
organisms

�
110� .

Many biomarkerscarry taxonspecificityin which they show input from variouskingdoms,
familiesandeven individual species.Examplesof taxonspecificbiomarkers

�
149� from the three
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domains,� Bacteria,Archaea,Eucarya,arehopanes,head-to-headlinkedisoprenoidsandsteranes,
respectively. Squaleneis awidely usedisoprenoidintermediatein thebiosynthesisof many poly-
cyclic biomarkers,but the cyclization variesin differentdomains� 172� . Bacteriacyclize squalene
to make hopaneswhile in Eucaryassqualenelies on thepathway thateventuallyleadsto sterols.
Archaeahaveauniquewayof joining isoprenoidsto form ahead-to-headlinkage.

Analysisof samplesfrom wateror ice environmentscomposedof living or recentlyliving
organismsin complex mixtures,e.g., from naturalecosystems,presentsa challenge.The chal-
lengeis to recognizekey biomarkersandbiosignaturesagainsta large backgroundof organic
debristhat is un-interpretableasa biosignature.A primary task is to determinethe biomarker
detectionlimits of theRFMSinstrumentandto recognizeany biomarkersor biosignaturesby in
situanalysis.Thisability will bedemonstratedby labtestsundervariousconditionsthatsimulate
thekindsof primitiveextraterrestrialecosystemsthatmight exist now or in thepast.We further
proposeto optimizeour RFMSsystemfor biosignaturedetectionby integratinga laboratorygas
chromatographandpyrolyzersystem,allowing us to determinesensitivity for measurementsof
key biomarker informationsuchaslipid compoundsandisotopicbiosignatures,amongsta wide
rangeof otherbiomarkers(Fig. 2.3.5e).

OtherApproaches:AminoAcids& ATP

Amino acidsarethe building blocksof proteinsandenzymesrequiredfor life in terrestrialor-
ganisms.A capabilityto engagein direct detectionof amines,aminoacids,andpoly-aromatic
hydrocarbonswould provide a usefultool for distinguishingbetweenbiotic andabioticorganic
compounds.For example,homochiralityof aminoacidsprovidesan unambiguousindicatorof
a potentialbiogenesis� 8� ; D-aminoacidswould suggesta non-terrestrialorigin, while the detec-
tion of non-racemicaminoacidswould favor a biotic origin. ATP is usedasan intermediate
energy-storagemoleculeby ll life on Earth.A numberof ideasexist for thein-situ identification
of ATP, includingUV fluorescence,andthelabelingof phosphatesfor uptake andrespirationof
organisms. Theselabeledphosphatescan thenbe identifiedvia massspectroscopy or tunable
diode laserspectroscopy (TDLS). While we currentlydo not have active programssupporting
in-situ analysisof thesetypesof biosignatures,we will provide a comparative analysisof the
strengthsof thesetypesof instrumentsof usein iceor wateraspartof ourstudy. Specifically, we
proposeto study:1) microchipcapillaryelectrophoresissystemscapableof identifying bothany
aminoacidsandenantiomericcompositionof a compound,following thework of � 96� , and2) ATP
detectionusingUV florescence,massspectroscopy, or TDLS.

2.4 Outline of Work Plan

The proposedresearchframework will supporta groupof postdoctoralscholarswho will carry
out independent,interdisciplinaryresearchspanningtwo or moreof the investigators’(or affili-
atedinvestigators’)researchspecialties.Thefundingfor anNAI doesnot equateto a substantial
amountof money per Co-I, and is not intendedto fund major new instrumentationinitiatives,
but is rathera seedto fostercollaborationsamongexisting groups.We areproposinganinnova-
tive modelto maximizethecollaborative scienceoutput. By supportinga groupof postdoctoral
scholarswe intendbothto influenceyoungscientistsat a formativephaseof their careers,andto
provide themwith acircleof expertfacultyadvisorsandcollaboratorsfrom diversebut intercon-
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nectedresearchbackgrounds.

2.4.1 ManagementApproach

Sinceinteractionbetweenscientistsworking in differentareasis the key to the successof our
astrobiologyinstitute, we will employ a managementstyle that heavily promotesinteraction.
ThePI will take overall responsibilityfor ensuringthevigor andsuccessof theeffort. Shewill
hold bi-weekly meetingswith the co-investigatorsto discussresearchdirection and progress,
financial/managementissuesandto ensureanactiveE/POeffort with broadparticipation.

The co-Is arewidely scatteredover the Universityof Hawaii campusandbeyond, meaning
that face-to-facecontactsmustbeengineeredin orderto provide a microcosmof thedistributed
researchers’network which is intrinsic to NASA’s astrobiologyinstitutes. We will use2000
sq. ft. of office spaceprovided to this project by the University Presidentto provide a focal
point and venuefor regular meetings. Thesewill include weekly meetingsat which current
researchresultsof the Oo-I’s and astrobiologypostdocswill be presentedand discussed. In
addition, the UH-NAI will offer an astrobiologyseminarseriesin which broaduniversity and
communityinvolvementwill be sought. A sophisticatedsoftwaretool will be implementedto
facilitatescientificinteractionbetweenmembersof thegroup,building on thecapabilitiesof the
NAI ScienceOrganizer. The outsidecollaboratorswill be involved in this throughthe Visiting
ScholarsProgramandfrequentcommunications.

2.4.2 Timelines& Deliverables

With a collaborative framework of this magnitude,therewill undoubtedlybe a wealthof new
ideas,andresearchdirectionsinitiated. However, we do have a setof well-defineddeliverables
which involveour collaborativeefforts.

1. TheOrigin of Water andtheFormationof StarsandPlanetarySystems–
	

Time Investigators Task
2.1.1 5.0yr Reipurth,Williams IR spectraof 
 230 backgroundstars, 20

youngstars
2.1.1 5.0yr Reipurth,Williams Watermasermapstoward10 stars
2.1.1 1.0yr Williams Submminterferometry, 20 disks(chemistry),

2 mappedin detail

2. Obs.andexperimentalinvestigationof interstellarandcometarywaterice chemistry–
	

Time Investigators Task
2.3.2 5.0yr Kaiser 120ice irradiationexperiments
2.1.2 0.5yr Kaiser, Bar-Nun,Ehren. Ne/Ar/Kr/Xe ratiostrappedin amorphousice

in thepresenceof excessCO,N �
2.1.2 1.0yr Kaiser, Bar-Nun,Ehren. N � /CO in cometaryices
2.1.2 1.0yr Kaiser, Bar-Nun,Ehren. Gastrappingin CHONparticles
2.1.2 4.0yr Kaiser, Bar-Nun,Ehren. Mini-enzymesformationin aqueousmedia

Note:Typically, oneexperimenttakes2weeks(ultrahighvacuumgeneration,preparingice
mixtures,carryingouttheirradiation).Includingmaintenancetime(1mo/yr),24irradiation
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experimentscanbe conductedper year. Eachmixture hasto be investigatedat different
temperatures,irradiationsources,andparticle/photonenergies.Realistically, weinvestigate
then10distincticemixtureseachat 10 differentparametersets(T, energy, flux).

3. Origin andDistributionof PlanetaryWater –
�

Time Investigators Task
2.1.4 1.0mo Keil, Krot, Scott X-ray mappingof 2-5 thin sectionsof 6 chon-

drites,backscatteredelectronstudiesandelec-
tron microprobestudies

4. WaterandAqueousAlterationon Mars–
�

Time Investigators Task
2.1.5 1.0yr Taylor, Gaidos Develop model of melting ice fields and hy-

drothermalsystemsonMars

5. Water-rock ChemistryandHabitatsfor Life –
�

Time Investigators Task
2.1.6 3.0yr Cowen,Mottl, Gaidos Assaybiologicalactivity carryoutsurvey of mi-

crobialcommunityin lava-seawaterplumes
2.1.6 5.0yr Cowen,Mottl Microbial diversity & physiology in low wa-

ter/rockoceaniccrusts
2.1.6 2.0yr Mottl Geochem char of unusual low T,

high pH/alkalinity fluids emanatingfrom mud
volcanoesat Maianaforearc

2.1.6 3.0yr Mottl, Cowen Char microbial communitiesof low T high
pH/alkalinity fluidsat Maianaforearc

6. ExtremeAquaticEnvironments& Their Analogy to PotentialHabitatsin theSolarSystem
– �

Time Investigators Task
2.1.7 5 yr Thorsteinsson,Gaidos Survey biologicalactivity andcommunitycom-

positionin Icelandsubglacialenvironments
2.1.7 5 yr Gaidos Survey biologicalactivity andcommunitycom-

positionin high-altitudefumaroles

7. An IntegratedModelof thePlanetaryWaterCycle–
�

Time Investigators Task
2.1.8 2 yr Hammer, Keil, Gaidos Develop an integratedmodel of the geologic

water cycle and explore the parameterspace
basedon plausiblemodelsof planetformation
andcomposition

8. Signaturesof Water-BearingExoplanets–
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Time Investigators Task

2.1.9 5 yr Meech,Gaidos Conduct long-term monitoring of earthshine
spectrumwith particularattentionto signatures
of waterandmodelits diurnal,season,andin-
terannualvariations. Develop model of wa-
ter loss from planetsandgiant cometsaround
youngstarsandassessits detectability

2.4.3 Role of Co-Investigatorsand Collaborators

All of theprojectCo-Investigatorsaretakinganenthusiasticandactiverole in theproposedUH-
NAI, regardlessof financialsupport.Thecoreteamof Co-Isarethosewhohavebeeninvolvedin
thediscussionandplanningof theUH-NAI, somesincethelastCooperative AgreementNotice.
Thecoreteamrepresents1-2 leadscientistsin eachof themajorwater-relateddisciplinesof our
researchtheme.Collaborators, in general,areproviding invaluable(non-funded)contributions
in morespecializedareasof science.This groupalsoincludesour internationalcolleagues.All
of theCo-Iswill beinvolvedin theweeklymeetingsdiscussedabove,andthelocal collaborators
will beencouragedto join. In addition,we plananactivevisiting programwith our international
collaborators(3.2.2)

� Meech– As PI of theprogram,Meechwill beresponsiblefor theoverall managementof
the group. In addition,shewill actively conductresearchin the areasof cometarystud-
ies outlinedabove. In addition,becauseof her experienceswith running large outreach
programs,shewill contributeto theE/POcomponentof theNAI.

� Anderson – Andersonwill supervisea seriesof lab basedlife detectionexperimentsin
laboratoryice using technologieslike the uniqueice penetratingprobe,the cryobot,and
instrumentssuchas the rotatingfield massspectrometer. In addition, theseexperiments
will beextendedto icecoresat theNationalIceCoreLaboratory, whichhousescoresfrom
aroundtheworld. Theinstrumentswill alsobetestedin theglacial lake on thesummitof
MaunaKea.

� Binsted – Binstedwill be responsiblefor designing,implementing,testingandevaluat-
ing a softwaretool to aid interdisciplinaryscientificcollaboration.Shewill alsoconduct
researchin scientificvisualizationandcollaborative systems.Becausethe resultingnet-
work of astrobiologicalconcepts,hypothesesandresultsmaywell beusefulin introducing
non-expertsto thefield, Binstedwill alsoparticipatein theE/POcomponentof theNAI.

� Cowen – Cowen will actively conductfield researchin microbial geochemistryof hy-
drothermalsystemsat mid-oceanridgesand in ridge flank crusts. He will also lead re-
sponseexpeditionsto studyseaflooreruptionsfor geochemicalandmicrobialindicatorsof
subsurfacecommunities. He will participatein outreachactivities, especiallyin science
teacherenhancementprojects(e.g. teacherat sea).

� Gaidos– Gaidoswill leadexpeditionsto subglacialvolcanoesin Icelandandhigh-altitude
fumarolicenvironmentsin SouthAmericato assessthepresenceandadaptationof micro-
bial communitiesin theseenvironmentsandto explore thepossibility that life couldexist
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outsidethe rangeof stableliquid water. He will alsoparticipatein researchon extreme
aquaticlake environmentsin Hawaii. He will developmodelsof liquid waterproduction
andtransporton thesurfaceof Marsandwill beresponsiblefor developingmodelsof the
planetarywatercycleandthedetectabilityof extrasolarcometaryandplanetarycomae.He
will leadaprogramof observationsof theearthshinespectrumfrom MaunaKea.

� Jewitt – Jewitt will be in charge of studyingKuiper Belt objectsandcometsanddeter-
mining their physicalproperties,andicy compositions.Jewitt is alsoinvolved in the Pan
Starrstelescopeproject,andis chairof its ScienceWorkingGroup.His rolewill beto help
determinethemassspectrumof all NEAs,andto enablefurthercompositionalstudy.

� Kaiser – Kaiserwill performall of theultra-vacuumlabexperimentsin hiscapacityasthe
leadof the ReactionDynamicsgroup. In additionKaiserwill take an active lead in the
developmentof agraduateprogramof astrobiologycourses.

� Karl – Karl will superviseandparticipatein field andlaboratorystudiesrelatedto compar-
ativeaquaticecosystemanalysisandin theevaluationof life detectionsystems,especially
ATP analysis. He will also supervisea postdocwho will conductlaboratorystudiesof
Antarcticicecoresandexperimentalstudiesusingicemesocosms.

� Keil – Keil collaborateswith NAI colleaguesSashaKrot andEd Scottto conductresearch
into theaqueousandweatheringhistoryof asteroidalmeteorites.Keil will synthesizethe
information to derive an understandingof the aqueousevolution andactivities on small,
asteroidal-sizedplanetesimals.

� Kudritzki – Kudritzki will helpprovidetheastronomicalinfrastructurefor theproposalby
ensuringthe futuredevelopmentof MaunaKeaandHaleakala.In addition,he will assist
with themanagementof theNAI. He is keento take anactive role in all of thescienceof
theNAI, includingregularsciencemeetings,infusingastrophysicalperspectives.

� Mottl – Mottl will conductfield researchin thegeochemistryof microbialhabitats,includ-
ing cold springson serpentinitemud volcanoesin the Marianaforearcandhot springsin
theLau (back-arc)Basin,wherehehasNSF-fundedprograms.He will participatein the
studiesof Hawaiianlakesandcoastalareaswherelava is flowing into thesea,asdescribed
in theproposal.He will provide chemicalanalysesandwill collaboratewith microbiolo-
gistsin characterizingunusualmicrobialhabitats.He will participatein outreachactivites,
especiallyin scienceteacherenhancementprojects,includingtakingteachersto sea.

� Owen – Owenwill investigatethe D/H compositionof cometsin orderto establishhow
muchisotopicequilibrationtook placein thesolarnebula betweenH � O andH � . In addi-
tion hewill investigatetheability of waterice to trapnoblegasesto determinehow much
cometarywaterwascontributedto Earth.

� Reipurth – Reipurthwill carry out the researchon waterobservationsin the interstellar
medium.In addition,hewill developandrun theAstrobiologywinter school,andwill be
significantlyinvolvedin theoutreachcomponentof theUH-NAI.
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� Taylor – Taylor will have overall responsibilityfor studiesrelatingto aqueousprocesses
onMars. In addition,Taylor is theleadontheE/POprogramdiscussedherein. � Jeff Taylor
will spendat leastonemonthof his time on this his Hawaii SpaceGrantactivities. His
participationUniversityof Hawaii aspartof thestate’smatchingGrant.

Table1: UH NAI ProposalCollaborators

Personnel Location & Role Expertise
AkivaBar-Nun Tel-Aviv University � CometImpacts;Chemof Emergenceof Life
CeciliaCeccarelli Obs.Grenoble � Astrochemistry, Waterin CircumstellarDisks
PascaleEhrenfreund LeidenObservatory � Astrochemistry;InterstellarIces& Organics
JuliaHammer Universityof Hawaii � Volatile/MineralInteractionsat Mod. Pressures
JamesHeasley Universityof Hawaii � FaulkesTelescopeOutreach
Mary Kadooka Universityof Hawaii � EducationalOutreach;PhysicsResourceAgent
AlexanderKrot Universityof Hawaii � Meteoritics
GaryMcMurtry Universityof Hawaii � Methodsfor in-situ BiomoleculeIdentification
Dina Prialnik Tel Aviv University � CometThermalmodels;IcePhysics
Ed Scott Universityof Hawaii � Meteoritics& Cosmochemistry;Petrology
Thor. Thorsteinsson Nat. Energy Auth. � Glaciology
JonathanWilliams Universityof Hawaii � ISM; SubmmInterferometry
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Hutnak, M., & Lam, P. 2003, “Fluids from aging oceancrust that supportmicrobial life”,
Science299, 120-123.

[38] Cruikshank,D. P. 1997,“Organicmatterin theoutersolarsystem:from meteoritesto the
Kuiperbelt, from stardustto planetesimals”,in ASPConf. Ser122, ed.Y. J. Pendleton& A.
G. G. M. Tielens,315-334.

[39] Cruikshank,D. P., Roush,T. L., Bartholomew, M. J.,Geballe,T. R.,Pendleton,Y. J.,White,
S. M., Bell, J. F., Davies,J. K., Owen,T. C., deBergh, C., et al. 1998,“The Compositionof
Centaur5145Pholus”,Icarus135, 389-407.

[40] Cumming,A., Marcy, G. W., & Butler, R. P. 1999,“The Lick planetsearch:Detectability
andmassthresholds”,Astrophys.J. 526, 890-915.

[41] Cyr, K. ., Sharp,C. M., & Lunine,J. I. 1999,“Effectsof theredistribution of waterin the
solarnebulaon nebular chemistry”,Icarus104, 19003-19014.

[42] Darwin,C. 1859,in Ontheorigin of speciesbymeansof natural selection,or thepreserva-
tion of favouredracesin thestruggle for life, ed.JohnMurray, London.

[43] Davies,J.et al. 1997,“The Detectionof WaterIce in CometHale-Bopp”,Icarus127, 238-
245.

[44] Davies,J.K., Roush,T. L., Cruikshank,D. P., Bartholomew, M. J.,Geballe,T. Owen,T., &
deBergh,C. 1997,“The Detectionof WaterIce in CometHale-Bopp”,Icarus127, 238-245.

69



[45] Davis, E. E., Becker, K., Pettigrew, T., Carson,B., MacDonald,B. R. 1992,“CORK: a hy-
drologicalsealanddownholeobservatoryfor deep-oceanboreholes”,Proc.ODP, Init. Repts.
139, 43-53.

[46] Davis,E.E.,& Becker, K. 1999,“Tidal pumpingof fluidswithin andfrom theoceaniccrust:
new observationsandopportunitiesfor samplingthecrustalhydrosphere”,Earth Planet.Sci.
Lett.172, 141-149.

[47] DesMarais,D. J.,Harwit, M. O., Jucks,K. W., Kasting,J. F., Lin, D. N. C., Lunine,J. I.,
Schneider, J., Seager, S., Traub,W. A., & Woolf, N. J. 2002,“RemoteSensingof Planetary
PropertiesandBiosignaturesonExtrasolarTerrestrialPlanets”,Astrobiology153, 153-182.

[48] Donachie,S.,Kinzie, R. A., Bidigare,R., Sadler, D., & Karl, D. M. 1999,“Lake Kauhako,
Molokai: biological andchemicalaspectsof a morpho-ectogenicmeromicticlake”, Aquatic
Microbial Ecology19, 93-103.

[49] Duncan,M. F., Quinn,T., & Tremaine,S.1988,“The origin of short-periodcomets”,Astro-
phys.J. 328, L69-L73.

[50] Dutrey, A., Guilloteau,S.,& Guelin,M. 1997,“Chemistryof Protosolar-likeNebulae:The
Molecularcontentof theDM TauandGG TauDisks”, A& A 317, L55-L58.

[51] Dyson,F. 1999,in Originsof Life, CambridgeUniversityPress,Cambridge.

[52] Eberhardt,P., Reber, M., Krankowsky, D., & Hodges,R. R. 1995,“The D/H and ��� O/ ��� O
ratiosin waterfrom cometP/Halley”, Astron.Astrophys.302, 301-316.

[53] Ehrenfreund,P., D’Hendecorut,L., Dartois,E., Jourdainde Muizon, M., Breitfellner, M.,
Puget,J.L., & Habing,H. J.1997,“ISO Observationsof InterstellarIcesandImplicationsfor
Comets”,Icarus130, 1-15.

[54] EndressM., & Bischoff, A. 1993,“Mineralogy, degreeof brecciation,andaqueousalter-
ationof CI chondritesOrgueil, Ivuna,andAlais” (abstract),Meteoritics28, 345-346.

[55] EndressM., ZinnerE.,& Bischoff, A. 1996,“Early aqueousactivity onprimitivemeteorite
parentbodies”,Nature379, 701-703.

[56] Farmer, J. 1998,“Thermophiles,earlybiosphereevolution, andtheorigin of life on Earth;
implicationsfor theexobiologicalexplorationof Mars”, J. Geophys.Res.E, Planets103, no.
12,28457-28461.

[57] Feldman,W. C., Boynton,W. V., Tokar, R. L., Prettyman,T. H., Gasnault,O., Squyres,S.
W., Elphic, R. C., Lawrence,D. J., Lawson,S. L., Maruice,S., McKinney, G. W., Moore,
K. R., & Reedy, R. C. 2002,“Global distribution of neutronsfrom Mars: Resultsfrom Mars
Odyssey”, Science297, 75–82.
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[181] Reipurth,B., Rodŕıguez,L. F., Anglada,G., & Bally, J.2002,“RadioContinuumMapsof
DeeplyEmbeddedProtostars:ThermalJets,Multiplicity , andVariability”, AJ124, 1045-1053.

[182] Resing,J. A., & Sansone,F. J. 1999, “The chemistryof lava-seawater interactions:the
generationof acidity”, Geochim.Cosmochim.Acta63, 2183–2198.

[183] Resing,J. A., & Sansone,F. J. 1999,“The chemistryof lava-seawaterinteractionsII: the
elementalsignature”,Geochim.Cosmochim.Acta66, 1925-1941.

[184] Reynolds,R. T., Squyres,S.W., Colburn,D. S.,& McKay, C. P. 1983,“On thehabitability
of Europa”,Icarus56, 246-254.

[185] Richardson,S.H., Hart,S.R.,& Staudigel,H. 1980,“Veinmineralsof old oceaniccrust”,
J. Geophys.Res.85, 7195-7200,1980.

[186] Robert,F. 2002,“WaterandorganicmatterD/H ratiosin thesolarsystem:a recordof an
earlyirradiationof thenebula”, Planet.SpaceSci.50, 1227-1234.

[187] Roessler, K. 1992,“Non-equilibriumchemistryin space”,Nuc.Instr. Meth.B65, 55.

[188] Rothschild,& Mancinelli 2001,“Title of Paper”Nature409, 1092-1102.

[189] Sagan,C.,Thompson,W. R.,Carlson,R.,Gurnett,D., & Hord,C. 1993,“A searchfor life
on Earthfrom theGalileospacecraft”,Nature365, 715.

[190] Sansone,F. J.,Resing,J.A., Tribble,G.W., Sedwick,P. N., Kelly, K. M., & Hon,K. 1991,
“Lava-seawaterinteractionsat shallow-watersubmarinelava flows”, Geophys.Res.Lett. 18,
1731-1734.

[191] Sansone,F. J.,& Resing,J. A. 1995,“Hydrographyandgeochemistryof seasurfacehy-
drothermalplumesresultingfrom Hawaiiancoastalvolcanism”,J. Geophys.Res.100, 13555-
13569.

[192] Sansone,F. J.,Benitez-Nelson,C. R., Resing,J. A., DeCarlo,E. H., Vink, S. M., Heath,
J. A., & Huebert,B. J. 2002, “Geochemistryof atmosphericaerosolsgeneratedfrom lava-
seawaterinteractions”,Geophys.Res.Lett.29, 10.1029/2001GL013882.

[193] SchmittB., Espinasse,S.,Grim,R.J.A., Greenberg,J.M., & Klinger, J.1989,“Laboratory
Studiesof CometaryIce Analogues”,ESA-SP302, 65.

[194] Schopf,J. W., & Packer, B. M. 1987,“Early Archean(3.3 billion to 3.5 billion-year-old)
microfossilsfrom WarrawoonaGroup,Australia”,Science237, 70-73.

79



[195] Segura,T. L., Toon,O. B., Colaprete,A., & Zahnle,K. 2002,“Environmentaleffectsof
largeimpactson Mars”, Science298, 1977-1980.

[196] Siegert,M. et al. 1996,“An inventoryof Antarcticsubglaciallakes”, Antarctic Science8,
281-286.

[197] Siegertet al. xxxx, “Title of Paper”,Nature414, 603-609.

[198] Shock,E. 1992,“ChemicalEnvironmentsof submarinehydrothermalsystems”,in Origins
of Life andEvol.of theBiosphere22, 67

[199] Shu,F., Shang,H., Gounelle,M., Glassgold,A., & Lee, T. 2001,“The Origin of Chon-
drulesandRefractoryInclusionsin ChondriticMeteorites”,ApJ548, 1029-1050.

[200] Smyth,J. R. 1994,“A crystallographicmodel for hydrouswadsleyite ( � -Mg  SiO! ): An
oceanin theEarth’s interior?”,Am.Min. 79, 1021-1024.

[201] Stern,S.A. 1988,“Collisions in theOort Cloud”, Icarus73, 499-507.

[202] Stevenson,D. 2000,“Europa’sOcean–theCaseStrengthens”,Science289, 1305-1307.

[203] Strazzula,G. 1998, “Chemistryof ice inducedby bombardmentwith energetic charged
particles”,in SolarSystemIces, eds.B. Schmitt,etal., Kluwer, Netherlands,281-301.

[204] Strazzula,G.,& Johnson,R. E. 1991,“Irradiationeffectsoncometsandcometarydebris”,
in Cometsin the Post-Halley Era, eds.R. L. Newburn, M. Neugebauer, & J. Rahe,Kluwer,
Dordrecth,243-276.

[205] Summit,M., & Baross,J. A. 1998,“Thermophilic subseafloormicroorganismsfrom the
1996NorthGordaRidgeeruption”,Deep-SeaRes.II 45, 2751-2766.

[206] Summit, M., & Baross,J. A. 2002, “A novel microbial habitat in the mid-oceanridge
subseafloor”,Proc.Natl. Acad.Sci.USA98, 2158-2163.

[207] Swindle,T. D., Caffee,M. W., Hohenberg, C.M., & Lindstrom,M. M. 1983,“I-Xe studies
of individualAllendechondrules”,Geochim.Cosmochim.Acta47, 2157-2177.

[208] Tajika,E.,& Matsui,T. 1992,“Evolutionof terrestrialproto-CO atmospherecoupledwith
thermalhistoryof Earth”,Earth Planet.Sci.Lett.113, 251-266.

[209] Thornton,I. W. B., CookS.,Edwards,J.S.,Harrison,R. D., Schipper, C., Shanahan,M.,
Singadan,R., & Yamuna,R. 2001,“Colonizationof an islandvolcano,Long Island,Papua
New Guinea,andanemergentisland,Motmot, in its calderalake. VII. Overview anddiscus-
sion”, J. Biogeograph.28, 1389-1408.
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3 Plan for Strengtheningthe AstrobiologyCommunity

3.1 Education and Public Outr each

3.1.1 Intr oduction

Our grouphasa strongrecordof educationandpublic outreach,andwe intendto capitalizeon
thatexperienceby providing innovative laboratory-basedlearningopportunitiesfor teachersand
by engagingthepublic in our research.We will leverageour efforts fundedunderthis proposal
with otherprogramsin our state,particularlywith the Hawaii SpaceGrantConsortium,Space
ScienceNetworkNorthwest(OSSBroker/Facilitator),andthePacificRegionalPlanetaryImaging
Facility. We will alsouseour extensive network of teachersthroughoutthestateandour active
involvementin the Hawaii ScienceTeachersAssociation,the AmericanAssociationof Physics
Teachersandotherprofessionalorganizationsto help disseminatethe productswe create. For
the first time, dueto the Hawaii TeachersStandardsBoard, teachersneedto be re-certifiedby
2005andthis requiresprofessionaldevelopment.This providestheperfectopportunityfor our
proposedprogramsto assistin Hawaii teacherre-certification. Our outreachprogramswill be
fundedby severalsources.

1. We will besupportingoutreachat a level of " $50K / year(5% of thetotal) from theUH-
NAI budget($10K for workshops,and$40K for staffing (1 summermonth of graduate
student,2 monthsfor awebprogrammer, and2 monthsof anEducationspecialist);

2. TheUniversityof Hawaii is committing$50K/yearto UH-NAI outreach(see3.4.1);

3. The Pacific Resourcesfor EducationandLearninggroupis commiting " 4K per yearfor
teachertravel from Micronesia(2 trips peryear).

3.1.2 Astrobiology Laboratory Institute for Instructors (Alii)

The multidisciplinarynatureof astrobiologylendsitself to broadscientifictraining of teachers.
It canrevitalize a teacher’s approachto whatever sciencesubjectsthey teach,includingbiology,
chemistry, physics,earthscience,andastronomy. Becausethetypical secondaryscienceteacher
reachesabout150studentsayear, a focuson teachertrainingleveragesour resourceseffectively.
Wewill developaoneweeksummerprogramto havegrade7-12teacherslearnaboutastrobiology
and how to incorporateactivities into their courses. activities into their courses. Exemplary
activities suchasthosein SETI’s VoyagesThroughTime moduleswill be used. Pacific Island
teacherswill be recruitedwith supportfrom the Pacific Resourcesfor EducationandLearning
(see3.4.2).(PRELis oneof 10 educationallaboratoriesthatserve geographicregionsacrossthe
nationto improveeducation,andis supportedby theU.S.Dept.of Ed.)

Thisprogram,AstrobiologyLaboratoryInstitutefor Instructors,or acronym, Alii, meansroy-
alty in Hawaiian(actuallyspelledAli’i andpronounced“ah-lee-ee”),afitting namefor important
peoplelike teachers.Experiencein doing teacherworkshops(TOPS-TowardsOtherPlanetary
Systems;and Exploring Planetsin the Classroom)has taughtus the most effective teaching
strategies. Begun in 1993with NASA funding, with a studentcomponentfundedby a private
donor, theTOPSprogramhastrainedover120secondaryscienceandmathematicsteachersfrom
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waii, Micronesia,andotherPacific Islands.TheTOPSteamandtheHawaii SpaceGrantCon-
sortium(sponsorof ExploringPlanetsin theClassroom)arecommittedto helpingimplementour
teacher-trainingprogram.Our plansfocuson integratinglaboratoryexperienceswith deliveryof
contentmaterialsin alignmentwith stateandnationalsciencestandards.

3.1.3 SummerWorkshop and Research Experience

Thefocalpointof our teacher-trainingprogramwill beasemester-longprofessionaldevelopment
programto docutting-edgeresearchin astrobiology,. Wewill collaboratewith theschooldistrict
to supportthis programby allowing teachersto take a semestersabbaticalleave to minimizeour
cost. Teachersfrom the Alii summerworkshopswith their basicastrobiologybackgroundwill
berecruitedfor a rich researchexperience.Eachsemesterseveralteacherswill conductresearch
in a focusareaof this proposal(protostarformation,cometsandthe interstellarmedium,useof
spacecraftdatafor Mars,meteoritestudies,extremeaquatichabitats,

Thisresearchcomponentwill bepatternedaftertheResearchExperiencesfor Undergraduates
andResearchExperiencesfor Teachersprogramthathasbeenrun at theInstitutefor Astronomy
(NSF).Besidesdoingresearch,theteacherswill explorehands-onastrobiologyactivities,attend
talksbyourAstrobiologyInstitute,anddevelopskills mentoringstudentsfor astrobiologyscience
projects.Theseteacherswill make presentationson their researchat local andnationalscience
teachersconferences.(For thosewhohaveonly livedin Hawaii, thiscouldbetheirfirst experience
sincetheschooldistrictdoesnotsubsidizeteachers.

For six hourseachday, teacherswill work on well-definedprojectsalignedwith the NAI
Roadmapobjectivesandunderthesupervisionof NAI-affiliatedscientists.For example,teachers
could experiencethe 13,000ft altitude of MaunaKea while participatingin observing. This
correspondsto theRoadmapGoal3, “Understandinghow life emergesfrom cosmicandplanetary
precursors”.Or teacherscouldutilize theeducationalFaulkesTelescopeFacility (see3.1.5).Co-
I Cowen will continuehis “Teacher-at-Sea”program,wherea teacheris involved in a research
projectby beingassimilatedinto theplanningandstagingof the researchcruise,participatesin
the cruiseas a scientistin training, and writes a report or paperon his/herexperiences.The
teacherhelpshis/herclassor schoolset up an active web pageand arrangefor ship-to-shore
email communicationsto integrateothersinto the researchproject. Also, the teacherwill carry
out experimentsat seabasedon questionsposedby the studentsprior to or during the cruise.
For theUH-NAI program,Cowenplansto mentortheteacherduringstudiesof geochemicaland
microbial indicatorsof subsurfacecommunities.This projectalignswith NAI RoadmapGoal5,
objective 5.3, “Biochemicaladaptationto extremeenvironments”. Therealchallengeis getting
theteacher/schoolto build on theiropportunity;thegoalis to haveasustainedprogramby which
theschoolreachesout to theirnew contactsandinstill in theschoolpersonnelsufficientboldness
to askfamiliarandpotentialeducationalpartnersfor help.With thecontributedfundingfrom the
Universityof Hawaii (see3.4.1)we will haveapersonto helpcoordinatethefollowup.

With eachyear, the numberof astrobiologyteacherswill multiply and promoteastrobiol-
ogy educationin Hawaii’s schools.This modelreplicatesour existing cadreof TOPSteachers
who conductworkshops,give presentationsat nationalconventionsandcontinueto implement
astronomyactivities in their classrooms.
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Astrobiology in a Coursefor Pre-Service Teachers

Usingthesummerworkshopandresearchexperienceasa base,wewill alsoenhanceanexisting
coursefor pre-serviceteachers.Geology& Geophysics168 is designedboth to fulfill a science
requirementfor elementaryteachersandto introduceplanetaryscienceto futurescienceteachers.
It is a combinedlecture/laboratorycourse,with emphasison learningfrom hands-on,inquiry-
basedclassroomactivities. Wewill greatlyincreasetheastrobiologycontentin thecoursethrough
collaborationwith othersin our branchof theNAI. Thecoursecontentmayincludesomeof the
following topics:theprocessesoperatingonthesurfaceof Mars,extremophiles,searchingfor and
recognizingfossilizedmicroorganisms,Marssiteselectionfor samplereturn,debateaboutlife in
Martian meteoriteALH8400. The classwill also include someexposureto research,suchas
mini-internshipsin whichstudentshelpin researchlaboratoriesfor afew hoursaweekfor partof
thesemester. Thiscoursewill alsobeofferedto experiencedscienceteachersto introducedthem
to astrobiology. Wehopeto establishaawidenetwork of teacherswhowill promoteastrobiology
topicsin their coursecurriculum.

3.1.5 The FaulkesTelescopeFacility

TheFaulkesTelescopeis a joint projectbetweentheFaulkesTelscopeCorporationandtheUni-
versity of Hawaii Institute for Astronomy. The telescope,locatedon Haleakala,Maui, to be
completedin late 2003,will be the largestprofessionalgradetelescopein the world dedicated
to educationand public outreach. The 2.2 m diametertelescopewill be usedfor astronomy
educationwith studentsin Hawaii andtheU.K. beingmentoredby teachersandprofessionalas-
tronomers.Researchprojectswith astronomerssearchingfor extra-solarplanetsandKuiperBelt
Objectswill giveourstudentsfirst-handexperienceoncutting-edgeresearchrelatingto thewater
themeof ourNAI proposal.

Undertheauspicesof a broadHawaii NAI outreachprogram,we will havea teachertraining
programfor useof this telescope.TOPS2003 summerworkshopis piloting an experimental
programin preparationfor this proposedFaulkesTelescopeNAI workshop.TOPSteacherswill
learnhow to conducttelescopeobservations,e.g., targetselection,filtersto beused,exposuretime
dependentuponmagnitude,andhow imagesareusedfor analysisof data. At the endof three
weeks,they will beexpectedto write a researchreport.With propertrainingtheteacherswill be
ableto mentorstudentsfor sciencefair projects. This will serve asa modelto be usedfor the
NAI workshop.Teacherswill alsobementoredby projectscientists,theirpost-docsandgraduate
students.A survey completed,wherebyIFA astronomersandHIGPscientistsindicatedinterestin
mentoringteachers,will beused.Hawaii’s team,NASA OSSSpaceScienceNetwork Northwest,
conductedthis survey. This exemplifieshow Hawaii’s NAI educationandpublic outreacheffort
will beintegratedwith otherentitiesto playaamajorrole in promotingscienceandmathematics
education.

3.1.6 Engagingthe Public

Discoveriesin Astrobiology: a ScienceMagazineon theInternet

Wewill manageandeditawebmagazinemodeledafterPSRD,whosecentralthemeis “planetary
scientistssharingideasanddiscoveries”. (PSRDcanbe found at www.psrd.hawaii.edu,andis
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managedby G. Jeffrey Taylor andLinda M. V. Martel.) The audiencefor PSRDis the public,
teachers,high schooland college students,and governmentdecisionmakers. Discoveriesin
Astrobiology(DNA) would be similar: “astrobiologistssharingideasanddiscoveries.” We do
not intendthis online magazineto duplicatethe excellentAstrobiologyMagazineproducedby
the AstrobiologyInstitute. Instead,our site would focuson reportingrecentlypublishedpeer-
reviewed articlesby the scientistsassociatedwith our branchto be responsiblefor translating
articlesfor thepublic. Themagazinewould alsocontainsummaryarticlesaboutvariouscentral
topics in astrobiology, profilesof scientistsinvolved,andvirtual toursof our laboratories.We
envision having a boardof editorscomposedof scientistsinvolvedin NAI to review articlesfor
contentandclarity, includingeaseof navigationandqualityof graphics.Wewouldberesponsible
for html codingandproductionof graphicsnotsuppliedby our scientificcolleagues.

Taylor andMartel beganPSRDbecausethey feel stronglythat scientificresearchis not fin-
isheduntil theresultsarecommunicatedto thegeneralpublic, which paysfor it. Thearticlesin
DNA will tell thepublic what their dollarsdiscovered,anddo so in understandableEnglish. In
addition,it is an excellentformat for keepingpolicy makersat NASA Headquartersandin the
Congressinformedabouttheaccomplishmentsof theInstitute.

OtherPublicEngagementActivities

It is crucial to shareour discoverieswith the public, in orderto help raisethe level of science
literacy both in Hawaii and in the nation. We plan to do this in threemajor ways. First, we
will hostaregularseriesof public lecturesaboutastrobiology. Thesewill beadvertisedwidely to
attractalargeaudience.Second,wewill organizeaspeaker’sbureau,allowing localorganizations
(e.g., RotaryClub, Downtown Club of Honolulu,etc.) to requesta researcherto talk aboutthe
wondersof someaspectof astrobiology. Initial contactswith theseorganizationsare already
in place. Third, we will make effective useof our local pressto publicizeour mostinteresting
researchfindings.Thepressis a vital partnerin public engagementandwe have anexperienced
andtalentedgroupof local sciencereporters.

3.1.7 Evaluation

Our plansfor evaluationis thatwe will usetheeffectivepartnershipswe have alreadydeveloped
with teachers.They will helpus in thedevelopmentandtestingof classroomactivities. Testing
will bedonepartly during teacherworkshops,via anevaluationform for eachactivity. Testing
will alsobedonein theclassroomsof cooperatingteachers.We will rely on their expertopinion
asto theeffectivenessof eachnew activity. Teacherworkshopsthemselveswill alsobeevaluated
throughquestionnairesfilled out by the participantsandthroughfollow-on surveys designedto
determineif teachersareusingthematerialsand,if not,why not. Wewill alsoadapttherigorous
evaluationtechniquesdevelopedfor the TOPSprogram,which involved a continuous,action-
oriented,decision-makingevaluationmodel. This involvedplanning,formative andsummative
assessmentphases.We will work with PRELto developandexecutea formal evaluationof our
outreachprograms.
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3.2
%

ProfessionalCommunity

3.2.1 Winter Astrobiology school

A fundamentalaspectof astrobiologyis its cross-disciplinarynature.Thenetwork of Astrobiol-
ogy Institutesis successfullycreatinganenvironmentin which researchersfrom widely different
backgroundscaninteractandbreakdown thebarriersbetweensubjectserectedduringtheir dif-
ferentpathsof training.However, if astrobiologyis goingto beanincreasinglyvibrantdiscipline,
we mustpreparethe youngresearcherswho, a generationfrom now, will be leadingthe future
efforts. We shouldfostera crossdisciplinaryattitudein youngpeoplebefore they develop the
myopicscienceview thatarisesfrom traditionalspecialization.This is possibleif we reachout
to studentswell beforethey finish their PhD.Youngpeoplehave a remarkableability to connect
easily to eachother, and the strongpersonalconnectionsthat areestablishedin youth tend to
last the longest.By bringing youngstudentstogetheracrossthe astrobiologyspectrum,we are
helpingto build thenetwork of crossdisciplinarycontactsthatwill bepartof the foundationof
astrobiologyfor thenext generations.

We proposeto establishthe Hawaii Astrobiology Winter School to be held yearly in the
Hawaiian islands. It will be opento all graduatestudentsin the courseof doing a PhD in as-
tronomy, biology, biochemistry, chemistry, or geology, andwith an interestin astrobiology. We
envisagea schoolwith about20 studentslastingtwo, or ideally three,weeks,with 4 to 6 courses
taughtby expertsin variousfields. The studentswill, in small teams,write the lecturenotes
themselvesundersupervisionof the lecturers,andthe lectureswill bemadeavailableat a dedi-
catedwebsite. It will beeasierto engagebusyseniorscientistsif they do not have to do a time
consumingwrite-upafterwards.Theideais not thateachyearsschoolshouldbecoveringall of
astrobiology, rathereachyearsschoolwill have its distinctcharacter, determinedby thesubjects
offeredby thelecturers.

Youngpeoplemovearounda lot after their PhDuntil they eventuallyget tenuresomewhere,
so thereis reasonto be concernedthat the contactsestablishedduring the schoolwill die out
merelyfor practicalreasons.To help counterthis we will establishthe AstrobiologyQuarterly
(AQ),aninternet- bazedforumfor dialogyandinteractionamongstpastparticipantsin theWinter
School.TheAQ will containabstractsof paperswritten by pastandpresentschoolparticipants,
summariesof PhDthesesby schoolparticipants,andaddresschangessocontactscanbemain-
tained.

3.2.2 Visiting Faculty ScholarsProgram

TheUH-NAI is proposinga Visiting FacultyScholarsprogramwhich will bring externalcollab-
oratorsto work with local researchers,to participatein theAstrobiologyWinter School(3.2.1),
andhelpwith theE/PO(3.1). Having astrongvisitor programwill inject abreadthof innovative
ideasto the UH-NAI, andmaintainandstrengthenour interdisciplinaryresearch.Becausethe
Universityof Hawaii hasmadea concessionto theusualFacultyHousingpolicy (3.4.1)we will
beableto houseour visitors for longer-termvisits to engagein meaningfulresearchthat is fully
integratedinto all aspectsof our proposedNAI.
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3.3
&

Teamingwith Minority Institutions

TheUniversityof Hawaii is aMinority Institution,with only 19%of thestudentbodyCaucasian,
14%Hawaiianor partHawaiian,andanother12%of mixedethnicity, theremainderbeingAsian.
In addition,our uniquegeographicallocationplacesusin anidealpositionto interactwith com-
munitiesin Micronesia(90%minority groups).Throughour previousE/POprograms,we have
considerableexperienceandhave developedcontactswith theMicronesianeducationalcommu-
nity in theUS-Affiliatedpacificentities:(AmericanSamoa,Chuuk,CNMI, Guam,Kosrae,Pohn-
pei, Palu, MarshallIslandsandYap),andwe will actively integrateteachersfrom theseregions
into our E/POprogram(3.1.2).

3.4 Institutional Commitment

3.4.1 University of Hawaii

TheUniversityof Hawaii fully supportsthis projectand,to this end,is contributing asubstantial
matchingcomponentto theprogram.

' Staff Salaries – First, we will be utilizing the bulk of the funds to recruit high-caliber
postdoctoralfellows to work with the teamandfosterthe collaborative interactions,only
a small componentof salarysupportis requestedby the team. The in-kind valueof the
state-fundedsalaryfor theteamamountsto $1,545K.

' Tenure Track Positions– TheInstitutefor Astronomywill committa seniortenure-track
professorshipin the areaof StarandPlanetFormationto the NAI, at an anticipatedlevel
of $140K/year(plusfringe andoverheads),andin additionwill contributea junior tenure-
track position at a level of $77K/year. This will be continuedbeyond the 5 year NAI
program. The Instituteseesthe NAI goalsasbeingan areaof sciencewhereHawaii is
especiallywell-qualifiedto becomeaworld leaderin researchbecauseof ouruniqueastro-
nomicalfacilitiesandis thereforemakingthis substantialcommitment.

' Center for Star andPlanetFormation –TheInstitutefor Astronomywill provide$20,000
in fundsperyearto establishtheCenterfor StarandPlanetFormation.Thegoalof theCen-
ter is to developclosertiesbetweenresearchersstudyingstarandplanetformation,primi-
tiveplanetarybodies(includingtheKuiperbeltobjectsandcomets)andmeteoritesandthe
earlysolarsystem.Thefundingwill beusedto bringvisiting scientiststo theCenter.

' EPO Staffing – TheUniversityof Hawaii will fund outreachstaffing at a level of $50,000
(loaded)peryearto helporchestrateour outreachprogram.

' Office Space– The University of Hawaii will give the program2000sq. feet of space
for our postdoctoralcommunity, andanadditional$20,000of fundsto renovatethespace,
purchasefurnitureandsetupwirelessnetworking.

' Faculty Housing – In order to supportour strongvisitor program(see3.2.2),President
Dobelleof theUniversityof Hawaii hasagreedto placeusonahighpriority list for rented
faculty housing. Hawaii is expensive, andeven at the stateper diem level of $80 / day
(which cannotbegin to cover hotelcostsin Honolulu),a visitor programwould becostly.
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Short-termapartmentsare difficult, if not impossibleto find. The UH faculty housing
hasa long waiting list (1-2 years)for space.Eligibility for priority for facultyhousingis
determinedby theBoardof RegentsPolicy, whichonly thePresidentcanoverride.Visiting
FacultyScholars,asa group,areat number12 on the list, which means,in effect, thatan
apartmentwould be impossibleto acquire. In responseto our request,the Presidentwill
placetheUH-NAI atahighpriority on this list, andextendthetermof leaseto theduration
of the UH-NAI, if funded(normally it is 1-3 yearsmaximum). Our projectproposesa 3
monthperiodperyear, andtheInstitutefor AstronomyDirectorwill pick up theremaining
9 monthsof theyear. Apartmentrentsrangefrom $600-$1800permonth.

3.4.2 OutsideContributions

Thedirectorof thePacific EisenhowerMathematicsandScienceRegionalConsortiumat Pacific
Resourcesfor EducationandLearning(PREL)will supportthecostof airfarefor 2 Pacific Island
teacherseachyearto attendour summerAstrobiologyprograms.(Est.value:$4K/year).

Table 2: Summaryof Cost-Sharingand In-Kind Contributions AmountsCorrespondto Fully
LoadedSalaries

Contribution Amount [$K]
FacultySalaries 1,545
1 Tenuretrackseniorposition($140K/yr) 1,639
1 Tenuretrackjunior position($70K/yr) 934
Centerfor Star& PlanetFormation 100
OutreachStaffing 250
2000s.f. officespace N/V
Office rennovation 20
PRELTeacherContribution 20
Accessto R/V Kilo Moana
Total Matching $4,508

3.5 Flight Missions

Kar en Meech

( Meechis a co-Investigatoron NASA’s 8)+* Discovery mission,DeepImpact, which will
exploretheinterior of a comet.Oneof herrolesin themissionis to bein chargeof all the
ground-basedobservingsupportboth for pre-missiontarget characterization,andduring
theencounter. Sheis alsoheavily involvedin themissionoutreach.

Scott Anderson

( Andersonhelpedto run the Mars Orbiting LaserAltimeter (MOLA) on the Mars Global
Surveyor andtheGammaRaySpectrometer(GRS/NS/HEND)on2001MarsOdyssey.
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, Memberof the2003MER rover landingsiteworkinggroup.

TobiasOwen

, InterdisciplinaryScientist& memberof Galileo Mission ProbeMassSpectrometerTeam
(’97-’03).

, InterdisciplinaryScientist& memberof theSpectrometerandAerosolCollectorCassini-
HuygensTeams.

, Associateinvestigatoron Rosetta,which will be the first good chanceto get noble gas
abundancesfor acomet.

, Memberof theNeutralMassSpectrometerTeamon theJapaneseMissionNOZOMI.

, Owenwill alsobejoining DiscoveryProposalteamsfor two cometmissions,onemission
to searchfor wateronJupiter(thegreatestunknown for thatplanetright now), andaVenus
missiondesignedto studyatmosphericabundancesandisotopes,againto investigatethe
origin of theEarth’svolatilesandthepossiblecomet(=ice)connection.

Jeffrey Taylor

, Memberof the2001MarsOdyssey GammaRaySpectrometerTeam.

3.6 Inf ormation Technology

We planto design,implementandevaluatea softwaretool to aid interdisciplinaryscientificcol-
laboration,tentatively called HypMaT (HypothesisManagementTool). It would be aimedat
groupsof researchersworking in differentfields,possiblyremotely, but towardsa commongoal
or theme.

NAI alreadyusesScienceOrganizer- 109. , aknowledgemanagementtool thatallowsdistributed
NASA teamsto organizeandnavigatethroughprojectinformation.LikeScienceOrganizer, Hyp-
MaT wouldbeacombinationof asemanticnetwork andarelationaldatabase.However, it would
representtheknowledgeat a higherlevel, andprovide an intuitive graphicalinterface,allowing
usersto visualizerelationsbetweenhypotheses,concepts,experimentalresults,andspeculations
acrossscientificfields. We plan to make HypMaT compatiblewith ScienceOrganizer, so that
userscanmoveeasilybetweenthetwo tools.

Oneof theproblemsof interdisciplinaryscientificcollaborationis how to allow a non-expert
in someparticularfield to successfullyinterpretand usethe high-level expertiseof an expert
in that field. For this reason,HypMaT would allow usersto assignConfidenceFactors(CFs),
rangingfrom -1 to 1, to boththenodesin thenetwork andto therelationshipsbetweenthem.A
CFvaluecapturestheexpertuser’sconfidencein theinformationrepresentedby thenode.These
CF valueswould percolatethroughthenetwork, allowing a non-expert to access,at a high level,
anexpert’sdeepunderstandingof how conceptsin hisor herfield of expertiseinterrelate.

For example,abiologistmightwantto know whichof two theoriesof planetaryformationare
favoredby theastronomersin thecollaboratingcommunity. UsingHypMaT, thebiologistcould
seeat a glancethatTheoryA (CF=3D0.8)is stronglypreferredover theTheoryB (CF=3D-0.1).
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shewereto explorethenetwork further, shecouldseethat,althoughmostobservationssupport
boththeoriesequally, onerecentobservationwould seemto disconfirmTheoryB. That is, there
is a relationshipbetweenthe observation (CF=3D0.8)andTheoryB, andthis relationshipcon-
tributesnegatively to theCF of TheoryB. Finally, thebiologistcouldchooseto access(perhaps
via ScienceDesk)detailedinformation regardingthat observation, including publishedpapers,
webpages,anddataarchives.

HypMaT is intendedto be usedby distributedteamsof scientists.HypMaT usersin a col-
laborative groupwould beableto synchronizetheir versionsof theknowledgenetwork over the
internet.HypMaT would alsomaintaina recordof pastandalternateversionsof theknowledge
network, so that userscanrevert to earlierversions,or maintaindifferentversionsin casesof
disagreement.

As an aid to collaborative composition,HypMaT would be able to transforma knowledge
network (or sub-network) into a text outline,which couldserveasa startingpoint for a scientific
paper. Thetext outlinewould includeany bibliographicdatathatwereincludedin thenetwork,
saving timeandreducingcross-referencingerrors.

Although we envisageHypMaT as primarily for collaboration,it could also be usedas a
pedagogicaltool. Studentscouldexplorethenetworksthatresultfrom variousNAI projects,and
thuslearnmoreaboutthevariousdisciplinesinvolvedin astrobiologyandhow they interrelate.

Kim Binsted,theco-investigatorin chargeof HypMaT, is aspecialistin artificial intelligence
andhuman-computerinteraction.Sheis currentlydesigningandbuilding aprototypeof acollab-
orative systemsimilar to thatdescribedabove. Becausesuchsystemsarebestdevelopedin the
context in which they will beused,Co-I Binstedis eagerto usethedistributed,interdisciplinary
teamassociatedwith this proposalasa prototypicalsetof usersfor the system. Likewise, the
teamis eagerto explorea tool thatwill allow themto collaboratemoreeffectively.

3.7 Other AstrobiologyCommitments

Kar en Meech

0 Towards Other Planetary SystemsOutr eachProgram – Meechhasrun a major NSF-
andNASA-fundedteacherenhancementprogramin Hawaii since1993.Theprogramis de-
signedto helphigh schoolmathandscienceteachersintegratemathandsciencestandards
into theirclassesby teachingastronomy. TheAstrobiologycontentof thissummerprogram
alsoteachesaboutcuttingedgeastronomicalresearchthatis ongoingin Hawaii. A privately
fundedstudentcomponentalsoexistsfor this 3-weeksummerprogram.Thisprogramwas
fundedasapilot by NASA from 1993-1995,andthenby theNSFfor 1999-2003.

0 Bioastronomy 1999Meeting, Hawaii – Meechwasthe Local Organizingchair for this
meetingheldontheKonaCoastin Hawaii, andin additionshefacilitatedalargeeducational
outreachcomponentat themeeting.

0 Bioastronomy 2004 Meeting, Iceland – The local organizing chair of the meetingis
ThorsteinThorsteinnson,oneof our NAI collaborators. PI Meechis also a memberof
the local organizingcommittee,andthe scientificorganizingcommittee(SOC),andGai-
dosandcollaboratorEhrenfreundaremembersof theSOC.Many of theUH-NAI members
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will take anactive role in this meeting(and4 of the15 SOCmembersareUH-NAI affili-
ates).

1 IAU Commission51on Bioastronomy–Meechisamemberof theOrganizingcommittee,
andtheincomingPresidentof Commission51 of theInternationalAstronomicalUnion as
of thesummerof 2003,andis currentlytheVicePresidentof theDivision.

1 WGESP – Meechis a memberof the IAU Working Groupon Extra-SolarPlanets.The
working groupis chargedwith actingasa focal point for researchon extra solarplanets
and organizing IAU activities in the field, including reviewing techniquesand possibly
maintaininga list of identifiedplanets.

1 PSRD – Meechis a memberof the Boardof Editorsof the Universityof Hawaii on-line
magazine,PlanetaryScienceResearchDiscoveries.

1 COMPLEX – Meechis amemberof theNationalREsearchCouncil’sCommitteeonPlan-
etary andLunar Explorationandhastaken an active role in the developmentof several
studies,including: TheQuarantineand Certificationof Martian Samples, Organic Envi-
ronmentsin theSolarSystemandtheAssessmentof Mars ScienceandMissionPriorities.

JamesCowen

1 Ridge2000Program – Cowen is a SteeringandExecutive Committeememberof NSF’s
Ridge2000program. The programis focusedon the complex linkagesbetweenlife and
planetaryprocessesat mid-oceanridges. Thereare stronglinkagesbetweenRidge2000
andNASA’sAstrobiologyprograms.

1 LExEn – Cowenhasbeenaninvited participantto numerousplanningworkshopsinclud-
ing thosefor LExEn (Life in Extremeenvironments)andNEPTUNE(ambitiousplan for
seafloorobservatorybasedonfiber optic cable/instrumentnode/AUV system).

1 Teacherat Sea– Cowen hasdevelopedandactively supportsa Teacherat Seaprogram
(see3.1.3).

Eric Gaidos

1 Terrestrial Planet Finder – Gaidosis a memberof theTerrestrialPlanetFinderWorking
Group(2002-2006)

1 Planetary Ecosystemsand BiosystemsLab – Gaidoshassetup this laboratoryandcur-
riculum at theUniversityof Hawaii.
http://www.soest.hawaii.edu/GG/FACULTY/GAIDOS/pebl.html

Ralf Kaiser

1 UK Astrobiology Network – TheCo-I is memberof theUK AstrobiologyNetwork and
alsoan advisorto the UK AstrobiologyForum highlighting future researchinitiativesin
astrobiology.
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2 Centre for Astrobiology, The Open University (UK) – The Co-I holdsan adjunctpro-
fessorshipat the Departmentof PhysicsandAstronomy, Centrefor Astrobiology, at The
OpenUniversity, Milton Keynes(UK). In collaborationwith Prof. Nigel J.Mason,oneex-
perimentis currentlybeingsetupat thesynchrotronto investigatethesyntheticroutesand
destructionratesof aminoacidsandcarbonhydratesin astrobiologicallyimportantices.

2 CourseDevelopment– Kaiserdevelopedagraduatecourseat theUniversityof Hawaii in
AstrochemistryandAstrobiology.

2 Textbook– CambridgeUniversityPresscommissionedKaiserto write atextbookfor grad-
uatestudentsentitled“The ChemicalEvolution of the InterstellarMedium: From Astro-
chemistryto Astrobiology”.

2 Graduate Program – In collaborationwith facultymembersfrom Departmentof Chem-
istry, Departmentof Physics& Astronomy, the Institute for Astronomy(IfA), and the
Hawaii Instituteof GeophysicsandPlanetology(HIGP), Kaiserorganizeda new gradu-
ateprogramat theUniversityof Hawaii. Astrobiologyis akey componentof thisendeavor.

David Karl

2 1998Lake Vostok Workshop – WashingtonDC, Karl wasco-chairof this international
workshopthatledto aseriesof recommendationsonfutureresearchin Antarcticsubglacial
lakes.

2 Polar Research Board, National Research Council – Karl is currentlya memberof this
polarsciencesadvisoryboard.

2 Meeting Planning Committee – Karl is currentlyco-chairof an AmericanAcademyof
Microbiology planningcommitteefor a future internationalcolloquiumwith the tentative
title, “Marine Microbial Diversity:TheKey to Earth’sHabitability”

Klaus Keil

2 SScAC – Keil servedon theSpaceScienceAdvisory Committee(SScAC), NASA Head-
quarters,Washington,D.C. from 1993-2000,during which time discussionstook place
regardingthecreationof theAstrobiologyProgram.

2 Planetary Protection – Keil servedon thePlanetaryProtectionTaskForce,NASA Head-
quarters,in 1999.

2 Chondrule and CAI Formation – Krot, Reipurth,ScottandKeil areorganizingthis inter-
disciplinaryworkshopin October2004,in Kauaiwhichaimsatbringingmeteoriticistsand
astronomerstogetherto exploreformationmechanismsfor chondrulesandCAI’s.

TobiasOwen

2 AstrobiologyText –Owenhaswrittenawell-usedAstrobiologytextbookwith D. Goldmith:
TheSearch for Life in theUniverse, (UniversityScienceBooks,Sausalito)573pp. (2002).
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3 Astrobiology Conference– Co-Director, 74+5 TriesteConferenceon ChemicalEvolution
andtheOrigin of Life 15-19Sep.2003.

Bo Reipurth

3 IAU Division IV – Interstellar Medium – President:B. Reipurth.

3 Protostarsand PlanetsV Meeting, 2005– Reipurthhasspearheadedgettingthismeeting
to cometo Hawaii during Oct 24-29, 2005. TeammembersReipurth,Keil and Jewitt
constitutethe Scientific OrganizingCommitteeof the meetingand Meech is the Local
OrganizingChair. Thiswill beahighly visiblemeetingwith Proceedingspublishedthrough
theUniversityof Arizonaseries.

3 Outr each– Reipurthis very active in outreach,having conductedover 150 radio broad-
casts,participatedin variousTV programs,andhaswritten over 30 newspaperarticleson
popularastronomy, somerelatedto Astrobiology.

3 NAI Affiliation – Reipurthwas an affiliate of the ColoradoAstrobiology group (1998-
2001).

Jeffrey Taylor

3 Planetary ScienceResearch Discoveries– Managerandeditorof a webmagazinecalled
PlanetaryScienceResearchDiscoveries(www.psrd.hawaii.edu)which translatesrecently
publishedarticlesto thelevel appropriatefor teachers,highschoolstudentsandthepublic.

3 Hawaii SpaceGrant Consortium – Taylor is the AssociateDirector for SpaceScience
for the Hawaii SpaceGrantConsortium.He hasbeeninstrumentalin helpingto develop
on-lineclassroomactivitieswhich arerelatedto exobiology.
http://www.spacegrant.hawaii.edu/classacts/index.html
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4 Facilities & Equipment
6 The Mauna KeaObservatories – The4,200meterhigh summitof MaunaKeain Hawaii

housestheworld’s largestobservatory for optical, infrared,andsubmillimeterastronomy.
TheUniversityof Hawaii staff have priviledgedaccesson a competitivebasisto all of the
facilitieson MaunaKeawhich areshown in theTablebelow, thusall of our UH NAI team
memberswill have theopportunityto usethesefacilities.Throughcollaborationswith our
local NAI team,membersof thenationalNAI will alsohave access.TheUH gets10-15%
of thetime on all of thefacilitieslisted,and100%of thetime on theUniversityof Hawaii
2.2mtelescope.

Table3: Facilitieson MaunaKea,Hawaii
Telescope Diam [m] Partners 7 Regime
Keck 2 8 10 Caltech,USC,NASA optical,IR
Subaru 8 Japan optical,IR
Gemini 8 Internat.consortium optical,IR
UKIRT 3.8 UnitedKingdom IR
CFHT 3.6 Canada,France,Hawaii optical,IR
IRTF 3.0 NASA IR
UH 2.2 Universityof Hawaii optical,IR
JCMT 15.0 UK, Netherlands,Canada submillimeter
CSO 10.0 Caltech submillimeter
SMA 8 8 6 Smithsonian,Taiwan submminterferometer

The SubmillimeterArray (SMA), is nearingcompletionon MaunaKea,andwill be op-
timized for high angulararesolutionobservationsat 7 = 1.3-0.3mm,ideal for looking at
thermalcontinuumemission,rotationallinesof light molecules,andatomicfine structure
lines, which arisein compactregionssuchasthe vicintiy of youngstars,protoplanetary
disksandsolarsystembodies.Thiswill beauniquetool for astrobiology.

6 The Haleakala Observatories – The Faulkes Telescopeis a joint project betweenthe
Faulkes TelescopeCorporationand the University of Hawaii’s Institute for Astronomy.
The 2-meterfacility is underconstructionandscheduledfor completionthis year. When
complete,this will be the largestprofessionalgradetelescopein the world dedicatedto
educationandpublicoutreach.

6 Ultra-High VacuumSurfaceScatteringMachine – All experimentswill becarriedout in
anextremeultrahighvacuum(109;:�: mbar)surfacescatteringmachinein which frozen,as-
trobiologicallyrelevanticesamples(10K-293K)areirradiatedwith chargedparticles(elec-
trons,protons,heliumnuclei)andphotons.Theanalysiswill becarriedout quantitatively
on line andin situ via Fourier transformspectroscopy in absorption-reflection(solid state)
andthrougha calibratedquadrupolemassspectrometer(gasphase)to determinetemper-
aturedependentproductionratesof astrobiologicallyrelevant moleculessuchassugars,
aminoacids,andphosphates.Thismachinepresentstheonly setupworld wide in whichan
extremeultra high vacuaandlow temperaturescanbereachedandthesolid stateaswell
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asthe gasphasecanbe monitoredsimultaneously. This setupcanbe operatedasa user
facility for qualifiedNAI members.

< Meteorite Instrumentation – At thepresenttimeat theUniversityof Hawaii, wehavethe
following equipmentavailableto ourgroupin HIGPandSOEST: ThreeNikonresearchop-
ticalmicroscopes(twowith automatedphotographyattachments,includingadigital camera
attachedto a computer, andSwift point counter);two Nikon stereomicroscopes(onewith
automatedphotographyattachments);a state-of-the-art,fully automated5-spectrometer
CamecaSX-50electronmicroprobe;a Hitachi H-600scanningtransmissionelectronmi-
croscope(STEM)andsamplepreparationlaboratoriesincludingplasmaetcher, carbonand
gold-palladiumcoatingdevicesandultramicrotomes;a JEOL-5900LV scanningelectron
microscope(SEM); a PrincetonGamma-Tech4-Plusenergy dispersive X-ray spectrome-
ter anddigital imageanalysissystems,both of which are interfacedwith the STEM and
TEM; atomicabsorptionandICP laboratories;a fully automatedSiemensSRS303-AS-X-
ray fluorescencefacility; a fully automatedScintagPad V X-ray diffractometer;experi-
mentalpetrologyapparatus;extensive computerfacilities; laboratoryfor the preparation
of polishedthin sections;photographyanddrafting facilities; andothers. In situ isotopic
studiesof secondarymineralsresultedfrom aqueousactivity will beperformedin collab-
orationwith Dr. K. D. McKeeganat the Universityof California,Los Angelesusingthe
UCLA ims 1270ion microprobeandin collaborationwith Dr. I. D. HutcheonatLawrence
LivermoreNationalLaboratoryusingthemodifiedCamecaims-3f andNanoSIMS50 ion
microprobes.

< Cryobot Access– In addition to stateof the art computationalsupport,Andersonhasa
200 squarefoot laboratory, two rotatingfield massspectrometers(RFMS),andaccessto
a Cryobotaspart of a sharedagreementwith JPL (ashe is a teammember).Oneof the
RFMSsystemsis housedin acasingratedto 2000mfor deepseadeployment,andtheother
is a benchtopunit suitablefor life detectionexperiments.TheCryobotis a prototypehot
water ice drill capableof carryinginstrumentsto hundredsof metersdepthin Icelandor
Antarctica,aswell asdeploymentin theocean.TheCryobotcansteer, makemeasurements,
processdata,andproducerealtimevideoof thesubsurfaceice. Thedatais sentthrougha
tetherto thesurface.Our lab spaceis suitablefor maintenanceon theCryobotandRFMS,
aswell asexperimentationwith theRFMSinstrument.

< BioLab – BSL2 – Gaidosoperatesan825sq. ft. complex that includesa BiosafetyLevel
2 cleanlaboratoryfor manipulationof environmentalsamplesand culturing organisms.
This laboratoryincludesa BSL-2 laminar-flow cleanbench,PCRcabinet,compoundepi-
fluorescencemicroscope,stereofield microscope,two (2) water-jacketedcontrolledatmo-
sphereincubators,an anaerobicchamberwith airlock, several refrigeratorsand freezers,
centrifuges,autoclave, dishwasher, ultrapurewatersystem,andmiscellaneousequipment
to treatsamplesandextractDNA. Thefacility alsoincludesa computerlab work areafor
dataanalysisandmodelingwith 3PCcomputersequippedwith theLinux operatingsystem.
In addition,hemanagesa1200sq.ft. sharedmolecularbiologyfacility thatincludesamul-
tiple capillaryDNA sequencer, laser-scanningblot reader, spectrophotometer, centrifuges,
completedenaturinggradientgel electrophoresis(DGGE) system,a laserflow cytometer
system,andmiscellaneousequipmentfor molecularbiology.
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= Kilo Moana OceanographicResearch Ship – TheR/V Kilo Moanais thelatestmember
of theUniversityof Hawaii’s researchfleet. Ownedby theOffice of Naval Researchand
operatedby SOEST(Schoolof OceanandEarthScienceandTechnology),thetwin hull re-
searchshiphasbeencalledthebestin theU.S.academicfleet.Themodernvesselis thefirst
Auxiliary GeneralOceanographicResearchship to beconstructedon a SmallWaterplane
AreaTwin Hull design.Thisprovidesacomfortable,stableplatformfor multi-disciplinary
marineresearch.Theoverall lengthof 186 feetand88-footbeamprovide ampleexterior
deck spaceand 3,000s.f of dedicatedsciencespace. The vesselis equippedwith both
a deep-water(SimradEM 120)anda shallow-water(SimradEM 1002)multi-beamecho
soundercapableof accuratesea-floormappingat any oceandepth,dynamicpositioning,
anda complementof winches,cranesandotherhandlinggear. Theshiphasanendurance
of 50 daysat sea,anda rangeof 10,000nauticalmilesat 11 knots. Theshipmissionsin-
cludewatersampling,equipmentlaunch,towing, recovery, andshipboardsampleanalysis
anddataprocessing.TheKilo Moanacanaccommodate31 scientistsand17 crew. Facili-
tiesincludelibrary andconferenceroomsandhydrographic,computers,chemistry, wetand
meteorologylaboratories.

= Mid-ocean ridge (magmatic/tectonic)Event Detectionand Response– MOR eruptions
are unpredictableandshort-lived. Scientific exploitation of thesefundamentalphenom-
enarequiresan extensive, well-coordinatedinfrastructureinvolving essentialequipment,
extensive planningandestablishedcommunication,anddedicatedpersonnel.The North-
eastPacific ED&R teamconsistsof a partnershipbetweenresearchersat NOAA- PMELs
VENTS ProgramandNSF-RIDGE2000fundedUniversities.NOAAs T-PhaseMonitoring
Programis responsiblefor eventdetection:theremotedetectionof T-Phaseseismicwaves
via the U.S. Navys SoundSurveilanceSystem.The University researchteam,led by the
University of Hawaii (NAI-HI co-PI Cowen), is fundedby NSF to developandmaintain
readinessto rapidly respondto significantseaflooreruptiveeventsalongtheNortheastPa-
cific MOR system;they will be joinedby NOAA responsecolleagues.Communicationis
facilitatedby theRIDGE2000Program,overseenby theTime-CriticalStudiesCommittee
(chairedby Cowen).

= Hawaii UnderseaResearch Laboratory – The Hawaii UnderseaResearchLaboratory
(HURL) wasestablishedby theNationalOceanicandAtmosphericAdministration(NOAA)
andthe University of Hawaii. HURL’s facilities includetwo deep-diving (2000m) sub-
mersiblesPiscesV andPiscesIV, a remotelyoperatedvehicleRCV-150,andthe support
shipR/V Kaimikai-o-Kanaloa.Its missionis to studydeepwatermarineprocessesin the
Pacific Ocean,including a researchfocus on submarinevolcanology: the geology, geo-
physics,geochemistry, andbiology of volcanicprocesses.Loihi Volcano,on theflanksof
the islandof Hawaii, is a prime site for this work, which includesmonitoringsubmarine
geophysical,geologicalandgeochemicalprocessesusinganOceanBottomObservatory.
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