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1 Executive Summary

IntellectualFocus& ProposedReseath —

Wateris the mediumin which the chemistryof all life on Earthtakes place. Wateris the
habitatin which life first emegedandin which all of it still thrives. WaterhasmodifiedEarth's
geologyandclimateto a degreethathasallowedlife to persistto the presentepoch.We propose
to createaresearctandeducationframewvork thatlinks the biological,chemical geological,and
astronomicakciencedo betterunderstandhe origin, history, distribution, androle of wateras
it relatesto life in the universe.We focuson scenariosnvolving the sourcesanddistribution of
waterin planetarysystemsandthe delivery andincorporationof waterinto rocky planetsthat
orbit within the “habitablezones”of their parentstars.Our framewnork will includeandconnect
researchon major aspectof planetarywater— in effect we aim to understandhe termsof a
“wateryDrake equation”:

Obsenationsand modelingof the abundanceanddistribution of waterin the interstellar
medium,molecularclouds,andcircumstellardisks;

Suneys and studiesof the numberswatercontent,D/H ratio and dynamicsof icy outer
solarsystembodiessuchascomets CentaursaandKuiperBelt objects;

Laboratoryexperimenton complex moleculetrappingandformationoninterstellarwater
rich grainmantlesandplanetaryices;

Cosmochemicastudiesof meteoritesthat recordthe incorporationof waterinto silicate
materialin the primordial Solar Systemasan early stepin its eventualinclusionin larger
bodies,includingplanets;

Modelsof the escapef water(ashydrogen)rom theatmospheresf Earth-sizecplanets;

Spacecraftand meteorite-basedesearchand theoreticalstudieson the role of waterin
forming thediversity of rocksandsediment®n Earth,Mars,andVenus.

Biological exploration of ice-coreredhabitatsin Iceland,Antarctica,and North America
with potentialapplicationto the searchor life on MarsandEuropa.

Biologicalandchemicalexplorationof extremeaquatichabitatsn andaroundtheHawaiian
islandsincludingthe deep-seakauhalo Lake crateron Molokai andLake Waiaunearthe
summitof MaunaKea.

Developmentof conceptsand prototypehardware for instrumentsthat could be usedto
detectandcharacterizdife on otherplanetarybodies.

DistinguishingFeatues—

By developing and testingmodelsand exploring the outcomesof alternatve scenariosve
seekto determinewhat controlsthe abundanceanddistribution of waterandhypotheticalaque-
ous habitatsin other planetarysystems. This researchwill directly supportthe NASA search
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for pastor presentife on Mars and efforts (suchasthe NASA TerrestrialPlanetFinder)to di-
rectly detectand characterizéEarth-sizedexoplanets.The proposedramework of our research
will supporta group of postdoctorakcholarswho will carry out independentinterdisciplinary
researclspanningwo or moreof theinvestigators{or affiliated investigators’yesearctspecial-
ties. Theislandsettingandthe uniquefacilities of the University of Hawaii offer anervironment
conducve to theseinvestigations.The University of Hawaii housesvorld-classresearclgroups
active in astronomyandin the chemical geologicalandbiologicalscienceslt is hometo a sub-
stantialarrayof scientificfacilities, including the telescope®f MaunaKeaObsenatory, a fleet
of researchvesseldor oceanographiand deep-seanvestigationsandfacilities for exploration
of the extremeervironmentsfound on the volcanoesandin thelakesandoceansaroundHawaii.
Throughthis Astrobiology proposalwe aim to combineand capitalizeon thesemary areasof
researclexcellenceto crafta new, interdisciplinarystudyof waterandits relationto life.

ManagementApproac —

TheUH-NAI Plwill meetonceaweekwith the Co-Investigatorgo discusgesearclprogress,
discussary technical financialor managemenissuesandto involve everyonein the E/POac-
tivites. The timelinesandstatusof the projectswill be reviewedandupdatedat thesemeetings.
In additionthe UH-NAI will offer an astrobiologyseminarserieswhich will involve the entire
local community Additionally the developmentof our collaboratve visualizationtool will help
fosterinterdisciplinarycommunicationsand highlight areasof new developmentwhich canbe
discusseattheseregularmeetings.

Education/PublidOutread Activities—

Our group hasa strongrecordin educationand public outreachandwe intendto build on
thatexperienceby providing innovative laboratory-basetearningopportunitiedor teacherand
engaginghe public in our research.We intendto develop a programthattrainsteachersn the
scienceof astrobiologyhow to incorporateastrobiologyinto their classesandin how to usethe
actiitieswe will developaspartof the program.Thefocal point of our teacheitrainingprogram
will beasummerprofessionatievelopmentprogram.Usingthe summerworkshopandresearch
experienceas a base,we will alsodevelop a coursefor pre-serviceteachers.All projectswill
involve developmentof standards-baserassroonactiities. We alsointendto actively engage
thepublicin ourdiscoveries.

Institutional Commitments-

The University of Hawaii andthe Institutefor Astronomyarestronglycommittedto the suc-
cessof this project,andhave commiteda total of $4.5million in faculty positions,in-kind salary
supportandcashcontributionsto the project.

Collaborative NetworkingConcepts-

We will design,implementand evaluatea software visualizationtool to interfacewith the
NAI ScienceQganizerknowledgemanagemenbol.



2 Reseachand ManagementPlan

2.1 Water and Life in the Universe

“If thereis magiconthis planet,it is containedn watet” — LorenEiselg/, Thelmmenselourney

We humansandall life on Earth,areaqueouseings.Our cellsaremostlywaterthathasbeen
exquisitely packagedn lipid membranesThey arecytoplasmicsolutionsof solvablemolecules
whoseaqueougshemistryis responsibldor cellularmaintenancegrowth, andreproduction Wa-
ter's chemicalandthermodynamigropertiesnake it anidealmediumfor biological actwvity, so
muchsothatit is consideredessentiafor recognizabldife. It hasbeencalledthe “ultimate sol-
vent” becausef its ability to form multiple hydrogenbondswith solutesandits strongly polar
character It is also capableof servingas both an acid anda base. Stronghydrogenbonding
betweenwatermoleculesstabilizegheliquid phaseoverawiderrangeof temperaturesompared
to othercosmicallyabundantmoleculesandit endavs waterwith a high latentheatof vaporiza-
tion. Unlike mary compoundsyaterexpandsuponfreezingandits ice floats,a propertythatis
crucialfor the persistencef aquatichabitatsunderfreezingsurfaceconditions.In additionto its
directrole in biology, wateris alsoa predominantieterminantn the geology geochemistryand
climateof our planet. It influencedthe structureandearly evolution of the Solar Systemitself,
aspectof which dictatethe habitability of Earth. Waterandlife are connectedat mary scales,
from the interstellarmediumto microbial habitats,andthroughmary processesastrophysical,
geological,geochemicalandbiological. We proposean Astrobiologyresearctconsortiumthat
seeksto betterunderstandheseconnectionsandtheir implicationsfor the distribution, nature,
andsignatureof life throughouthe universe.

Water hasbeeninvolved in life sinceits first appearancen the early Earth. The leading
theoriesof the origin of life invoke prebiotic chemistryin low-temperatureaqueoussolutions,
e.g., a“warmlittle pond*? suppliedwith prebioticmoleculesy atmospherichemistr{*3, orin
the hydrothermabrinesproducedy high-temperaturgvaterrock interaction§3. Thefirst three
billion yearsof the dramaof life on this planetwasplayedout entirelyin aquaticenvironments.
Theworld’s oceansandfreshwaterbodiesremainthe homefor alarge fraction of speciesatthe
presentraandlife hasinvadedandadaptedo nearlyevery ervironmenton the Earth’s surface
wherethereis someliquid water almostregardlesof temperaturepH, or chemistry

Wateris alsoinvolvedin geochemicateactionshat maintainsurfaceconditionspermissve
of life. For example,aqueousveatheringf silicatemineralsin the presencef a CO,-containing
atmosphergroducesalkalinity, which in turn allows CGO, in the ocean-atmosphergystemto
precipitateascarbonatenineralsandeventuallypecomesequesteredscarbonateocks. Without
thesereactionsthe buildup of volcanicCGQO, in theatmosphersvould leadto intensegreenhouse
conditionssimilarto thoseon Venus.Insteadfemperature-sensit weatheringandtheconcomi-
tantdepositionof carbonatesonstitutea negative feedbackhatmayhave regulatedatmospheric
CO, levels to compensatéor the Sun’s luminosity evolution over 4.5 billion year§. Water
vaporitself is the mostactive greenhous@asin the present-dayatmosphereamplifying the ef-
fectsof other incondensiblegasedy a factorof 2-3. Wateralsomodifiesthe amountof solar
radiationreflectedby the Earthbackto spacegitherasrelatively absorbenbceansasreflectve
ice, or asscatteringclouds. Thesewarm or cool the Earth and can createpositive or negatve
albedo-temperaturieedbacks."Snowball Earth” epochsof runavay glaciationthoughtto have



beendrivenby suchafeedbackmay have provoked majorcrisesin the history of life(s 4,

Finally, the presencef volatilessuchaswatersignificantly altersthe rheologyandthermo-
dynamicsof silicate mineralsin Earth’s crustandmantle. The presencef waterin the mantle
hasa profoundeffect onits internalcorvectve motionsandthe melting behaior. Theformation
of magmasnvolved in volcanismat hot spotsandisland arcsis thoughtto be driven by, or at
leastinfluencedby, theability of fluxing waterto depresshesolidusof silicaterocks. Watermay
beresponsibldor alow viscosityzonebeneattthe brittle lithospheré® andmaywealenfaults,
giving lithosphericplatesincreasedlexurd®®d. Theselasttwo maybe critical to the operationof
plate tectonics. Platetectonicsis responsiblgor much of the geologicactivity on Earth’s sur
face,includingmid-ocearridge andislandarc volcanismat the maigins of oceanicplates,uplift
of mountainrangesby tectonicforcesat corverging continentalplates,anddeepeningf basins
where continentalplatesdiverge. Thesegeologicprocessesn turn drive mary of the biogeo-
chemicalcyclesimportantto Earth’s habitability, particularlythe weatheringof uplifted silicate
andcarbonateocks,therevolatilizationandreleaseof CO, from carbonateat subductiorzones,
andtheburial of organiccarbonin sediment&ndconcomitanteleaseof molecularoxygen.

Wateris abundanton present-dajearth. Three-quarteref its surfaceis coveredby oceansand
modelssuggesthat crustaland mantlerockscontainan even greateramountof watef®d. What
wasthe origin of this waterand how did it becomeincorporatedn the Earth? The deuterium
to hydrogenratio (D/H) of seavater(1.56 x 10~*) (anda similar valuefor mantlewater)offers
a constrainton the origin and subsequenhistory of Earth’s watef'd. The total inventoryand
distribution of water on Earth was probablydeterminedearly in the planets history and may
have consistedprimarily of water dissohed into a magmaoceanin equilibrium with a dense
steamatmospher&4. TheD/H of seavateris similarto thatfoundin certainprimitive watekrich
chondriticmeteoritesThis suggestshat Earth’s waterwasevolvedfrom dehydratiorof hydrous
mineralsduringthe accretionof chondrite-like planetesimalgnot necessarilyepresentetly ary
of the extant classesof meteorites). Thusit is possiblethat Earth’s water was evolved from
dehydratiorof hydrousmineralsduringor aftertheaccretionof chondrite-like planetesimalgnot
necessarilyrepresentedy arny extant classes). The seavater D/H ratio is significantly lower
than ratios measuredn threelong-periodcomets. While this appeargo rule out long-period
cometsasprimary contributorsof Earth’s water the D/H ratiosof othercometarytypeshave not
beenmeasuredIn particular the short-periodcometsformedfurtherfrom the sunandat lower
temperatureshan the long-periodcomets. Their nelular processingand resultantD/H ratios
may have beensignificantly differentfrom thoseof their long-periodcometarycounterpartsin
addition,aswe discusdater, the terrestrialplanetabundance®f the noblegasesuchasAr, Kr
and Xe are not easily explainedby delivery from the asteroidbelt, but more compatiblewith a
cryogenic,presumablycometarysource.For thesereasonsit is too earlyto rule out a cometary
sourcefor Earth's waterandothervolatiles.

Waterin precursoiplanetesimalgould have derived eitherfrom hydrationof silicategrains
by water moleculesin the primordial solar nelula, or at greaterdistancesrom the proto-Sun,
by aqueousalterationof larger bodiescomposedf a rock/ice mixture’? and their dynamical
transportto accretionzoneof the proto-Earth. Nekular waterin turn tracesits ancestryto the
chemistryof theinterstellammediumattemperaturesf 10-20K. Theenrichmenbf SolarSystem
waterin deuteriumwith respecto the protosolametula (D/H = 2.5 x 10~°), wasthe resultof
isotopic fractionationin the protosolarnelula, perhapsinvolving irradiation and ion-molecule
reaction§®. Irradiationof gas-phaser solid-phasavater could also processorganic material,



enrichingit in deuteriumjn theinterstellammediumandproto-solamelula. This processingnay

take the form of gas-phaseeactionsin the solarnehula, irradiation of icy grains,andaqueous
alterationin the parentbodiesof meteorites.Importantprebioticmoleculessuchasaminoacids

andsugarscouldhave beenproducedn theseervironments.This materialwould have beenlater

broughtto the Earthin comet-like bodies.

Earth hashostedsurface watersthroughoutmost of its history. The rock recordpreseres
waterlain sedimentstleastasold as3.5billion yearsandthe oxygenisotopesof zirconcrystals
supportthe existenceof a hydrosphereas early as4.4 billion yearsagd®l. How hasthe total
inventoryof terrestrialwaterchangedvith time andhow hasit exchangedetweerreserwirs at
the surfaceandin the interior? The currentescapeate of water(ashydrogen)to spacewould
have a negligible impacton the total inventory even over 4.5 billion years,andis small com-
paredto the fluxes betweenthe surfaceand interiort™¥. However, higherratesof escapenay
have accompaniedn anoxic atmospherend higher ultraviolet radiationfrom a youngerSun.
The elementalandisotopic abundanceof rare gasesseemto requirethat a significantamount
of hydrogen(perhapssomefrom water)waslostin a non-fractionatingnydrodynamiovind®.
Additional water (as hydrogen)could have beensequestereihto Earth’s coré®l. Becauseof
volcanismweatheringandthe subductiorof lithosphericplates wateris continuallyexchanging
betweenhe surfaceandmantle. A seculardecreasef surfacewater(anduptale by the mantle)
with time hasbeensuggestedalthoughthis conclusionis highly model-dependeht.

Likeliquid watet life hasalengthyhistoryonthis planet.lt is possiblethatfor nearlyaslong
asaquaticenvironmentshave beenstableat the surface,life hasbeenpresento inhabitatthem.
Carbonisotopicfractionationin apatitegrainsfrom the 3.85 billion-year old Isua supracrustal
belt (Greenlandhasbeeninterpretedas the productof biological carbonfixation, and micro-
forms from Australianchertshave beendescribedasthe oldestmicrofossil§*d. Both of these
interpretationshave beenchallengedn the light of new geologicdata!?>*¥, andthe exacttem-
poral relationshipbetweernwaterandlife on the early Earthremainsunresoled. Thoughthese
earlyoriginsremainobscureijt is clearthatlife hassubsequentlgxpandednto, andadaptedo,
the entirerangeof aquatichabitatson the Earth,from anoxicseado the extremelynutrient-poor
openoceanfrom seafloothot springsto low-temperaturdrinesin sea-icefrom highly alkaline
lakes (pH ~ 10) to the extremelyacidic (pH ~ 0) streamsdrainingmetal ore bodies. How has
waterphysicallyandchemicallyinteractedwith the silicatecomponenbf the Earthover 4.5 bil-
lion yearsto createa physicallyandchemicallydiversehabitatsfor life? How haslife evolvedto
adaptto thoseervironments?

Humanityis extendingits searctHor life beyondtheEarthto otherbodiesin the SolarSystem,
andthatquesthasbeenlargely framedin termsof a searchor water especiallywaterin its liquid
state. Although the surfaceof present-dayars is extremelycold anddry, a seriesof orbiting
spacecrafhave returnedmagescontaininggeomorphicevidencefor the presencef groundice,
andhigh concentrationsf ice have now beendetectedn the uppermosmetersof martiansoil®,
Spacecraftmageryhasalsorevealedgiant outflow channelsandvalley networksincisedin an-
cientterrain,evidencethatthis wateronceflowedasaliquid®. Whetherthesdandformsindicate
thatMarsoncepossessed temperatelimate,oceansandan Earth-like hydrologicalcycle is ac-
tively debated>'*> ™ yetit is clearthataqueouhabitatexisted,perhapsnly transiently nearor
atthesurfaceof theplanet.Themorerecentidentificationof small“gullies” onthewalls of some
cratersandcaryons®?, perhapsanedby expelledgroundvater® or meltingice® hasprompted
speculatiorthatsuitablehabitatsfor microbiallife may persistto the presentlay. The searchor



wateris anintegral pieceof the NASA programof Marsexploration: currentandfuture missions
will usehigh-resolutionand multi-spectralimagingto identify sitesof pastor presentaqueous
activity from orbit to beinvestigatedy roboticlandersandrovers.

The icy Galileansatellitesof Jupiter especiallyEuropa,exhibit featuresindicative of ac-
tive geologicresurcingthatmay be relatedto the presencef interior liquid watermaintained
by tidal frictional heatingin additionto heatreleasedby the radioactve decayof long-lived
isotope&”. The Galileo spacecraft detectionof aninducedmagnetidield aroundboth Europa
andCallisto canbe explainedby globalinterior oceansor layersof partially moltenice®d. It is
widely speculatedhatinterior oceansould supportife, assuminga suitablechemicalsourceof
enepgy replacesunlight®4° 353 Thetidal-driventectonicsof theicy crustof Europamayallow
liquid waterto penetratecloseto the surface®™. Missionsto orbit Europa,preciselymeasurghe
tidal flexure of its ice crustandprobeits interior with radarhave beenconsidered Longerterm
conceptsncludeplansto landonits surfaceandpenetratehe crustto exploreany ocean.

The scopeof the searchfor life will expanddramaticallyas spaceobsenatoriesare devel-
opedto detectandcharacterizé&arth-sizeplanetsaroundotherstars?: 'Y, Currentground-based
methodssuchasDopplervelocimetryare capableof detectingonly giantgasplanets?. Future,
space-baseskearchesvill bebasedn thedirectdetectionof a planets reflectedor emittedlight.
Thiswill alsoallow their surfacesand/oratmosphereto be characterizetboth spectroscopically
andphotometrically(changesn full-disk light asthe planetrevolvesaroundthe parentstarand
rotateson its axis). Planetswithin the “habitablezone” of their parentstar (the rangeof orbital
semimajoraxes where surfacetemperaturepermit liquid water) will be of particularinterest.
Searchegor potentialatmospheribiosignaturege.g., methaneor molecularoxygen¥? will be
accompaniedy obsenationsto determinethe physiochemicatonditionson the planets sur
faceandespeciallythe thermodynamictateof water The latter canbe elucidatedby searching
for the spectralsignatureof atmospheriavatervaporandthe photometricvariability produced
by the planets rotationandalbedodifferencedetweenwater land masseswatervaporclouds,
andice. Furtherinto the future, giantspaceobsenatoriesmay performa censuof thousand®f
nearbystarsandimagetheclosestEarth-like planetso determinalirectlyif they have oceansand
continentscloudsandpolarcaps,a hydrologicalcycle andaquatichabitatdik e thoseon Earth.

Cosmically wateris not uniformally abundant,its incorporationinto Earth-sizedlanetsnot
necessarilgonstantnoris its planetarymanifestatiorasaquatichabitatssuitablefor life agiven.
The searchfor life in the universemustaccountfor thesevariationsandthe uncertaintieghat
accompay them. Wateris formedin theinterstellarmediumandin the densemolecularclouds
thatgive riseto starforming regions. Differencesn elementabbundancegas-phasehemistry
andgrainchemistrywill resultin measurabl&ariationin theabundanceof waterin thoseregions.
Wateris a significantsourceof infraredopacityin collapsingcloud coresandprotostellardisks;
the efficiengy at which the collapsinggascools may control the stability againstgravitational
fragmentatiorandthe formationof binary or multiple systemgincluding browvn dwarf compan-
ions). Theabundanceof waterin protoplanetarglisksis asensitve functionof the oxidationstate
of the netula and,to first order the elementakatio of carbonto oxygen:the C/O ratio hasbeen
obsenredto vary significantlyfrom starto star implying thattheremaybevery “wet” aswell as
“dry” planetarysystem&’. Furthermorethe cosmochemicatecordin meteoritesshaws thata
largerangein oxidationstatesandwaterabundancesxistedin theearly SolarSystem perhapsas
aresultof removal of waterfrom thewarminterior of the primordialnelula andits condensation
atgreaterdistance’!. Presumablyplanetsformedfrom differentmixing ratiosof this primitive



materialwould be endavedwith differentinitial inventoriesof water Thetotal planetaryinven-
tory of watermayalsodependnthe presencef giantplanetsandtheefficiengy of its dynamical
transporiasicy bodiesfrom the outerregionsof a planetarysysteni™.

from Ohservatories

d Life

inthe Universe

by Spacecraft

Theefficiengy of incorporationof waterinto planetswill alsodependontheaccretiorhistory
andsubsequent¢scapef waterbackinto spacevia hydrodynamidlow poweredby the extreme
ultraviolet radiationof the youngparentstar Starsof differentmassmetallicity (heavy-element
ahundancepndinitial rotationrateswill emit differentlevelsof EUV radiation. The corvection
of planetarysilicatemantlesasthey rejectthe heatfrom long-livedradioisotopesndthe gravita-
tional enegy of formationwill manifestitself asgeologicactiity andwill drive the exchangeof
waterbetweerthesurfaceandthe mantleof theseplanets Dependingonthesizeandcomposition
of a planet,that exchangewill resultin differentpartitioning of waterbetweenthe surfaceand
interior with obviousconsequencdsr habitability Further thethermodynamistateof wateron
the surface(i.e., liquid, vaporor ice) will dependon surfacetemperatureandatmospherigres-
sureswhich aredeterminedn large partby the geochemicatycling of volatilessuchascarbon
driven by geologicactvity and,ultimately, mantlecorvection. The tempoandmodeof mantle
cornvectionappeardo be sensitve to the amountof volatiles, particularly water storedin the
mantleitself. Finally, the procesof biologicaladaptatiormayallow life to colonizeandflourish
not only in a variety of temperatequaticervironments but alsoextremeernvironmentssuchas
low-nutrientoceanshigh UV exposurelakes,high temperatureeepseavents,low temperature
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subglaciallakeswithout sunlight,andevenice or settingswherethe only stablephaseof water
is steam. Theseadaptationsvill ultimately constrainthe limits, distribution, and history of life
relative to thatof waterin theuniverse.

We seekto investigataheastrophysicalcosmochemicaljeologicalandbiologicalprocesses
thatlink thehistoryanddistribution of life in theuniverseto thatof water Thisresearctwill have
eightinterdisplinaryfoci:

e Theorigin of water and the formationof stars and planetarysystems This researchwill
focus on mappingthe distribution of waterin the molecularcloudsand cloud coresthat
arethe precursorf starsand planetarysystems;understandinghe role of waterasac-
tive moleculeand potentialtracerin the evolution of collapsingcloud cores,protostars,
and protoplanetarydisks, and measuringand modelingthe participationof waterin the
protoplanetarglisk chemistrythatis recordedn pristinemeteoricandcometarymaterial.

e Observationabnd experimentalinvestigationof watericesin space Cometicespresere
a chemicalrecordof the interstellarmediumandearly Solar Systemthat canbe explored
by spectroscop andimagingastheicesvolatilize nearorbital perihelion. Interpretations
of theseobsenations,however, requiredaboratorymeasurementthatincludesolid-phase
reactions.Waterice senesasthe enegy-transfermediumandactive participantin a va-
riety of radiation-drven organicchemistryreactionghoughtto be importantin eitherthe
interstellarmediumor the primordial solarnehula.

e Theorigin anddistribution of planetarywater. Thedistribution of waterin planet-forming
disks, its incorporationof waterinto planet-formingmaterial,andits eventualinclusion
in planetssuchasthe Earthis a fundamentacosmochemicabroblem. The D/H ratio of
planetaryatmosphereand potentialsourcessuchas meteoritesand cometsis a powerful
meansof constrainingmodelsof early Solar Systemwater and continuedmeasurement
of D/H in additionalcometsand primitive meteoriteswill aid that effort. The record of
agqueousactvity in the parentbodiesof chondriticmeteoritegrovidesinformationabout
the alundanceanddistribution of waterin the primordial solarnelula andits subsequent
conversioninto the hydrousmineralsthatarea lik ely sourceof mostof Earth’s water

¢ \ater and aqueousalteration on Mars. Marsis the planetmostresemblingearth,it con-
tainsunambiguougvidencefor the activity of pastandpresentvater andis probablythe
mostlikely to hostor have hostedextant or extinct life. Studiesof the history andaction
of wateron this body comparedo Eartharethusof greatimportancen thisregard. These
includeunderstandinghe potentialfor the hydrothermakndlow-temperaturealterationof
crustalmineralsandrocks by watet andthe mechanismsvherebyliquid water might be
generatean, or broughtto the surfaceof the planetat differentepochs.

¢ Water-rodk chemistryand habitatsfor life: The reactionbetweensilicate rocks and wa-
ter, particularlyat high temperatureproducesaqueousluids andalteredmineralsurfaces
whosethermodynamidisequilibriaare potentialenegy sourcedor life. Therole of both
subaeriabndsubmarinenotspringanfluencedby suchwaterrock reactionshasbeenwell
establishedput thediversityof potentialchemistries- andconcomitanbiologicalcommu-
nities — hasonly begunto be explored. Theseinclude subseafloohydrothermalkystems
in the oceaniacrustnearmid-ocearridges,low-temperaturasystemdgurtherfrom theridge
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axis, cool springsgeneratedy interactionof water with ultramaficrocks at subduction
zonesandtheinteractionof lava andseavaterat the surfaceof the earth.

Extremeaquatichabitatson Earth andtheir analogy to potentialhabitatselsavherin the
Solar SystemEvidencefor waternearthe surfacesof MarsandEuropasuggestshereare
potentialaquatichabitatsfor life waiting to be explored. Yet thesehabitatsmay be very
differentfrom thosetypically found on Earthin termsof lack of sunlight, nutrientlevels,
high UV levels, or eventhe stateof wateritself. Approximateterrestrialanalogsto such
habitatsdo exist andwill be exploredto determinaf andhow communitiesof organisms
have adaptedo thoseconditions andto evaluatestrateiesfor thedetectionof life in those
ervironments.

An integrated modelof planetarywater and its early history on Earth-like planets The
processe®f impacts,atmospheriescapeyolcanic outgassingweatheringandburial or
subductionof hydrousmineralsresultin changesn thetotal inventoryof planetarywater
aswell astheexchangeof waterbetweersurfaceandinterior reserwirs. Theimportanceof
eachprocessandits effect on the time-dependerabundanceof surfacewater(andhence
the planets ability to supportlife) will dependon theinitial inventoryof water the astro-
physicalervironmentof theplanet(i.e., laterateof accretionultraviolet radiationfrom the
parentstar),its size,andits composition.A modelof planetarywatercanbe constrained
usingknown or estimatedluxesandreserwirs of wateron the present-dayarth,andcan
be usedto explore the time-evolution of water on the early Earth, aswell as Earth-size
planetswhosespaceervironmentor compositiondiffer.

Signatues of waterbearing exoplanets The searchfor life — and water— will expand
outsidethe Solar Systemwith the eventualdeploymentof spaceobsenatoriescapableof
detectingandcharacterizingearth-sizeexoplanetsandtheir environments. The escapeof
waterfrom suchbodiesin youngplanetarysystemsnay bedirectly detectableln addition
to searchindor signature®f life onaplanet,t will bedesirableo measurehealundance,
distribution, and stateof water on its surface using photometricand spectroscopidata.
Earthshinethelight from Earthreflectedfrom the dark sideof the Moon, providesa prac-
tical meansof evaluatingour capability to identify and describesimilarly watercovered
worldsaroundotherstars.

With regardsto the themeof Water and Life in the Universe,the University of Hawalii is

uniquein (1) having personneWhoseresearclencompasseberole of waterovertheentirerange
of astrophysicsplanetarysciencechemistry geology andbiology; (2) having unequaledccess
to thetelescopesf theworld’'s premierastronomicabbservingsiteto carryout waterrelatedob-
senations;and(3) beinglocatednearavarietyof aquatichabitatsmary foundnowhereelsenear
amajorresearchuniversity, (e.g., theopenoceanahigh-altitudelake, fumarolesandashoreline
wherelava entersthe sea).To carry out our researcton WaterandLife in the Universe we pro-
poseto createaninterdisciplinarynetwork of investigatoranda corecommunityof postdoctoral
fellows. This organizationwill be basedat the University of Hawaii but will have collaborators
in severalothercountries.Eachpostdoctorafellow will carryoutindependentinterdisciplinary
researchthat connectswo or more of the areasof expertiseof the individual investigatorsn-
volvedin this proposal.Thefellow will notbebasedwith any oneinvestigatobut will insteacbe
physicallylocatedin their own group,which we call the“WaterHole”.
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2.1.1 Origin of Water and the Formation of Stars and Planetary Systems

Objectives- (1) quantify the presencef waterice in the interstellarclouds,out of which stars
form. (2) understandhe structure kinematics,composition,and physicalpropertiesof the cir-
cumstelladisksout of which planetsorm, thusdefiningthegenerakenvironmentin whichwater
will exist. (3) determinethe specificrole of waterice in thesechemicalandphysicalprocesses.

Connections-§2.1.3
Astrobiology Roadmap.inks— Goal 3; Objectve 3.1
Reseathers — Reipurth,Williams, Ceccarelli

Badground— The interstellarmediumcontainsthe basicmaterialout of which starsand nev

planetarysystemsform. Molecular cloudscontaincoresof gasand dust, which are cold and
denseandwhich cancollapsejeadingto the formationof a protostaranda surroundingotating
disk. By studyingstarand planetformationasit occursat presentin nearbydark clouds,we

opena window on the processeshat shapedour own solar system4.6 billion yearsago. The
Institutefor Astronomyat the University of Hawaii hasjustinauguratedhe Centerfor Starand
PlanetFormationin orderto develop andstrengthennterdisciplinaryconnectiondetweerearly
solar systemstudiesfocusingon comets,Kuiper belt objects,and meteoritesandthe analysis
of present-daytarformationeventsandnewborn stellarobjects. One of the prime goalsof this

effort is to tracethe evolution of waterfrom its originsin molecularclouds,its role asa major
coolantin the collapseprocessits inclusioninto andprocessingvithin circumstellardisks,to its

eventualincorporationinto icy solarsystembodiessuchascomets.Ultimately this will leadto

planetarywaterreserwirs suchastheocean®n Earth,thusforming thebasisfor thedevelopment
of life aswe know it.

Interstellar Chemistryandthe Origin of Water

In thecold ervironmentof densanterstellarclouds,volatile moleculedreezeoutontodustgrains
andform icy mantlessurroundingthe silicate and carbonaceousores. Grain surfacechemistry
allows for the formation of more complex moleculesthanis possiblein the gasphase. These
moleculesjncludingwatet arethenliberatedfrom thegrainsurfaceshroughheatingby ayoung
star Determiningthe solid stateprocesses densecloudsis thusessentiafor anunderstanding
of the chemistryandevolution of waterice. Obsenationally, therearethreecloselyrelatedap-
proachedo exploretherole of waterice in the starformationprocess.

Mappingthe Distribution of Water Ice in DenseCloud Cores

Waterice exists in the interior of molecularclouds;it is estimatedthat about10% of oxygen
atomsin molecularcloudsareboundup aswatericel’. For visualextinctionsof lessthanAy ~
2 - 5mag,UV radiationfrom theinterstellarradiationfield destrys watermolecules For higher
extinctions,theUV field graduallypbecomesufficiently attenuatedor ice to survive,andalinear
relationis found betweerthe optical depthof waterice ., and Ay [+ %51, Suchobsenationscan
be carriedout by observingbackgroundstarsin the nearIR wavelengthrangethanksto a strong
waterice absorptiorbandat 3.1 um (Fig. 2.1.1a).
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Few studieshave beenmade sinceterres-
trial waterabsorptioninterfereswith ob-
senations. We will launcha major in-
fraredstudyextendingthe earlywaterice
studiesbetweernb < Ay < 20 mag(Fig.
2.1.1b)to themuchhigherextinctions(up
to Ay ~ 100) in the densecoresout of
whichsolarlike starsareforming. Thisre-
quiresthe superiorhigh-altitudedry con-
ditions at MaunaKeaandthe availability
of 8 - 10 m classtelescopesandthe In-
stitute for Astronomyis thusideally po-
sitionedto successfullycarry out sucha
project.Nothingis currentlyknown about
waterice absorptiorat suchhigh column
densitiesandwe will for thefirsttimede-
termineif thelinearrelationfoundat low
extinctionscontinues.
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Fig 2.1.1a—\Vdterice mapoverlaidonaC'#O mapof

partsof the Taurusmolecularcloud$*”. Both filled

andopencirclesshav the positionof obseredfield

starsandthediameterof filled circlesis proportional
to thevalueof 7;..

gx10'8 T

Column Density of Water Ice

Visual Magnitude

Fig 2.1.1b—Calculateénd obsered column
densitiesofwaterice as a function of visual
extinction over the range0 < Ay < 20 for
Taurus.Themodelsarediscussedn!*¢7.

Onemayexpectthatthe slopechangess
the UV field decreaseandmoleculesn-

creasinglycondenseonto grain surfaces.
Physicalconditionsin thecloudcorescan
bedeterminedy mappingthemwith het-
erodynedetectorandsub-mmcontinuum
arrays at Mauna Kea facilities like the
JCMT andthe SMA, for direct compar

ison with the waterice maps. Sincethe
C/O ratio differs betweernvariousmolec-
ular clouds, we will also explore if the
alundanceof waterice changesn differ-

entstarforming regions. If so,the even-
tual incorporationinto planetsmay not
necessarilype constant.

ThePhysicaland ChemicalPropertiesof CircumstellarDisks

It is possibleto learn much aboutwater chemistryvia obsenationsof relatedspeciessuchas
CH;0H, HCO', andtheir deuteratedounterpartswhich have obsenableline emissionoutside
of the broadterrestrialwaterbands. A rich chemistryhasbeenobsened in starforming cores
at (sub-)millimeterwavelength&d. The next stepis to extendthe studyof chemistryin proto-
stellar ervelopesto protoplanetarydisks. Dutrey®™ have surveyed a variety of moleculesin a
nearbydiskin Taurusbut therearefew otherobsenationsto datedueto theweaknes®f theline
emission.Obsenationsof moleculesn disksaretechnicallymorechallengingthanin coresbe-
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causeof thelow resolutionof single-dishtelescopesperatingat millimeter wavelengthsandthe
consequenbeamdilution. To achieve higherresolutionrequiresoperatingmultiple antennass
aninterferometerinterferometerslsohave the advantageof automaticallyfiltering out uniform

emissionfrom unrelatedmoleculargasin the cloud. Thefirst sucharrayof telescope®perating
at sub-millimeterwavelengthshasrecentlystartedoperationson MaunaKea. Onceit reachests

targetedspecificationsn late 2003,the Sub-Millimeter Array (SMA) will provide the ability to

mapmoleculadine emissionin disksandstudytheir chemicalstate.

Throughthe UH accesdo telescope®n MaunaKea, it is possibleto dedicatelarge quan-
tities of time to surwey for sub-millimeterline emissionfrom water relatedspeciesin nearby
protostellarcoresand protoplanetandisksandfollow their chemicalevolution. The singledish
CaltechSubmillimeterObsenatory (CSO) and JamesClerk Maxwell TelescopgJCMT) tele-
scopeshave a resolutionin the rangel10-20' andare well suitedto line sureys in protostellar
cores.Evenin the closeststellarnurseriesn Taurus,protostellardiskshave radii of only a few
arcsecondso line detectionis very challengingwith thesesingle dish telescopes.The SMA
will be a uniqueresourceor imagingat arcsecondesolutionin the sub-millimeterregime. By
matchingthe beamandsourcesizemoreclosely mary linesareexpectedio be detectableandit
will becomepossibleto explore the structure dynamics,andchemistryof protostellardisks. A
pioneeringstudyof chemistryin the LkCa 15 disk wasmadeat millimeter wavelengthausingthe
OVRO interferometé#*d. Our proposedbsenationsare at shorterwavelengthsthanthis work
andtarget warmergaswhereboth line and continuumemissionare stronger In additionto the
line obsenations,the thermaldustemissionprovidesinformationon the grainmassopacityand
therebythe compositionof the (icy) mantles.

Thecombinatiorof thesingledishobsenationsof coresandinterferometemeasurementsf
diskswill shav the chemicalevolution from the early stagesf starformationin coresto the be-
ginningof planetformationin disks. Thisis a challengingprojectthatwill requirelargeamounts
of telescopdime dueto the multitude of speciesandrelative weaknes®f emission.UH is in a
uniquepositionof beingableto bring threesub-millimetertelescopeso bearon this problem,
including the only oneableto imageat arcsecondesolution. Therefore this surwey canbe ex-
pectedto make a significantcontribution to our knowledgeof the initial chemicalconditionsof
starforming clouds. The SMA will be dedicatedn November2003. It will be linkedto the
JCMT andCSOin 2005,therebydoublingthe sensitvity andresolution.Thesetelescopesirea
uniqueresourcebothfor researchandfor training. Theskills thatstudentsandpostdocdearnin
carryingout this work will prepareghemto take full advantageof the AtacamalLarge Millimeter
Array (ALMA). Scheduledor completionin 2011,this 64-elemensub-millimeterinterferome-
terwill revolutionizethefield of astrobiologyby imagingtheformationof starsin unprecedented
detail. It will have, for example,the capabilityto imagethegapsin disksformedby protoplanets
andto studychemicalgradientsat AU scales.

Hot Water Emissionandthe Chemistryof CircumstellarDisks

Wateris foundin the form of waterice attemperaturebelonv aboutl50K, but it existsaswater
vaporattemperaturesip to the thermaldissociationlimit around2500K. Whereadhe interiors
of dark cloudsarealwaysbelow the ice condensatiofimit, circumstellardisksaroundnexborn
sun-like starsarewithin the temperatureangeof watervaporbetweerroughly0.1and5 AU. In

thisregion of adisk, wateris a strongandefficient molecularcoolant(Fig. 2.1.1c).Furthermore,
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notonly is waterabundantin circumstelladisks,but it hasalargenumberof radiative transitions
samplingawiderangeof temperaturesiWateris thereforeanexcellentdiagnostiof theproperties
of circumstelladisksat radii relevantfor planetformatior*d.

Groundbasedobsenations of water are ————r——— —
complicated by the presenceof water o - (a) SVS-13 g
in the Earths atmosphere,causing tel- !

luric absorption. Obsenations from dry
high-altitudeobsenatorieslike MaunaKea
greatly reducethis problem. Additionally,
becausehigher excitation statesof water
have transitionsfar from the vibrational
bandcentersit is possibleto make ground-
basedlow-resolutionspectroscopimbser
vationsof water if it is muchhotterthanthe
Earth’s atmospherewhenobservingin the
wings of the telluric water bandsat near i 7
infraredwavelengths.Najita et al.’*d have 220 2202 2204 229

demonstratethatit is possibleto usehigh _ Wavelength (um) _
spectralresolutionto study individual, re- Fig 2.1.1c—Hotwater emission(vertical lines) in two

solved nearinfrared lines far from thevi-  Youngsolartypestarsneara CO bandhead”l. A syn-
brationalbandcenters theticspectrumis includedfor DG Tau.

They find thatthe waterlinesarenarraver thanthe CO lines (asexpectedfor arotatingKep-
leriandisk sincewaterhasalowerdissociatiortemperaturéghanCO) andthereforeextendfurther
outinto moreslowly rotatingpartsof adisk. Suchspectroscopistudiesrequirevery high signal-
to-noisein orderto definethe broadweak molecularfeatures,andwe envisageto employ the
8-10mtelescopest MaunaKeafor the first detailedand comprehensie study of watervapor
emissionin the circumstellardisksof nevbornsun-like stars.

Relative Flux

Water Masess in the ProtostellarEnvironment

Many ortho andpararotationallevels of waterlie closeto eachotherandthustendto be easily
inverted. Accordingly, if theselevels correspondo allowed radiative transitionsthey cangive
riseto maseramplification.The strongestvatermaseremissions thatof the6; s — 523 transition
which is easilydetectedrom the groundat 22 GHZ*. The strong22 GHz maseremissioncan
be explainedby the collisional pumpingof denseneutralgaswhich hasbeenheatedoy shocks.
In recentyearsa numberof sureys have demonstratethat watermasersare commonlyob-
sened aroundnewnborn stars,with detectionratesof 40% for the youngestClassO sources4%
for slightly more evolved (50,000to 100,000yr older) Class! sourcesand 0% for still older,
optically visible Classll source§~®l. This dramaticdecreasén water maserdetectionover a
relatively shortevolutionarytime spanis likely to be causedy therapiddissipationof densegas
aroundthecentralobjects.In mostcaseshemasersappeato align alongtheaxisof outflow from
thenewbornstars?, supportingotherevidencesuggestinghatwateris efficiently andabundantly
producedwithin warmgas,heatedoy shocksthatareconvertinggas-phasexygeninto watefs4,
The high spatialresolutionof the Very Large Array (VLA) interferometef0.08arcseat1.3cm
in the A configuration,correspondingo 10 AU in the nearesstarforming regions)is thuspro-
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viding insightsinto the launchof protostellarjets which may be the sourceof chondrulesand
CAl's in the early solarnetulal™®d. This offers a unique connectionbetweenthe formation of
otheryoungstarsandthe studyof our own originsthroughmeteoriticanalysis.In rarercasesthe
masersappeato tracethe distribution of gasin circumstelladisks,seeFig. 2.1.1d?% 71,

Recently propermotionsof watermasershave
been determinedby studieswith Very Long NGC 2071-IRS3
Baseline Interferometry  Such obsenations
representan improvement of two orders of

magnitude with respectto the best angular
resolution achieved with the VLA in its A- Water Masore in a

configuratioff®. Interferometricwater maser ___ Protoplanetary Disk
obsenationsarethe only obsenationswith suf-
ficiently high spatialresolutionto allow a de-
tailed determinationpn solarsystemscales of
physical conditionsand kinematicsin the cir-
cumstelladisksout of which planetswill form.
For thelastdecadewe have usedthe VLA ex-
tensvely to studydeeplyembeddednewnborn,
sun-like starg®l. We will employ this facility
to studythedistributionandtemporalevolution  Fig 2.1.1d—A1.3 cm radio continuumimagefrom
of water masers,using the water maseremis-  theVeryLargeArray!*d. Dotsindicatetheposition
sionasatool to explore physicalconditionsin of thewatermasers.The ellipseshaws the size of
protoplanetarylisksversusof age. Neptunes orbit for comparisorpurposes.

Neptune’s Orbit__
—

Analysisof Water in Star Forming Regionswith SpaceMissions

Watervaporis soabundantandsorapidly variablein the Earth’s atmospher¢hatdetailedobser
vationsareratherdifficult. The Infrared SpaceObsenatory (ISO) andthe SubmillimeterWave
AstronomySatellite(SWAS) openedmid- andfarinfraredwindows with numerousstrongwa-
ter lines* 2514 andindicatedthe advanceswe canexpectin this areaof researcHrom future
missions. Two major projects,the Stratospheri®©bsenatory for Infrared Astronomy(SOFIA)
andthe SpacdnfraredTelescopd-acility (SIRTF), arein thefinal stagesf preparationandwill
soonbe available to the astronomicalcommunity Later this decadewe will getthe Herschel
mission,a 3.5 m mid- andfarinfrared telescopehat will be placedin a solarorbit at the L2
point. It will beextremelysensitve,andwill permitdetailedstudiesof therelationof watericeto
circumstellarchemistryin newbornstar$?. MeanwhileSIRTF, dueto belaunchedhis year will
have far highersensitvity andresolutionthanISO andSWAS, althoughit, too, will beunableto
resolhe circumstellardisks. We will useSIRTF to measureheglobalwatercontentin youngstar
forming coresanddisksasa constrainton modelingour resoled groundbasedobsenationsof
waterrelatedmolecules.

2.1.2 Interstellar lces— Comets

Objective— We would lik e to understandhevolatile (especiallywaterice) abundance®f comets
andrelatedbodiesandto know to what extent cometarywaterhasbeenprocessedinceits ac-
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cretionin the precursomolecularcloud. As ice-rich bodies,the nuclei arethermodynamically
stableagainstsublimationonly at heliocentricdistances> 5 AU. Thereforewe mustaddresshe
compositionsof objectsin the middle andoutersolarsystemin orderto understandhe sources
and delivery mechanisms.This requiresthe applicationof astronomicakechniquesusing the
largesttelescopesAs the cometaryicesarelik ely to have beenalteredby prolongedirradiation
by enepgeticparticles we mustalsouselaboratoryexperimentgo understandhe natureandrates
of chemicalreactionsoccuringin exposedices. We will mounta systematiqgorogramto study
irradiatedicesbothastronomicallyandin the laboratory

Connections-§2.1.45§2.1.3
Astrobiology Roadmap.inks— Goal 3; Objectve 3.1
Reseathers— Bar-Nun, Jawitt, Kaiser Meech,Owen,Prialnik

Badground- Until the late 19805, the standardoaradigmheld that cometswere pristinerelics,

“planetesimals”,from the era of planetformation. Indeed,the inventory of speciesdetected
to datein the ISM is very similar to that found in the comet$*, broadly consistentwith this

paradigm.However, we now understandhat cometscanhave differentsources Dynamicalev-

idencesuggestshatthe short-periodcomets(SP) musthave hada low-inclination sourcein the

trans-Neptuniamegion (beyond 30 AU), while long-periodcomets(LP) formedat smallerdis-

tancege.g. the JupiterNeptunezone),were perturbedoutwardsandarenow storedin the Oort

Cloud“*¥, The differentcometdynamicaltypeshave experiencedlifferentthermal,collisional

andirradiation histories;it is naturalto expectthat thesedifferenceswill be reflectedin their

compositions.

TheComet-ISM Connection

Theinventoryof speciesletectedo datein the ISM is very similar to thosefoundin comet§d,
leadingto the suggestiorthat much of the interstellarmaterialis incorporatedunalteredinto
comets. However, during the earlieststagesof the evolution of the planetarydisk, infalling in-
terstellarmaterialmay have beenheavily processedlueto shock-inducedublimationfrom icy
grain mantlesand subsequentolatile re-condensatioti4. At thelow ambienttemperaturesx-
pectedn thenelula, thewaterice would recondensen anamorphoudorm, trappingothermore
volatile species Neverthelesspbsenationsof recentbright cometshave shovn thatthereis ev-
idencefor preseration of an interstellarice componenwithin nuclei, yet at the sametime the
cometarymaterialhasundegoneprocessingluringits formation. Measurementsf the D/H ratio
in P/Halley[**3 in C/1996B2 Hyakutalel*! andin C/199501 Hale-Bopp*! shav anenrichment
by a factorof tenin watercomparedo the protosolarratio. The enrichments a resultof ion-
moleculeandgrain-surficereactionsin molecularclouds. Laboratoryexperimentshave shovn
thatthis ratio cannothave beenre-equilibratedn the solarnetula™®.

TheOort Cloud, the Kuiper Beltand RelatedBodies
The Oort Cloud containsabout10'? cometswith a combinedmassprobablycomparableo that

of Neptune.The planetesimalgrew collisionally until they werebig enoughto decouplefrom
the netular gas(at sizesof 10’s to 100’s of metersfd. Planetesimalgjectedto the Oort Cloud
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may have undegonecollisional evolution en-route put have sincebeenstoredin a collision-free
ervironmentat only 10K temperaturé?. They have beensubjectto thefull intensityof ionizing

galacticcosmicraysfor the past4.6 Gyr. The Kuiper Belt, containsperhapsl0° bodieslarger
than 100 km in diameterand~ 10 larger thanthe typical cometarynucleus(~ 1 km: Jewitt

andLuu 2000). The currenttotal massis only ~ 0.2 M, but thisis thoughtto be only about1%
of theinitial Kuiper Belt mass.Material hasbeenlost from the Kuiper Belt throughdynamical
erosionand throughcollisional shatteriingand ejection. It hasbeenconjecturedthat the late
heary bombardmenbf the solar system,most clearly recordedin the crateringhistory of the
Moon, might have beencausedy the clearingout of the massve initial Kuiperbelt.

Presently objectsescaperom the Kuiper belt throughdynamicalchaos,and are scattered
amongsthe planets.Thosethatarenot ejectedfrom the solarsystemto the interstellarmedium
are scatterednwardsto fall underthe gravitational control of Jupiter Onceinside Jupiters 5
AU radiusorbit, waterice in the surfacelayersbeginsto sublimate giving riseto anatmosphere
or “coma”, andtheseobjectsare obsenationally relabelledas“comets”. It is thusappropriate
to think of a streamof objectsemanatingrom the Kuiper belt andbeing scattereetweenthe
planets|eadingsometimego the appearancef active cometsnearthe earthand,on rareocca-
sions,to collisionswith the Earthandterrestrialplanets.Bodiesthathave left the Kuiperbelt but
which are not yet warm enoughto strongly sublimateareknown as“Centaurs”. About 50 such
objectsarecurrentlyknown. In contrastto the Oort Cloud objects,cometsfrom the Kuiper belt
arethoughtto be collisionally producedchipsfrom larger bodies. They have beenin awarmer
thermalenvironment(50K), have beenat leastpartly protectedrom cosmicraysby heliospheric
shielding,andmay have beenheatedandshocledduring ejectionfrom their parentbodies.

Spectal Properties

E Chiton, UT 1999 Apt 3

Obsenationalevidencefor theeffectsof ir- 138
radiationof the cometss 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 confidencealsofall in thefew T T T T T T T T e
to 10%range.Suchlow albedoestogethetr Wavelength [pem]

with the reddish colors measuredn the

optical spectralregion, areconsistenwith g 5 3 4 iterice bandsat 1.5 and2.0um in the re-
hydrogen-depeletedarbon-richorganics.  fiectionspectrunof Centaur2060Chirori?.
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Spectrafeaturenthesebodieshave proveddifficult to find, indicatingthelow albundanceof
bondscapableof generatingneasurableibrationalfeaturesn the nearinfrared.In onespectac-
ular counterexampleto this claim, telescopicobsenationshave revealedthe presencef several
nearinfraredabsorptionsn the spectrumof Centaur5145Pholus. Onemodelcanfit thesefea-
turesusing a surfacecompositionincluding complex organics(“tholin”), waterice anda light
hydrocarbor(possiblemethand?). Waterice is seemalsoin thereflectionspectraof otherCen-
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taursand KBOs (seeFig. 2.1.2a). The existenceof organicsin cometsis known from optical
spectroscoyp of radicals(C,, C;) andfrom nearinfrared and radio spectroscop of molecules
(HCN, H,CO). In-situ measurementsf dustgrainsin P/Halley detectedyrainscomposedargely
of theelement<CHON.

L

. . 1 . a\s\“\ace
Whethertheprocessedrganicsareconfined P OOOO OOOO ,; s LrC e
to ameterthick surfacelayeror “mantle”, or ONCe kA4 7

morphous ice, dust |
and other volatiles, -

are to be found throughoutthe bulk of the O
cometarynucleugemainaunknownn (seeFig.
2.1.2b).Cosmicrayshave a stoppinglength
of only metersbut irradiation of solid mat-
ter prior to incorporationn thecometarynu-
cleuscould lead to this matterbeing found
atall depth§*. Obsenationsof amorphous
icein comet§? shaw thatthecometscannot |~ gmges. 0™ |
have beenheatedmuch above 137K. This AT
placeslimits on the allowable abundanceof
Al and on timescalesrom chondrulefor-
mationto cometformationto allow the 2°Al
to decayby 2 orders of magnitudefrom
the alundancenferredin the Allende mete-
orite. The heatingfrom 2° Al would occurin - T "‘"

the first few x10° to 107 years,or possibly ~ Fig 2.1.2b-Sequencesf agingin the upperlayers
longerfor larger bodie$™. Delayedforma- of a cometnucleusfrom the pristine state,through
tion is afeatureof accretionin the low den- alterationsundegonefrom heatingn theOortcloud
sity KuiperBelt, sothatit seemsnaturalthat ~ from bright stars,supernsae and decayof *°Al to
%6 Al would belargely absentin thesebodies.  theactve phaseof volatile loss.

Cometsformed closerto the sunat higherdensitiescould have grown more rapidly and might
have incorporatedh largerfractionof 26 Al andothershort-livedisotopespossiblywith important
consequencdsr thermalandchemicalprocessingpistories.Organicmoleculesvhenexposedo

chagedparticleandUV radiationproduceradiolysisandphotolysis.Laboratoryevidenceshavs

that carbon-containingrozen mixtureswill form complex organicswhen exposedto radiation
andthatcomplec organicswill breakdown underirradiation(see§2.1.3). The effectsof progres-
sive irradiationincludewealeningof the IR bandsowing to CH bonds,a changen the slopeof

thevisible reflectancespectrg0.4-0.8:m) anda progressie lowering of thealbedo.Hencethere
is muchspeculatiorthatred outersolarsystemmaterialsresultfrom theseprocesse®?, andthat
bright, neutral-bluesurfacescorrespondo newly exposedicy surfaces.Thetechnologyhasjust

becomeadvancedenoughto begin to studya statisticallymeaningfulsampleof cometsandCen-
taursto look for the waterice signature andthe chemicalcompositionof the surface,including

organicmaterials.
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We aim to capitalizeon University of Hawaii accesfo MaunaKeato undertale a systematic
investigationof the abundancesandalundancelifferencesn the ice-bearingoodiesof the solar
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system.Suchastudyis timely becauséi) new suneyshaverevealedalargenumberof obsenable
but currentlyunobseredtarget CentaurandKuiperbelt Objectsand(ii) new telescopeandnen

detectortechnologiesllow high quality obsenationsthatwere previously impossibleto secure.
As a counterparto the acquisitionof astronomicakpectrawe will obtainlaboratoryreflection
spectreof relevantice-dirt mixtures,all subjectto appropriatedegreesof irradiationdamageby

high enegy particlesourcesSee§2.3.4for details.

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

Objective— To useultra-highvacuumscatteringab experimentdo investigatehe chagedparti-
cle versusgphotoninducedformationof interstellarC,H,O, isomersn astrophysicallymportant,
waterrich ice mixtures.

Connections-§2.1.1
Astrobiology Roadmap.inks— Goals3, 4; Objectve 3.1,4.3
Reseathers— Kaiser EhrenfreundBar-Nun, Owen

Badground— Cutting-edgdaboratoryexperimentspresenta uniqueopportunityto addresdor
theveryfirst time theimportantquestionf how the basiclife ingredientscanbe formedabioti-
cally in extraterrestriaernvironmentssuchasmolecularcloudsandthe crucialrole thatwaterhas
playedin their formation. Waterice presentghe main constituentnot only of interstellargrain
material,but alsoof cometarymatterd. Dueto its high abundanceit playsavital rolein theun-
derlying physicochemicaprocessesvhich leadto the formationof astrobiologicallysignificant
moleculedik e carbonhydrateqsugars)n theinterstellamediumandin our solarsystem.

Basicprocessesf ice formationanddestructionin interstellar clouds

Therearefour basicprocessewhichinfluencetheice chemistryin the ISM. Figure2.1.3ashows
a schematicoverview of anicy grainandits catalyticsurface. Accretionis a very efficient pro-
cessn cold ervironmentshecausenostof the gaseouspeciegwith the exceptionof H, andHe)
stick ontothe grainswith almost100%efficiency. This accretionprocesoccurson atimescale
of 7 ~ 2 x 10°/n(Hsy) yr, assuminga sticking efficiency of unity. The accretionprocessccurs
to specificgrainsites,known asbinding sites. Waterice actsasa matrix which embedscomple
organicmoleculessuchasfreshly synthesizedugarsandaminoacids. Due to this matrix isola-
tion, ionizing radiation(nuclei, electrons photons)from the galacticcosmicradiationfield and
the solarwind interactpredominantlywith the main constituentof theseices: watermolecules.
Therefore,water moleculesprotectastrobiologicallysignificantmoleculesinside the icy grain
materialfrom beingdestryedby ionizing radiation.Without this waterice, no organicmolecule
cansurvive neitheron interstellargrainsnor on comets.

Secondly the actualformation of astrobiologicallyimportantmoleculesgenerateshemical
enegy, which is storedasvibrationalenegy in the nenly formed molecules. This excessen-
ergy mustbe divertedfrom the moleculesptherwiseorganicmoleculesdragmentandcannotbe
stabilized. The water matrix candivert this excessenegy via phononcoupling. Without this
enegy transferof waterice, the astrobiologicakvolution of extraterrestriakernvironmentswould
stopright at the beginning. However, the actualeffect of both processesndthe role of water

21



on the formationof astrobiologicallyymportantmoleculeshasnever beeninvestigatedn labora-
tory experiments.Here,we unravel for the very first time how theseastrobiologicallyrelevant
building blocksareactuallyformedin waterrich ices(via ionizing radiation,chaged particles,
andphotons).The formationof the sugarglycolaldehydeandits isomersaceticacid andmethyl
formatein waterice actsasa prototypeexamplewith fundamentahstrobiologicaimplications.
The productionroutesare explored quantitatvely asa function of temperaturg10 K — 300 K)

to simulatethe chemicalprocessingn cold cloudsandhot molecularcores.We alsoaccountfor

thedifferentchemicalreactvities in variouswaterice phasegcrystallineversusamorphous)By

couplingthesdaboratoryinvestigationsandthe productionroutesof glycolaldehydeaceticacid,
andmethylformatewith sub-mmobsenations,we will theninfer conditionsin thecoresandcold
cloudswherethe chemistryin waterrich icesis occurring.

INTERSTELLAR OCNICNS

Untangling the syntheticroutesto form basic sugars,
which arethe building blocksof RNA, in waterrich ex-
traterrestrialicesis particularly significantbecausehey
serne asan enegy sourceto living organisms(glucose)
andasa structuralskeleton(cellulosefy. Carbohydrates
alsoplay arole in vital aminoacid producingchemical
reactions.Thesespeciesnayhave formedon early Earth
via the polymerizationof two formaldehyde(H,CO)
molecules However, the validity of whetheror notthese
conditionswerelikely on a primitive Earthhasbeense- » ’
riously questionedpecauseainderary conditionswhere
monosaccharidesill form, they would subsequentide-
gradeor reacton shorttime-scales.

AFDLAR IGES
~ 2090 K

FOLAR ICES
upto9o K

[$660800688.0000) ACCRETION

oooodboe oo DIFFUSION
Early in Earth’s history, it experiencedh periodof heavy
bombardmentduring which fragile carbon-basedife o0

could not have survived®. Geological sureys have REACTION
found 3.5Gy old cyanobacterigossils and evidence of

chemicalprocessinglatingto 3.8Gy Thus,theevolution »e

of pre-bioticmoleculeson Earthtook lessthan300 mil- COCAAN00ACH000 EJECTION

lion years,suggestinghat thesebiologically important
moleculesmight have beenalreadyavailable. Astrobi-

ologically importantmoleculessuchas glycolaldehyde,
a monosaccharidsugar could have beenproducedin

extraterrestrialervironmentsandthen subsequentlgur

vived solarnehular processingr wereintroducedto the

Earthduringthe periodof heary bombardment.

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

An analysisof meteoritessuchas Murchisonand Murray also indicatesa large proportion of
complex organicmatterincluding aminoacids,lipids andsugarso supportthis claim. In addi-
tion, several interestingorganic molecules(suchas methyl formateand aceticacid) have been
tentatvely identifiedin comets.

Hot molecularcoresand star forming regions provide a rich laboratoryfor understanding
complex molecularevolution. Thetransitionfrom the cold molecularcloudto thehotcorephase
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dependsstrongly on the molecularcomposition. A detailedunderstandingf the synthesisof

threeC,H,0O, isomerg[aceticacid (CH; COOH), methylformate(HCOOCH;), andglycolalde-
hyde (HCOCH,H)] is of particularpertinencesincethey play a key role in astrobiology Acetic

acid,a precursotto the simplestaminoacid glycine,wasfirst detectedn the hot core Sagittarius
B2(N) (SgrB2), andlateralsotowardW51e2*l. The secondsomer methylformate,is ubiqui-

tousin theinterstellarmediumandhasbeenobsenednot only in hot coreslike SgrB2 but also
in molecularcloudssuchasOMC-1. Therecentdetectionof glycolaldehyden SgrB2 is a sig-

nificantastrobiologicalmilestonesinceit representshe first memberof monosaccharidsugars
anddenotesanimportantbiomarler.

Despitethe key role of theseC;H,O, isomersin astrobiology their formation is not un-
derstood.Chemicalreactionnetwork modelsof pure gasphasechemistrywhich focuson ion-
moleculereactionsvith methanobkndformaldehydeyield abundance$0-100lessthanobsened.
Grain-suricereactionson sub-micrometesizedsilicate-andcarbonaceous-basednoparticles
atT ~ 10K in cold molecularcloudshave beenproposedisanalternatve formationmechanism.
The moleculescan be liberatedinto the gasphasevia sublimationin hot coreswhenthe sur
roundedmatteris heatedabove 100K by theembeddegbrotostar Millar & Hatchell**? extended
previous reactionnetworks to simulatethesegrain sublimationprocesseshowever, the models
could not adequatelyfit the obsened abundances.This suggestghat key productionroutesto
form C,H,0, isomersnvolving interstellargrainsarestill missing.

UnderstandingGrain Chemistry

The crucialrole of the grain mantlesto producemolecularhydrogen(H,) andsimple hydrides
suchaswaterand methanehasbeenrecognizedexplicitly, but no consensusasbeenreached
whethercomplex astrobiologicallyimportantmoleculesareactuallyformedon grain surfacesor
insideicy graing** . In thecold molecularclouds,interstellargrainshave temperaturesf 10K.
Thus,grainparticlestrapall moleculesandatomsexceptH, H,, andHe with unit efficiency upon
collision. This resultsin the formation of nm-thick icy layerswhich consistpredominantlyof
water (H,O), methanol(CH;OH), carbonmonoxide(CO), carbondioxide (CG,), andof minor
componentsikeammoniaNH;), formaldehydd€H,CO),hydrogercyanide(HCN), carboryl sul-
fide (OCS),andmethangCH,). Theseice mantlesareprocessedhemicallyby MeV cosmic-ray
(CR)inducedinternalUV radiationwhichis presenevenin thedeepinterior of thedenseclouds.
Becauseurrentreactionmodelsassumehatthis frozengrainmantlematerialis chemicallyinert,
they have limited validity.

Despitethe importanceof high enegy particle and photoninducedchemicalformation of
moleculesn extraterrestrialces,theseprocessebave never beencomprehensiely includedinto
astrophysicaleactiometworksmodelingtheformationof C;H,O, isomersn cold cloudsandhot
cores.Studies(includingthe NASA decadakuney) investigatingthe effectsof chagedparticle
processin@f interstellaricesto form heary hydrocarbonsn molecularcloudscall for extensve
laboratoryinvestigationsof the underlyingelementaryprocesses. Thimterstellarmediummod-
eling communitiesarealsocalling for laboratoryexperiments.Novel laboratoryexperimentson
theCRandUV triggeredformationof C,H,O, isomersan extraterrestrialcesareclearlydesired.
Oncethe prebioticsyntheticroutesto form thesemoleculeshave beenexposedquantitatvely in
laboratoryexperimentswe canthenpredictwheresugarsandtheirisomers(or their precursors)
canbeformed,searchedor, andultimately be obsened spectroscopicallyvia telescopespr in
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situ (via spacamissions).
ExperimentalObjectives

We will use ultra-high vacuumscatteringlab experimentsto investigatethe chaged particle
versusphotoninducedformation of interstellarC,H,O, isomersin astrophysicallyymportant,
waterrich ice mixtures. Theseexperimentswill generateuantitatve dataundercontrolledcon-
ditions and provide temperaturekinetic enegy, and wavelength-dependerstyntheticroutesto
form aceticacid, methylformate,andglycolaldehyden watekrich icesaspresenin cold molec-
ular clouds,hot cores,andin cometaryices. This uniqueapproachaddressefor the first time
specificmechanismsnd generalizedconceptson photonversusparticle inducedformation of
complex moleculedn astrophysicaicesratherthanattemptingsolelyto reproducenfraredspec-
traof astronomicabbsenations.

Productionratesof C,H,0O, isomerswill be exploredsystematicallyasa functionof ice tem-
peraturein molecularcloudsand hot cores(10 to 100-300K), ice composition,photonwave-
length, natureof the chaged particles(electrons hydrogen,helium, oxygen,andcarbonions),
andflux andkinetic enegy of the irradiating particles. Sincephotonspenetrateonly the outer
layersof the grain, whereascosmicray particlescan penetratedeepinside, a depth-dependent
moleculardifferentiationis expected.Thelaboratoryexperimentscombinedwith kinetic models
predictthe existenceof theseisomersguantitatvely in variousextraterrestriabrvironments.Us-
ing JCMT, CSO,andSMA atMaunaKea(§2.1.1),we canthenattemptto obsere theseisomers
in molecularcloudsandstarforming regionsin the microwave region; the microwave transitions
of all threeisomersarewell known. It will be possibleto comparethe T — dependenproduction
ratesandoutputsof the kinetic modelswith resultsfrom astronomicabbsenations.

Theseexperimentanay alsobe importantfor understandinghe datafrom future spacemis-
sions(e.g. DeeplmpactMission)andspectroscopiobsenationswith telescopegStratospheric
Obsenatoryfor Far Infrared Astronomy;Spacenfrared Telescopd-acility). This uniquesyner
gistic approaclcombinedor the very first time sophisticatedaboratoryexperimentsglectronic
structureheory kineticmodels andactualastronomicabbsenationsto addresgeneralizeaon-
ceptsin understandinghe formationof astrobiologicallyimportantmoleculesn waterrich ices
in our solarsystemandin theinterstellarmedium.

ChemicalProcessingn the Clouds— Physicalprocesses

An understandingf thechemicalprocessingf icesby photonsandchagedparticleswill enable
usto predictthenatureof theice mixtureswhereC,H, O, isomeramightbe synthesizedDictated
by opticalselectiorrules,a photoncanbeabsorbedy a singlemoleculein theice. This process
canbefollowedby a selectve bondrupture.If a hydrogenatomis releasedn the photodissoci-
ation processijt may have kinetic enegiesup to afew eV. The correspondingadicalformedis
internally excitedandmight reactwith a neighboringmolecule.Sincetheinternalenegy canbe
coupledinto the reactioncoordinate gntrancebarrierscanbe passedindendothermiaeactions
arefeasible.

UV photonsareabsorbedvithin about100A of thesurface,but CR particles(suchas10MeV
H™*) canpenetrataleepemanddepositupto 1 MeV insidetheicy mantle.This exceedshechem-
ical bondstrength(1 eV) andthe stability of the molecule. Uponabsorptiona CR caninteract
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inelasticallyor elasticallywith eitherthe electronicor nuclearpart of molecules respectiely.
Consequencesf this interactioninclude the electronicexcitation, ionization,and/orbond rup-
tures.Theenegeticspeciegshusformedarenotin thermalequilibriumwith thesurroundinglOK
ice. Onceparticlesare slowed down in successie collisionsto kinetic enegiesof a few eV —
enegiesin the orderof chemicalbondstrengths- they canreactwith a moleculein theice via
one of threemechanismgo form new molecules:(i) hydrogenabstraction(ii) insertioninto a
singlebond,or (iii ) additionto anunsaturatedhondor to a non-bondingprbital.

The power of suprathermaleactantss basedon the ability to impart their kinetic enegy
into the reactioncoordinate.Reactionbarrierscanbe overcome andendothermiaeactionsare
openresultingin rateconstantaip to 16 ordersof magnituddargerthanthermalreactions Most
importantly calculationsshav thatalthoughthe CR flux in densemolecularcloudsis two orders
of magnitudebelow the internalUV flux, eachMeV particle generatesbout100 suprathermal
speciesn a0.1 um thick icy layer. Hencethe flux advantageof the UV field is eliminatedby the
ability of oneCR patrticleto generatanultiple suprathermagpecies.

2.1.4 Origin and Distrib ution of Planetary Water

Objective— Mineralogical,geochemicahndisotopicstudiesof aqueously-alterecheteoritewill
helpto understandiirstly, thetime andphysico-chemicatonditionsof aqueouslterationin the
asteroidsandsecondly how andwhenthe wateraccretednto asteroidsand planetsfrom these
diversesources.

Connections-§2.1.12.1.2
Astrobiology Roadmap.inks— Goal 3, 5; Objective 3.1
Reseathers— Owen,Jawitt, Keil, Krot, Scott

Cometdo Earth: Isotopes

The origin of the Earth's wateris oneof thekey issueghatwe will addressinderthis investiga-
tion. It is likely thatthe Earthformedtoo hot for muchwaterto have beenincorporatedirectly,
or aschemicallyboundwaterin minerals,into the body of the planet. The presencef ~ 106
Mg of wateron our planetinsteadindicatesdelivery from an external sourceor sources.The
otherterrestrialplanetsarelik ewise thoughtto have harboredsubstantialvaterinventories.

Marsmightstill do soin theform of permafrosice. For alongtime, thewaterrich nucleiof
cometshave beensuspecteédsmajor carriersof planetarywater Measurementsf the D/H ratio
in cometsP/Halley, C/Hyakutale and C/Hale-Bopphave indicateda problemwith the simplest
versionof thisidea,however. The D/H ratio in thesecometsaveragesD/H = 3x10~*, whichis
twice the valuefor StandardMleanOceanWatet D/ Hsaow = 1.6 x 10~%. Thethreemeasured
cometsarefrom dynamicalclasseshoughtto derive from the Oort Cloud,andto have originated
in themiddle solarsystem.Thecometsn theKuiperBelt, (so-calledshort-periodJupiterfamily
comets)remainunmeasuredrlhefigureattheright shavsthe D/H ratiosof Hale-Bopp P/Halley
andHyakutale asa functionof the (current)inversesemimajoraxis, a.

Accordingly, the strongesttonclusionthat canbe dravn from the available datais that the
Earth’s waterdoesnot consistonly of meltedcometsfrom the middle solarsystem.Therecould
be othercontributionsfrom cometarysourceswith D/H ratiosquitedifferentfrom the 3 measured
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sofar. It hasbeenspecificallysuggestethatthe measuredometsarenot representate of the
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isotopic compositiongo be foundin the 6
outer solar system. It has also been ' i
suggestedahat Earth's water could have Hyak HB
comefrom the outerasteroid-belt.Mea- |

surementsof planetarynoble gas alun-
dancescannotbe easily reconciledwith
“hot” sourcesfrom the outer belt, and a
cometarycarrierstill seemdikely. How-
ever, we lack the datato definitively un-
derstandheorigin of the Earths water
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Thereis a long tradition of assuminghe 1/a (AU 1)
Earthis madeof matterthatis identical
to or at leastcloselyresembleshe chon-
dritic meteorites. Startingfrom the ob-
senation that the value of Kr/Xe in the
Earths atmospherds 20 times greater
thanthevaluein the meteoritesandthat
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Fig 2.1.4a-D/H ratio of Hale-Bopp(HB), Halley,
andHyakutale (Hyak) versussemi-majoraxis. The
wavy line shavs the SMOW value,andthe dashed-
dottedline, thein situ valuefor Halley. Depictedare
1o standarddeviations. Figurefrom isg.
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the Xe isotopealhundancesn our atmospherare also fundamentallydifferent from thosein
meteoriticxenon,the term “planetarycomponentfor noblegasesn meteoritess a misnomer
If meteorites- and by extensionasteroids- did not deliver the noble gasesthey cannothave
broughtin the water nitrogenand carboneither If they had, we would have a very different
situationfor xenonin our atmosphereFractionatiordoesnot help.

This leadsto the suggestiorthat cometsmay have playedsomerole. Amorphousice could
trap noble gasesn the proportionthat we find themon Earth, but the isotopic patternin atmo-
sphericxenoncannotbe duplicated. Furthermorewe now know that the waterin Oort cloud
cometshastwice thevalueof D/H thatwe find in seavateron Earth. Hencewe cannotmake the
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oceansut of meltedOort cloudcometsalone.

Supposecometsindeedare a minor carrier of waterto Earth, even thoughthey may have
broughtthe noble gases. Thenwhat broughtin the water? Presumablyit was the rocks that
formedthe planet,which may have beensignificantly differentin compositionfrom the chon-
dritic meteorites.Marsis animportanttestbedfor this idea,becausehereis very little mixing
betweenthe surfaceandthe interior, andthe atmospherés very thin. Henceexternalcontribu-
tionsof volatileswill belikely to stayonor nearthe surface,while internalvolatilesshouldretain

their original properties.

Recodsof AqueoudActivity on MeteoriteParentBodies

Fig 2.1.4c—Backscattereelec-
tron imagesof the TagishLake
carbonaceoushondrite(a) and
QUEY94411 carbonaceoushn-
drite. Both containedsecondary
mineralsproducedduring aque-
ous alteration, including car
bonates(crb), magnetite(mgt),
FeNi-sulfideqsf), andphyllosil-
icates(phyl).

Chondriticmeteoritegchondritesprefragmentof mineralog-
ically andchemicallydiverseasteroidghatformedat 2-3 AU
from the Sunprior to accretionof the planetsn theinnersolar
system(Mercury, Venus Earth,Mars). They areconsideredo
beanalogdor thebuilding blocksfor theseplanets.Asteroids,
like planetsformedby aggreationof solidsandgasfrom the
protosolardisk. Remotesensingof asteroidsand laboratory
studiesof chondritesshav thatasteroidsat 2 AU largely con-
sistof anhydroussilicates,metalandsulfides,whereasat dis-
tances~3 AU mostasteroidsarelargely composeaf hydrated
silicateslik e clay minerals,organicmaterials carbonatessul-
fates,magnetite and otheriron oxides(Figs. 2.1.4c,2.1.4d).
Experimentabtudiesandstudiesof meteoritesuggesthatthe
hydratedminerals,carbonatessulfates,magnetite etc. were
not producedn the protosolardisk, but resultedrom aqueous
activity onasteroidabodies.Thewateron asteroidss thought
to have multiple sourcesincludinginterstellarice, hydroussil-
icatesfrom asteroidahndcometaryfragmentghatformedfur-
theraway from the Sun,andminor amountsof ice condensing
in the solarnelula (Fig. 2.1.4e). Mineralogical,geochemi-
cal and isotopic studiesof aqueously-alteredneteoriteswill
helpto understandijrstly, thetime andphysico-chemicaton-
ditions of aqueousalterationin the asteroids,and secondly
how andwhen the water accretedinto asteroidsand planets
from thesediversesourcesln orderto addressheseguestions,
we proposeto studysecondarymineralization(e.g., phyllosil-
icates,magnetite halite, carbonatesnepheline sodalite,fay-
alite, andradite)that resultedfrom asteroidalaqueousalter
ation of variouschondriticmeteoritegH, L, LL, Cl, CM, CO,
CR,CH, CV).

We will conductthiswork throughdetailedmineralogic petrologicandisotopicstudiesusingop-
tical, scanningandtransmissiorelectronmicroscoly (SEM, TEM), electronprobemicroanalysis
(EPMA), ion probemicroanalysigSIMS), RamanandIR-spectroscop thermalionizationand

27



inductively coupledplasma-masspectrometryTIMS, ICP-MS).

We will carefully characterizesecondary
mineralizationin chondritic meteoritesus-
ing optical microscopy, SEM, EPMA, and
TEM. Using X-ray elemental mapping
and backscatterecelectron imaging (Figs.
2.1.4c, 2.1.4d), we will identify phyl-
losilicates, magnetite, halite, carbonates,
nepheline,sodalite,fayalite, andradite,and
searchfor fluid inclusionsin carbonatesind
salts. Chemicalcompositionof the identi-
fied phaseswill be measuredusing EPMA.
Basedon the occurrence®f the secondary
phasestheirchemicalcompositionsandtex-
tural relationshipswith primary minerals
of high-temperaturehondritic components
(e.g., chondrulesandCa,Al-rich inclusions),
we will infer setting (nekular or asteroidal)
and chemicalchangesesultingfrom aque-
ousalteration.
Physico-chemicatonditionsof aqueousal-
terationwill be estimatedusing thermody-
namicmodeling"d. The identifiedfluid in-
clusionswill bestudiedusingRamanandIR
spectroscop and SIMS to definecomposi-
tion (pH, D/H, oxygenisotopes)and redox
conditions (Eh) of a fluid phasephasé&?l.
In order to understandsourcesof waterin
agueously-alteredsteroids,we will study
hydrogen isotopic compositions of their
phyllosilicates!. As a result of this com-
plex mineralogicalpetrologicalandisotopic
studiesof agueouslhalteredchondriticmete-
orites,we will be ableto infer ernvironment,
temperaturepressurewater/rockratio, and
other physicochemicatonditions (Eh, pH,
fluid composition) of aqueousalteration.
Our recentresultsshowv that aqueousactiv-
ities onthechondriteasteroidstartedwithin
1-2 Myr after formation of Ca, Al-rich in-
clusions(~4567+.6 Myr[®) andlastedfor at
IeaStN:I.S Myr [207, 55, 93, 94, 95, 87, 113, 115, 90, 20, 21, 175] .

Tagish Lake. -

Fig 2.1.4d-CombineX-ray elementalmapin Mg

(red), Ca (green)and Al Ka: (blue) of the Tagish
Lake carbonaccoushondrite, which experienced
extensve aqueouslterationthatresultedin forma-
tion of alundantcarbonategcrb), magnetiteand
phyllosilicates. These secondaryphasesreplace
chondrulegchd),Ca, Al-rich inclusions(CAls) and
matrix (mx) materials.
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Fig 2.1.4e—Distrilation of the hydrogeniso-
topic compositionin solarsystembodies.

Physico-chemicatonditionsof aqueousalterationwill be estimatedusing thermodynamic
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modelind™?. In orderto constrairtiming of aqueouslterationof H, L, LL, CI, CM, CO,CP, CH,
andCV chondritesywe will datesomeof thesecondaryninerals(carbonatedayalite,magnetite,
phyllosilicates)using SIMS and TIMS basedon short-lived radionuclidesystemssuchas 0 Al-
26Mg (t; /2 ~ 0.7 Myr), 53Mn-53Cr (t; 5 ~ 3.7 Myr), and'#|-129Xe (t; o ~ 16 Myr).

Dating of carbonateand fayalite formationwill be donein situ using SIMS*l. Dating of
magnetiteand phyllosilicatesformation will be doneusing TIMS on mineral separatés?. If
we find thataqueouslterationof chondriticmeteoritesoccurredwithin the first few Myr of the
solarsystem,it would indicatethat accretionof the planetsin the inner solarsystem(Mercury;
Venus Earth,Mars) musthave involved aqueoushalteredasteroidabodies.This would provide
importantinformationon the sourcef waterin theinnersolarsystemplanets.

2.1.5 Water and AqueousAlteration on Mars

Objective— Develop predictve modelsfor the transportandstateof waterin the Martian crust,
its alterationof crustalrocks,andthe productionanddepositionof sediments.

Connections-§2.1.6,2.1.7
Astrobiology Roadmap.inks— Goal 2; Objectve 2.1
Reseathers— Taylor, Gaidos

AqueousProcessesn Mars

The Martian crustwasconstructedy igneousprocesseandsubsequentlynodifiedby aqueous
and aeolianprocesses.The productsof this geologicactiity containsthe recordof the early
differentiationof Mars, the evolution of magmacompositionand productionrates,the nature
of interactionsamongthe atmospherehydrosphereandlithosphere and, perhapsa history of
(microbial) life. The Martian crustpreseresextremelyancientmaterialbut it alsorecordsvery
recentevents. Combiningdatareturnedirom spacecrafinstrumentswith geochemicaimodelsit
is possiblejn principle,to reconstructhe historyandimportanceof theseprocessegarticularly
thoseinvolving watet over 4.5 billion yearsof Marshistory.

We proposeo continueanextensve project(fundedlargely by othersources}hatcombines
theoreticakalculationsandpublisheddataon terrestrialanaloggo develop predictve modelsfor
thetransportandstateof waterin the Martiancrust,its alterationof crustalrocks,andthe produc-
tion anddepositionof sedimentsWe will make predictionsthatcanbe testedby datafrom past,
presentandfuture orbital andlandedmissions.Specifically we intendto make detailedpredic-
tionsaboutwhatassemblagesf mineralswill bediagnosticof agivenaqueouprocessThiswill
be coupledwith predictionsof the effect of theseprocessesn the chemicalcompositionof the
surface(includingtraceelementconcentrations)A goodexampleof this approachs predictions
basedon terrestrialanalogsof how the large hematitedepositson Mars form®®*%, The hematite
problemcanbe tackledby modelingaswell, including modelingreactionratesto determinethe
likelihood of hematiteformationby agueougeactions.For geochemicamodelingwe will use
Geochemist Workbench, which allows thermodynamidasedgeochemicateactionmodel-
ing. Finally, we will usethesemodelsto studypossibleaqueousactiity on present-daylars,its
chemicalsignatureandits potentialfor hostingextantlife. This researctwill have threefoci, as
describedriefly below.
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Productsof PastHydrothermalAlteration

Hydrothermabprocessemight have penasively alteredthe ancienthighlandsof Marg®s¢d, The
Noachianwas marked by active hydrologicsystemsyigorousmagmatisnthatwould have pro-
vided heatto drive hydrothermakystemsanda high impactratethatwould alsohave provided
heatfor hydrothermaprocessed.atermagmatisnandimpactswould alsohave producedocal-
izedhydrothermakystemsTheseoroductanighthave endedup deepin thecrust,assedimentary
rocks,or in aglobalsoil/dustlayer.

e Productgproducedoy hydrothermahctivity — Hydrothermalsystemsproducesomespe-
cific typesof minerals,dependingon physical-chemicatonditionsandthe compositionof
the startingrock. This is testableby geochemicaimodeling. The suspectedgneousrocks
will sene asinputinto assessinghelikely productsthatwould be producedoy hydrother
mal processes.

e Changesn thenatureof hydrothermabystemswith time—Becaus@®f changingatmospheric
compositionandpressureandpossiblylesswaterbeingavailablethroughtime, the nature
of hydrothermaklterationmight changedramatically This canbe assessetly modeling
rock alterationundervarying CO, pressurendwater/rockratio.

e Marsvolatile inventorytrappedn hydrothermabeposits Griffith & Shock™ " havedravn
attentionto the possibility that muchof the H,O and CO, on Mars might be sequestered
in the crust. The mineralassemblageproduceddependin part on the actwities of these
volatilesduring alteration. More extensve modelingis calledfor to mapout the compo-
sitional spaceof startingrocksandthe conditionsunderwhich the hydrothermabhlteration
took place.

¢ Hydrothermaldeposits- effectson compositiong oxidationstatesof magmas-Hydrother
mal mineralassemblagearelik ely to be assimilatedeadily by ascendingnagmas.This
processhasbeenproposedor chemicakndisotopicpropertieof Martianmeteorite83 13481,
This would alter magmacompositionswatercontentsand possiblyoxidationstate. This
processcan be modeledby assimilatingthe alterationproductssuspectedo be madein
hydrothermakystemson Mars. This alsoillustratesthatigneousandalterationprocesses
areintimatelyrelated.

AncientWeatheringand Sedimentation

Thereis clearly a gradationfrom low-temperaturealterationat the surfaceto hydrothermalal-
teration. We separatehemherelargely for convenienceandincludeall low-temperaturewater
driven processesperatingwithin a few tensof metersof the surface. Weatherings the process
in whichrocksreactwith waterandatmospher¢o form new minerals.The nev mineralsmaybe
erodedjransportedanddepositedaspartof sedimentaryleposits.

e Assessingheweatheringproductsof the majorigneousrockson Mars— The startingrock
compositiongreatly affectswhat weatheringporoductsare made,so we alsowill work ex-
tensvely on determiningthe full rangeof possiblecompositionsf igneousrockson Mars
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to guide the choiceof startingrock composition84. This is an importantquestionbe-
causemary remote-sensingnstrumentswill analyzeweatheredock. We might be able
to determinethe natureof the unweatheredock from characteristiaveatheringproducts.
Terrestrialanalogstudieswill bevery usefulin this aspecof our study**, aswill be con-
siderationf productionof alterationproductsin the Martian regolith(™ 221

e Theweatheringproductsof hydrothermabeposits- Hydrothermaldepositscanbe weath-
eredwhen exposedto the Martian atmospherend surfaceor nearsurfacewater If hy-
drothermaldepositsareaswidespreadissuspectedhentheirweatheringporoductswill be,
too. Thus,it will be usefulto determinethe natureof the mineralassemblagefor a suite
of hydrothermabtepositgproducedunderdifferentconditions.

e Martiansedimentarynineralproduction— Whensedimentsvere depositecbn Mars, they
would have reactedwith waterfor howeverlong it wasstill present.Diageneticprocesses
would have operatedo producelithified sedimentaryocks. Theseprocessesvill likely
be the mostdifficult to model,but it is importantto do so becausesedimentaryockswill
be prime targetsfor exploration. Waterrock reactionratesare slow andthe lossof water
was probablyrelatively rapid, so evaporationmight be the major processthat produces
cementingmineralsin the sedimentarernvironment*4,

e Fractionatiorduringsedimentaryransport- An intriguingandimportantpossibilityis that
heary mineralsmight be depositedeforelessdenseminerals forming distinct patternsn
sedimentanybasins. This can be examinedby knowing the mineralassemblagepresent
afterweatheringor partialweatheringandapplyingdepositionamodelsto themto seethe
extentto which fractionationis possible.Fractionationby sedimentaryransporthasbeen
proposedo explain aspect®f the Martiansoil(**3,

e Theeffect microoganismamight have hadon sedimentarynineralassemblages In prin-
ciple, a vigorousmicrobial populationcould influencewhat mineralsare producedduring
alteration.In mary waysorganismsactascatalystfor reactions put unique,nonequilib-
rium phasesrealsoproduced.Thiswork is speculatre but still worth doing, especiallyif
it helpssetlimits on therole of organismsn producingthe obsened characteristicef the
Martian soil. GeochemistdVorkbenchallows a certainlimited amountof modeling, but
mostof this effort will concentrat®n the extensve literatureof terrestrialsoils.

Water, AqueousChemistryand Habitatson Present-DayMars

The detectionof copiousgroundicel®™ and recently carved gully-like landforms?¥ raisesthe
possibilitythatliquid wateris appearingloseto or atthesurfaceof present-dayars. Continued
aqueousactivity on Mars hasimplicationsboth for the geochemicakvolution of the surfaceas
well asthe potentialfor discovering lifel™. Detailedand integratedmodelingof liquid water
formation,transportandaqueougieochemistrys neededo understandhesephenomena:

e Expulsionof groundvaterby permafrosprocesses- Groundwater may be expelled from
deep,freezingaquifersandrapidly eruptedto the surfaceof Mars®. A mechanicaknd
geochemicaimodelof groundvaterexpulsiori® ™ will beimprovedandappliedto realistic
Martiangeologies.
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e Melting of groundice andice fieldson present-daylars— Melting groundice or ice fields
during periodsof high obliquity is currently a favored mechanisnfor the formation of
the gullies seenon the walls of mary caryonsandcraters®. However, the frost point of
the Martian atmospheréthe temperatur@above which ice is unstablehasprobablynever
reachedhemeltingpointof water andmeltingmustcompetewith surfacesublimationand
refreezingat depthto producesignificantliquid water We will furtherdevelopthe model
of Clow® to examinetheseissues.

e Martianhydrothermabystemsatlow ambientpressurd he presencef groundice andev-
idencefor recentgeologicactvity (i.e., youngcrystallizationagesfor someMartian mete-
orites) suggestshat hydrothermakystemanay still be active on presentMars. However,
the atmospherigressureon Marsis nearthe triple point of waterandliquid water boils
at a very low temperaturdor is unstableentirely): Waterdrivento the surfaceat sitesof
hydrothermactirculationis mostlik ely to boil belov groundandreachthesurfaceassteam.
Neverthelesssuchfumarolic systemswill producegeochemicakignaturesandbe impor-
tanttargetsof exobiologicalexploration: We will modela hydrothermal/fumarolgystem
in a Martianregolith to determindts likely physicalandchemicalcharacteristics.

2.1.6 Water-Rock Chemistry and Habitats for Life

Objectives- (i) to understandherole of microbially mediatedeactionsn diverseseafloorervi-
ronmentsthat may exist on otherplanets,including hot springsalongthe mid-ocearridge axis,
warm springson ridge flanks, and ultramafic-hoste@pringsin subductiorzones,and(ii) to as-
sesgheinterplaybetweerthesereactionsandthetransferof waterbetweemmantle crust,oceans.

Connections-§2.1.5,2.1.7,2.1.8
Astrobiology Roadmap.inks— Goals4, 5; Objectves4.2,5.1
Researhers— Cowen,Mottl, Gaidos

Badground— Chemicalreactionsbetweenwaterandsilicateminerals,particularlyat high tem-
perature producedluids that are in thermodynamidisequilibriumwhich, if quenchedat low
temperatureprovide a sourceof free enegy for life. Microbial life also acceleratesnineral
dissolutionreactionswhoseeffect is to releaseimportantnutrientssuchas phosphorus.Also,
rock-water interfacesprovide surfacesthat canbe colonizedby structuredcommunitiesof mi-
croolganisms. Waterrock chemistry someof it catalyzedby microoganisms,is involved in
much of the geochemistryof the Earth's crustand oceans. It also plays an importantrole in
the formationof hydrousmineralsandthe planetarywatercycle. Onthe early Earthbeforethe
appearancef substantiakcontinentalcrust, the chemicalreactionof waterwith basalticrocks
wasthe dominantgeochemicaprocessandit is still importantin much of the seafloorof the
present-dayearth. Suchsubmarinesettings shieldedfrom high levels of solarradiationandthe
thermalinsultsof impacts,werelikely to have beenimportantfor early life. They mayalsobe
critical to the sustenancef subsurdceecosystemsf they exist, on Marsor Europa.Therole of
microolganismsn subaerialveatheringeactionsandthe productionof hydrousminerals®®? and
their ability to exploit the chemistryof high-temperaturevaterrock reactionshave beenclearly
establishedHowever, therole of biology in thegeochemistrypf seaflooralterationis only begin-
ning to be explored. Most alterationof seafloorcrusttakesplacewithin thefirst fewx 10°yr [89,
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The microbiotaplacea significantrole in geochemicatransformationsvithin the oceaniccrust
both at mid-oceanridges® andin cooler off-axis crust?. Known biology (T < 115) could
persistasdeepas4 km in off-axis oceaniccrust. We proposeo investigateseveralervironments
dominatedby waterbasalticrock chemistryincludingsomethatareparticularlyaccessiblérom
Hawaii.

Hot springsalongthe mid-ocearridge axis

Basaltic magmacrystallizesalong the mid-oceanridge axis to form the oceaniccrust. This
magmaalsosuppliesheatto drive hydrothermatirculationof seavaterthroughthecrust,produc-
ing spectaculatblack-smoler” springsattemperatureap to about400°C. UH scientistavho are
Co-Isfor this proposalhave active field programsat several suchsiteson the seaflooyincluding
the Endeaour main ventfield on the Juande FucaRidge andthe Lau Basinbehindthe Tonga
volcanicarc. Theformeris atypical basalt-hostedystemwith someevidencefor sedimeninput,
whereaghe latter hassystemsn rocksrangingfrom basaltto rhyolite. Therangein rock type
hasa large effect on the chemistryof the springs,particularly their metalandvolatile content,
which aredoubtlessmportantfor the microbialcommunitiesn thedifferentsettings.Thesefield
programswill provide arangeof opportunitiefor post-doctoratesearcherwithin the proposed
NAI.

Oneparticularlyuniqueopportunityto studythe adaptatiorof microbial life to extremehy-
drothermalenvironmentsand to freshly emplacedbut rapidly evolving basaltsis offered by a
programheadedoy UH to detectandrespondto mid-oceanridge eruptve events. Ridge axis
diking anderuptve eventsare episodicperturbationghattrigger a sequencef interrelatedand
rapidly evolving physical,chemical,and biological processesssociatedvith the formation of
oceancrust. Dikesandlava flows developrapidly andinstantlyalterthe local hydrothermaflow
regime. Volcanicactvity producesydrothermablischagewith a distinctgeochemicasignature
and triggersspecificgeochemicabnd microbial responsesn the adjacentcrustand overlying
watercolumn. Significantchangein a variety of processegsanbe expectedto take placeover
limited time spans.In effect, diking-eruptve eventsoffer short-termnatural“experiments”un-
achiezablein the laboratory Observingand quantifying co-variation amongrelatedprocesses
providesopportunistictime-zeropointsfor obsenationsof waterbasaltreactionsandthe devel-
opmentandrole of microbialcommunitiesn low water/rockenvironments.

Diking anderuptve eventsdramaticallyaltertheintensityof hydrothermatlischagefrom the
seaflooy epitomizedby the generatiorof so-calledevent plumes(Fig. 2.1.6a¥!, which involve
thenearinstantaneoureleasef enormous/olumesof hydrothermafluids. Eventplumesappear
to form only during the short-lived period of intenseseismicactvity andthe event-associated
chronicdischage canattenuateguickly. Furthermorethe chemicalandbiological characteris-
tics within hydrothermablumeschangerapidly, with the steepestateof changeoccurringover
secondgo daysfollowing their dischage and subsequentnixing in the deepsea. Becauseof
theserapid changesearly on-siteinvestigationof eventplumesandassociate@hronicventingis
essentiato derive thewealthof informationthatthey canprovide, including:

e Chemical,biological, and physicalconstraintson subseafloochemistry biology and hy-

drology;in effect openinga window to the subsuréce.It is importantto take advantageof
thisinformationbeforeagingprocessedegradetheinitial signals.
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nt plume

e A uniqueopportunityto studyandisolate 5- A, (megaplume)
subseafloorextremophiles,perhapsdis-
chaged from otherwiseinaccessiblere-
gionsof thecrust.

venting

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

magma dike

Diking-eruptive eventsprovide uniqueopportu-
nitiesto detectandcharacterizesubseafloomi- Fig 2.1.6a—Actie mid-ocean ridge shaw-
crobial communitiesthat are ejectedfrom the  ing formation of event plume at location of
oceancrust®. Modelsof the responseof hy-  magmadike extrusion. Continuous‘chronic”
drothermakystemgo a magmaticeventindi- styleventingalsoindicated®”.

catethattheflux of heatandvolatilesincreasegnormouslyat thetime of anintrusionandthen
decaysslowly with time. In addition, the outputof subsur&cebacterialbiomassundoubtedly
alsochanges.Presumablythe hydrological(e.g., hydrothermakirculation) changesnducedin

the oceaniccrustby diking-eruptive eventstap pre-&isting microbial crustalhabitatsaswell as
createnew ones. Massve bacterialoutputfrom the associatedissuresand ventscreateddur-

ing diking/eruptive actvity hasaccompaniedhe early stagef all threeeruptve eventsstudied
to daté®>® 2, The so-calledsnov blower ventsassociateavith someof the eventswhich dis-

chagedcopiousamountsof microbially-dervedsulfur-basedarticulatematterwereparticularly
dramaticdemonstration®f potentialsubsurbcemicrobial activity andbiomass. Both familiar

andnew speciesandgeneraof hyperthermophili@anaerobidArchaeawerealsodetectedandiso-

latedat eacheventstudied.

Volatile outputhasbeenvery highin the early phase®f mostdiking eventsobsened. Ratios
of He, HyS, H, andCO, to heatwereall relatively high in the venting fluids during the early
period of an event, recovering to lower, more steady-statdevels over weeksto several years.
The subsurdcemicroomganismsare subjectedo thesechanging,intensechemicalandthermal
conditions.The mostintenselyaffectedpartsof the hydrothermabkystemareprobablysterilized
andwould subsequenthave to berecolonized.Theseprocessearelik ely analogouson a small
scaleto sterilizingeventsduring early SolarSystembombardmenof the terrestrialplanets.

The unpredictabilityof theseresearchopportunitiesaccentuatethe value of a sensitve and
reliableeventdetectiontool. Directedrapidresponséo volcaniceventsdependon remotereal-
time detectionof seismicevents. In 1993, the T-phaseMonitoring Systemwas developedby
NOAA-PMEL to accesghe U.S. Navy’'s SoundSuneillanceSystem(SOSUS)andallows real-
time monitoringof acousticT-wavesgeneratedby seafloorseismicactivity®!.

The T-phaseMonitoring Systemdependson U.S. Navy hydrophonearrayslocatedoff the
coastof Orggon, WashingtonandBritish ColumbiaandcoversthenortheasPacific ridgesystem
from the southernlimit of the GordaRidge (GR) to the northernlimit of Explorer Ridge (Fig.
2.1.6b).
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Sincethereal-timeT-PhaseMonitoring System
was broughton-line in June, 1993, three ma-
jor eruptve episodedhave beendocumenteaen

the northeastPacific spreadingcenters(1993
CoAxial, 1996North GR, and1998 Axial Vol-

cano).Anotherlikely magmaticevent,the2001
Middle Valley event, apparentlydid not pene-
tratethethick sedimentapoverlyingthatridge
valley. In total, at least6 eruptive eventshave
occurredalongthe Juande Fuca/GordaRidges
over 15 years,or 4 remotely detectedevents
over 6 years. Giventhis recentrecord,thereis

a very high probability that at leastone major
eruptveeventwill bedetectedlongtheJuande
Fuca/GordaRidgesduring the lifetime of this
proposedNASA program;UH is theleadinsti-

tution ontheresponseeamwhich is fundedby
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systemcoverstheentireMOR shawn.

The closeinvolvementand leadershipof the University of Hawaii in this Event Response
programwill insureexcellentopportunitiesfor participationby Institute postdoctorahssociates
whoareinterestedn pursingresearcltinto theidentification/isolation/functionalitpf mesophiles,
thermophileshyperthermophilesalophilesandother“extremophilic” microorganismsaswell
asinto water(freshpasaltnteractions Rapidandfollow-upfield responsefforts (includingsub-
mersible)will provide abundantwater fluid, androck samplingopportunitiesover andatthenewv
eruptionsites.

Warm springsalongmid-ocearridge flanks

The possibility of a significantbiosphereextendingthroughoutthe immensevolume of aging
crustsundertheglobalsystenof mid- ocearridgeflanksandocearbasings controversial.Since
mostridgeflank andocearbasincrustis buriedunderathick, impermeabldayerof sedimentthe
fluids circulatingwithin the underlyingoceaniccrustareusuallyinaccessibldor directstudies.
However, CORK (Circulation Obviation Retrofit Kit) obsenatories® (Fig. 2.1.6c¢)affixed

to over-pressureddceanDrilling Program(ODP) borehole¥? on the flanksof the Juande Fuca
Ridge, offer unprecedentedew opportunitieso studybiogeochemicapropertiesandmicrobial
diversity in circulating crustalfluids with very low water/rockratios over a rangeof tempera-
tures(~1.5to > 100°C). Basementaterscollectedfrom onesuchhole (ODP Hole 1026B)are
chemicallysimilar to fluid ventingfrom nearbyrocky outcrop§s32%22: the chemicalcharacter
isticsandtemperatur¢65°C) of thefluids escapingrom Hole 1026Bareconducve to microbial
growth, supportinga diversecommunityof bacterisandArchae&”.
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Small sulunit rRNA genescloned from mi-

croolganismscollected on BioColumn filters

(Fig. 2.1.6c)revealeda diverseassemblagef

phylogeneticgroups (including both Archaea
and Bacteria) that are often most closely af-

filiated with culturedthermophiles,mary that
are known for their metaboliccapacityto re-
ducesulfate or nitrateé®’. Thoughspeculatie,
the datasuggesthat microbial processesvith

these electron acceptors(nitrate and sulfate)
may play animportantrole in this region of the
oceaniccrust. However, stoichiometricincon-
sistenciesn the crustalfluid chemistryremain
unexplained. Critical questiongemainregard-
ing the ageandflow rateof the crustalfluid!®?,

and the potential presenceof novel metabolic
pathwaysthatmay sustainmicrobiallife in low

water/rock slow rechage environments.

To whatextentdoesH, productionaswell asorganiccompoundsynthesisvia abiotic reactions
betweerseavaterandbasalt*d fuel this deepsubsurécebiosphereThe opportunitiesaregreat
for Institute postdoctorakesearcherso uncover new insightsinto “low water/rock” microbial
communitiesandto discover new organismsandnovel metabolicpathways.

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

Ultramafic-hostedpringsin subductioreones

Ultramaficrocksmake up the mantleof mostrocky bodiesin the SolarSystem Whenultramafic
rockscomein contactwith liquid waterthey arealteredto serpentiniteover awide rangeof tem-
peraturesfrom freezingto about500°C. On Earth,new crustis primarily maficbasaltshowever
platetectonicsstill providesopportunitiedor thereactionof waterwith ultramaficrocks: 1) along
the mid-ocearridge axis, especiallywherethe basalticcrustis thin suchasat fracturezonesin
slow-spreaccrust;2) in subductiorzoneswheredehydratiorreactionsn the subductingslabre-
leasewaterthatascendsnto andserpentinizethe mantlewedgeof the overriding plate; 3) most
controversially, in the outerrise just seavard of the trench,wherethe plate flexesupward asit
beginsto bendbeforeplunginginto the mantle’™d. On planetsaroundotherstarswith somevhat
differentcompositionsor where mantle melting is lessefficient, considerablemore ultramafic
rock maycomein contactwith water

Recentwork in the Marianaforearcby a Co-1*4, including mannedsubmersibledivesand
deepdrilling by the OceanDrilling Program,indicatesthat slab dehydrationandthe resulting
serpentinizatiorproduceunusualhabitatsfor extremophilic microbes,including both Bacteria
andArchaeathatmaybe a modelfor someextraterrestriakenvironments.The Marianasubduc-
tion comple is formed betweenthe northwestvard subductingPacific plate andthe overriding
Philippineplate.Volatilesreleasedrom thedowngoingPacific platehydratethe overlyingmantle
wedgeof thePhilippineplateandcorvertdepletecharzlurgite to low-densityserpentinite There-
sulting serpentinitanud, containingvariably serpentinizedharzhurgite clasts,ascendsuoyantly
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alongfracturesand extrudesat the seaflooy whereit forms large (30 km diameter 2 km high)
mudvolcanoeslongthe outerMarianaforearc,in abandthatextendsfrom 50to 120km behind
thetrenchaxis®. Thesemudvolcanoesarebuilt from flows of poorly consolidatedsedimentary
serpentinitded througha centralconduit. Cold (~2°C) springwatersfresherthanseavaterhave
beensampledn several of thesemudvolcanoes.
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Fig 2.1.6d—Compositiorof pore water squeezedrom serpentinitemud at ODP Site 1200, summit
of SouthChamorroSeamountan active serpentinitemud volcanoin the Marianaforearcat 13°47.0N,
146°0.2E*1. HolesA andE weredrilled at a cold (2°C) springandHolesF andD are20 m and80 m
to the north, respectiely. Sulfate reductionat 1 to 3 and 13 mbsf, mainly by Archaeaas indicatedby
the concentrationof phospholipid-devied diphytaryl diethers(DE), producesalkalinity, bisulfide, and
ammonia,all at pH 12.5. The carbonsourceis methane which is presentat 2 mmol/kg in the fluid
ascendindrom thetop of thedowngoingplate,whichis about27 km below the seafloorat this site.

The chemistryof thesespringsis highly unusual:ithey areamongthe leastsalinewatersever
recoveredfrom the deepseaandhave the highestpH, 12.5,which resultsfrom ongoingserpen-
tinization. Relatve to seavater thesespringshave higherto muchhighersulfate,alkalinity, pH,
Na/Cl,K, Rb, B, light hydrocarbonsammonias*®O, andsD; andlowerto muchlower chloride,
Mg, Ca, Sr, Li, Si, phosphateandSrisotopicratio. Ba, Mn, Fe,andbisulfidearelow!**3. Within
theupper20m below seaflootiin thevicinity of thesesprings,amicrobialcommunityoperatingat
pH 12.5,aremadeup overwhelminglyof Archaeajs oxidizing methandrom theascendindluid
to carbonateon andorganiccarbon,while reducingsulfateto bisulfideandprobablydissohed
nitrogento ammoniaFig. 2.1.6d).Thereis essentiallyno sedimentaryrganiccarbonin this set-
ting. Themicrobialcommunitythatfeedsthemacrobiotatthesummitof S. ChamorrdSeamount
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is thereforenot only extremophile but subsiston a sourceof chemicalenegy deliveredfrom as
deepas27 km below the seafloor Additional cruisesto the Marianaforearcduring the period
of this grantwill permit Institute scientistsjncluding post-doctoratresearchergp characterize
theseunusuaimicrobialcommunitiesandto assesghelik elihoodthatsimilar communitiegnight
have evolvedin extraterrestriahabitats.We will culte theseorganismsan the laboratoryat high
pH in aserpentinitamatrix.

Microbial “colonization” of lava-seawategenertedplumes

Directentryof lavainto the oceanon the shorelineof KilaueaVolcano,Hawaii, createsa surface
hydrothermaplumeenrichedn dissohedF, Cl, Fe,Al, Ti, Mn, Si,V, certainrareearthelements,
dissolhed gasesuchasH, andevensulfatd®*»16218  The plumesareacidic andcontainhigh
levelsof suspendedilicateglassparticlesproducedy theexplosive disintegrationof lava asit is
guenchedrom temperaturesear1400K to thatof boiling water Surfacewatersarealsoinflu-
encedby input of aerosolgyeneratedn the resultingsteamplumé™?. Theseplumesareaunique
biologicalhabitatbecaus@f the high concentrationsf biologically importantelementsparticu-
larly P andFe,which weremeasureat 2 and5 ordersof magnituderespectiely, above average
seavater concentration&?, extremely high concentration®f potentially toxic metals(Al, Co,
Cu, Pb,Cd, V), thehigh densityof suspendedlassparticlesavailablefor colonization(up to 65
mg L~'[*Y), and they arewithin the photic zone (unlike deep-sedydrothermalvents). Strong
thermalandchemicalgradientsareproducedoy entrainmenbf ambientwaterinto the plumé*??.
Thesecouldrepresentinaloggo aquaticmicrobial “oases”on the early ProterozoicEarthwhen
rising oxygenlevelsandtheinsolubility of iron in surfacewatersdeprivedphotosynthetiorgan-
ismsof critical nutrient$*. They alsomay be representatie of processesccuringon a wider
scaleduringthe emplacementf largeigneousprovinces?? duringthe Phanerozoic.

Although large zooplanktonblooms have beenobsenred, the biology of theseplumeshas
remainedunexplored. We proposeto surney the microbiologyassociateavith the plumewater
column andthat attachedto the glassparticulates,using the ambientseavater as the basisof
comparison. We are especiallyinterestedin tracing the dynamicsof both populationsas the
plume watersare a dynamicentity, being mixed out over a distanceof aboutl km. We will
carry out spectrophotometrianalysesf the plume watersto identify potentialphotosynthetic
pigments.Filteredparticulatesandwatersampleswill be analyzedseparatelywith microscop,
including low-vacuumscanningelectronmicroscopy for the former. DNA will be extractedand
amplifiedusingpolymerasehainreaction(PCR)andanalyzedothatthecommunitylevel , e.g.,
denaturinggradientgel electrophoresi€DGGE),andat theindividual sequencéevel. We predict
thatbecausef the high levels of H, andferrousiron in the plume,gnallgasandiron-oxidizing
bacteriawill be well-representeth thesecommunities.

2.1.7 ExtremeAgquatic Environmentson Earth and their Analogy to Potential Habitats in
the Solar System

Objective-Inthis projectwe will focusonacomparatre studyof microbialbiodiversity, biomass
andmetabolicactiity in avarietyof “extreme”aquatichabitats.

Connections-§2.1.5,2.1.6
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Astrobiology Roadmag.inks— Goal5; Objectve 5.3
Reseathers— Gaidos Karl, Thorsteinsson

Badground- Life, especiallymicrobiallife, hassuccessfullyadiatednto nearlyall the aquatic
habitatspaceon Earth. It is usuallyassumedhat life aswe know it absolutelyrequiresliquid
waterandthatthe fundamentatonstraintfor growth is the actvity of wateror the availability of
freewater Besideswvater life alsorequiresa sourceof carbonandnutrients,andanenvironment
thatis conducveto the propagatiorof genetianformation,i.e., theerrorfreereplicationof DNA.
Many aquaticervironmentson Eartharechallengingor “extreme”from thepointof view of these
otherrequirements By studyingthesewe canbetterunderstandvhat may limit the origin and
persistencef life in aquatichabitatselsavherein theuniverse.

Thescopeof potentialhabitatss expandedurtherwhenoneconsidersndicationsof possible
aquaticernvironmentselsavherein the SolarSystem.Thereis significantgeomorphologicadvi-
dencefor past(or evenpresentflowing wateron Mars,andgeophysicakvidencefor aninterior
ocearbeneattthecrustof Europa(andpossiblyCallisto). Groundice is abundanton present-day
Mard®) andthe outflow channelsandvalley networks canved in ancientterrainsshov someof
that waterwas liquid, at leasttransiently in the pastd. Apparentlymuchmorerecentgullies
caned in the walls of caryonsand cratersraisethe exciting possibility that surfaceor shallov
groundvatersoccur at the presentepoch?®:*%:4, The geomorphicevidencefor a subsuréice
oceanon Europa™ hasbeenstrengthenedly the detectionof aneddycurrent-inducednagnetic
field aroundthe satellitd”d,

However, theseextraterrestriabquaticenvironmentsmay be far moreextremethanmosten-
counteredn Earth: Liquid wateris not, andmay never have beenstableon Mars,andary long-
lived bodiesof waterwere probablycoveredwith thick ice cruststhatisolatedthe surfacefrom
sunlightandtheatmospheré&. During episode®f high martianobliquity, summersurfacetem-
perature®n polewvardfacingslopeson Marscanexceedthe meltingpoint of waterice, but mean
surfacepressureandtemperaturewill limit theamountof liquid thatcanbe generatedMartian
meteoriteswith youngcrystallizationage§® andlow cratercountson somemartianterraing’
suggestthat magmais still reachingrelatively shallov depthson Mars. The nearubiquitous
presencef groundicel®” supportsspeculatiorthat hydrothermakystemsanay still be active on
presentMars andare potentialtargetsfor exobiologicalexploration. However, the atmospheric
pressuren Marsis nearthetriple point of waterandliquid waterboils ataverylow temperature
(or is unstableentirely): Waterdrivento the surfaceat sitesof high planetaryheatflow is most
likely to boil andreachthe surfaceasavapor Europas oceanis isolatedfrom sunlightby anice
crustbetweenl0 and 100 km thick andthe amountof free enegy for chemotrophicorganisms
will be meager®®, Tide-driven shearand viscousdissipationcanwarm the shallav crustof
Europaand createliquid waterwithin reachof sunlight®? , but the melt fraction will be lows
andary aquatichabitatswill probablyconsistof brine channelsvithin anice matrix.

Thelimits to life with respecto temperaturéave beenintenselyexploredsincethepioneering
work of Brock®. Hyperthermophiligrokaryoticarchaeavith measurablgrowth ratesat 115 C
have beenculturedfrom deep-se&ydrothermabystemsandtherehasbeentantalizingevidence
of biologicalactuity atstill highertemperaturesAcceleratechydrolysisof tri-phosphatesbove
160°C may constitutean ultimatetemperaturdimit to life basedon known biochemistry What
arethe limits to life with respectto the actwvity of water e.g., canlife exist underconditions
wherethe stablephaseof waterin the environmentis vapor?Hyperthermophilegrowing above
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100 arefoundin ervironmentswherethe pressuras well abose ambientandthe boiling point
well abore the maximumgrowth temperatureCertainmicrooiganismdlorishin superheatetiot
springs1-2°C above the boiling point but their ability to survive in superheatedteamconditions
is unknowvn. Any life in thesetruly extreme conditionsmust adaptto the limited activity of
water Thesetruly extremeconditionscreatelife thatmustadapt. By studyinganalogsof such
ernvironmentson Earthandtheir potentialbiotawe obtainbasicinformationon the stratgiesof,
andlimitationsto, biochemicalandphysiologicaladaptation.

In this projectwe will focuson a comparatre studyof microbial biodiversity, biomassand
metabolicactiity in a variety of “extreme” aquatichabitatsincluding: (1) the openseanear
Hawaii, (2) Lake Kauhalo, Molokai and(3) Lake Waiau,Hawaii, (4) subglaciahabitatsin Ice-
landandAntarctica,and(5) fumarolesn Hawaii andSouthAmerica.Eachstudyareahasunique
physicalandchemicalcharacteristiceandeachis expectedo selectfor a differentassemblagef
microomganisms By studyingthe similaritiesaswell asthe differencesve hopeto provide basic
informationon the stratgjiesof biochemicalndphysiologicaladaptatiorandon geneevolution.
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158W) to thedeepabyss.Thesestudyar [
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part of the ongoingHawaii OceanTime- 2t 0 T
serieg(HOT) programthatusesheuniver Pacific
sity’s researchvesselasa floating Iab_ora- Kalaupapa Ocean
tory. Samplescollectedat seacan either Peninaula

beprocessean site or returnedo the uni-
versity for moreextensve or sophisticated
analyses.

2. Lake Kauhalo (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
highestrelative depth(ratio of depthto sur
facearea)of ary lake in the world. The
upperd.5mof thelake is well stratifiedbut ' S e TShmsT
below 4.5mthe lake is nearly uniform in
temperatureand salinity (26.25C, 32 per
mil). Thelake is anoxicbelow about2 m
with very high concentrationsf hydrogen
sulfideappearingelon about6m“d,

Fig 2.1.7a—Lak Kauhalo on Molokai. Upperpanel

shaws a vertical profile alongA to B on the bottom

map. Theshadedortionin thetop figureis thelake
itself with depthintenal in meters. Bottom panel:
contourelevationmapin meters.

In mary respectshislake hasconditionghatareanalogouso thepermanenthanoxicbasin the
Black Se&® andthussenesasacorvenientandrelatively accessibldabitatfor compara-
tive studiesof aquaticmicrobiology Kauhalo Craterwasdesignatec “specialEcological
Area”in 1994.
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3. Lake Waiau,Hawaii, is locatedat an elevation of 3980m nearthe summitof MaunaKea
(148N, 15529W). Thelake liesin ashallov craterandis approximately90min diam-
eterand3 m deep althoughits dimensions/ary with precipitationpatterns Weatherat this
siteis extremewith especiallyhighwinds;thetypically isothermalake temperatureanges
annuallyfrom 0-13°C, with wintertimeice cover. Lake Waiauultraviolet radiationlevels
are about30% higherthan at sealevel for comparabldatitude andis thus of interestto
studiesof organismaladaptatiorto the high radiationervironmentsof the early Earthand
on otherplanets. Like Lake Kauhalo, Lake Waiauis locatedin a restrictedconseration
areawhich minimizeshumanimpactandinterference.For the openPacific Ocean,Lake
Kauhaku,and Lake Waiauwe will make comparatre obsenationsand measurementsf
key indicesof microbial biomass(by total ATP, lipopolysaccharidechlorophyll and epi-
fluorescencenicroscopy!™*d andhabitatchemicalcharacteristicsjemperature/salinitydis-
solved oxygenandCQO, gasconcentrationgnorganicandorganicnutrientconcentrations,
particulatemattercarbon/nitrogermndphosphorugontent® ateachsite.

Metabolicactiity will be assessetbr the total microbialassemblagéy measuremernf
respiration(in vitro oxygenconsumptionpswell asfor specializeghysiologicalfunctions
suchas nitrogenfixation (by the acetylenereductionmethod)and other selectedenzyme
actwvities (phosphatasgeptidase)Wewill alsoendeaor to isolaterepresentatie microor
ganismdrom eachsite,with afocuson prokaryotes.

4. The existenceof a large, deepfreshwaterlake beneaththe ice of centralEastAntarctica
wasreportedin 19963, The lake was namedLake Vostok becauseof its proximity to
VostokStation(near77°S, 105°E). During the sameyearaninventoryof 77 suchAntarctic
subglaciallakes was published*® proving themto be a relatively commonoccurrence.
Lake Vostokis locatedbeneathapproximately3800mof ice; belon approximately3500m
theice appeargo be refrozenfrom Lake Vostok,accretedo the bottomof the glacialice
column(i.e., so-calledaccretionice). Although microomganismshave beendetectedn the
accretedce portionof the 3623m long Vostokice core(drilling wasterminatedat adepth
of approximatelyl20 m from the ice-lake waterinterfacé>"¥) no sampleshave yet been
recoveredfrom any Antarcticsubglacialake.

Besidegheliquid waterin the lake itself, boththe glacialice columnandthe accretedce
may alsoprovide uniquehabitatsfor the growth of microoiganisms For example bacteria,
yeastsfungi and microalgaeat depthsrangingfrom 1500to 2750 m have beenfound?
in Vostokglacialice. Someof the microbeswere claimedto be viable. Price (2000) has
alsoreportedviable cells to depthsof 3600 m in the Vostok core. He hypothesizedhat
the microorganismsnhabita microervironmentconsistingof interconnectediquid veins
alongthree-grainboundariedn ice whereinpsychrophilic,halophilic bacteriacan move
andobtainenegy and carbonfrom ions and compoundsn solution. We planto testthis
hypothesisisingice columnmesocosmg thelaboratory We will alsotestthe hypothesis
concerningthe role of brine channelsn seaice asa uniquehabitatfor microbial growth
usingalaboratorybasednesocosnapproactsimilarin designto theonerecentlydescribed
by Mock7,

5. Icelandis locatedon the Mid-Atlantic Ridge and at the Arctic Circle, and consequently
hostsnumerousactive volcanoesand glaciers. We are investigatinglcelandicsubglacial
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volcanismas unique terrestrialervironmentsand analogsto potentialhabitatson Mars
andthe galileansatellitesof Jupiter Somemartianlandformshave alreadybeenidenti-
fied aspossiblyof glaciovolcanicorigin®l. Subglacialystemsvherevolcanicheatdrives
hydrothermakirculationaremorelik e to supporta flourishingsubsurbcecommunitybe-
causg1) liquid wateris producedrom the meltingof the overlyingice by high geothermal
heat; (2) free enepy is provided by the reducinghydrothermalfluids producedby high-
temperaturavaterrock chemistrymixing with oxidizing gasesuchasO, or CO, released
by melting of ice; and (3) the extremethermal gradientsbetweenthe ice and hot rock
or waterwill createa wide rangeof habitats. We expectthat, becauseof differencesn
temperaturegeology andice flow, subglacialhydrothermalervironmentswill manifest
significantphysiochemicablndbiological diversity similar to that seenin the hot springs
within the Yellowstonecaldera.

Grims\wotn is one of two active volcanoesunderthe Vatnapkull ice sheet. Intensehy-
drothermakirculationwithin the100km? calderadrivesanaverageheatflow of 50W m~2,
far exceedingthe 2 W m~2 typical of the Yellowstonecalderaandin ventfields on mid-
ocearridges.Glacialmeltin a300km? drainagebasinfeedsa geothermallysustainedake
covering 20 km?. Continuousgeothermahctiity anderuptionscausethe lake to episodi-
cally—andcatastrophically-drain,triggeringjokulhlaupsthelargestfloodson present-day
Earth. The lake was previously sampledfor geochemicahnalysesn 1991, We carried
outa preliminarybiologicalinvestigationof the Grimswbtn subglacialcalderaake in June
2002expeditior™. Self-sterilizinghot-waterdrilling wasusedto penetratdhe 300 m ice
shelfandsamplethelake (Fig. 3.1.7b).We sampledhelake water thetephraatthebottom
of thelake, andtheice andsnav overthelake. ChemicalanalysesncludedpH, alkalanity
andtotal dissoledsolids.Cell countsweremadeonreplicatesamplesLake watersamples
wereincubatedvith *C-labeledbicarbonatendacetyleneo assayfor carbonfixation and
nitrogenfixation, respectrely. DNA wasextractedandamplifiedusinguniversalbacterial
primersandthe polymerasechainreaction(PCR). An analysisof the whole community
wasdoneusingthe denaturing-gradiergel electrophoresi€DGGE)technique.

There were significant cell countsin both
lake watersandespeciallyhigh countsin the
tephrasediments.We measuredsignificant
carbonuptale and nitrogenfixation by lake
samples. The DGGE analysisshaved that
(at the molecularlevel) the lake community
was distinct from the organismstrappedin

the overlying snov andice. We have pre-
liminarily concludedthat an endemic,au-
totrophic,andnitrogen-fixingcommunityof

microoilganismsexistsin the lake, the prod-

uct of the unique ervironmentselectingon Fig 3.1.7b—Hot-water driling apparatusin

an assemblagef “innoculating mlcrObesoperationon the lake ice shelf within the

_that arereleasednto the lake from melting 5 i .« stn volcaniccalderaJceland.
ice.

‘:,! .
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The discovery of high cell countsin the lake tephrais consistentwith findingsin mary
settingsthat microomganismspreferentiallycolonizeparticle surfacesrelative to the water
column. At Grimswtn and similar ervironmentsin Iceland, volcanic tephraand hyalo-
clastic brecciais emplacedas extremely hot (900-1400K) andthussterile debrisduring
subglaciakruptions.This materialis, of coursejmmediatelyquenchedy meltingandva-
porizationof the surroundingce, but temperaturearelik ely to remainat the boiling point
(230°C under300m of ice) andwell above plausiblelimits for life for abrief periodof time
thatdependsn the waterto rock ratio andthe vigor of subsequeniydrothermacircula-
tion. Eventualcoolingwill allow organismseleasedrom the surroundingce to colonize
the mineral surfaceson the tephra. Our objectwve is to understandhe mechanismsand
sequencef eventsassociateavith the establishmendindmaintenancef a microbialcom-
munity in aninitially sterile,abiotic subglacialervironment. The processesf coloniza-
tion andsuccessiomn subaeriat®d andsubmariné*¥ basalticlavas, particularlyinvolving
plantsand macrofiunahasbeenextensiely studiedincluding on Hawaii. The subglacial
processs arguablysimplerandbetterdefinedbecausgotentialcolonistsmustcomefrom
the overlying ice andcanbe surneyed,andplantsandmacrofiunaareabsent.The process
may be crucial to the continuity of life on planets(suchas Mars) with inhospitablesur
faces.We areinterestedn addressinghefollowing question:ls therea singlecolonization
eventor continuedsuccessionn the microbial communityover time? In the absenceof
sunlightandphototrophyis the colonizationprocesgelatedto the suite of chemotrophic
metabolismsavailableto, and employed by, microoiganisms?Is the processdentical at
every subglacialsite or is it a function of local conditions?Is it deterministicor depends
on somestochastielement?What arethe importantpotentialbiomarlersof colonization
thatcouldbe usedto identify pastbiologicalactvity at similar siteson otherSolarSystem
bodies?

Our plansfor future field work includea returnto Grimswotn in the summerof 2004 for
additionaldrilling andsamplingcloseto the calderarim wherenormalfaultingassociated
with the collapseof the calderais expectedto permit moreintensehydrothermakircula-
tion. We will alsoinvestigatethe Skafta “cauldrons”,two sitesof subglacialgeothermal
heatingwhosesurfaceexpressionare 2 km-wide depressionn the Vatnapkull ice sheet.
Theseoccuyy separat@rainagebasinsadjacento thatof Grimswotn. Additional cauldrons
have beenidentified on the Myrdalspkull ice cap, which occupiesthe extremely active
Katlacalder&®. Samplewill beexaminedusingbothepifluorescenceicroscoly anden-
vironmentalscanningelectronmicrocopy. DNA will be extractedand amplifiedfor both
community-level analysisandthe constructionof clonelibrariesfor sequencingFluores-
centprobeswill bedesignedo targetorganismsvith DNA sequencesf interestandimage
themin thetephraparticleervironment.We will remove pristinesamplesof ice andfresh
tephrafor usein laboratorymicrocosmexperimentsThetephrais reheatedo temperatures
sufficientto sterilizeandvolatilize any organiccarbonandthenaddedo theice. Sampling
of theseincubationswill allow time-dependerphenomenat beobsened.

. On Earth, high-altitudefumarolesprovide natural environmentsin which temperatures
within the known rangeof biological toleranceexceedthe boiling point. For example,
waterboilsat92°C in Yellowstone(2225m elevation)andatthe Geysersdel Tatioin Chile
(4321m elevatio) theboiling pointis 85°C. At SoldeMananapBolivia (upto 5000m eleva-
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We have developeda programto search
for biological actvity, and organisms,
in low-temperaturdumarolesassociated

tion) waterboilsata“mere” 83°C, well within therangeof non-photosynthetilife. Organ-
iIsmssurviing in suchernvironmentswould have to evolve two adaptations(1) preventing
its cytoplasmicfluid from boiling, and(2) preventingdehydratiordueto the differencein
the vaporpressurédetweeniquid waterinsideandoutsidethe organism.Microorganisms
with cell walls maintaintheir volumeby creatinganinternal(turgor) pressureThisis done
by maintaininga differencen osmolality(equialentsoluteconcentrationpetweerthein-
ternalcell andits ervironment. Gram-ngative bacteriacan maintainturgor pressuresip
to severalbars.The correspondingdpoiling point elevationis approximately6°C. Cellular
cytoplasmis alsoa briny fluid andthe presencef anti-boil compoundsould elevatethe
boiling point. Finally, boiling requireghenucleatiorof bubbles.Thescaleof mostbacteria
is 1 um, raisingthe potentialof suppressiownf boiling by suppressiownf nucleation.Dehy-
drationcouldbe preventedby suppressinghe vaporpressuref the cytoplasm(by antiboil
compounds)eor by expendingenegy to actively pumpwaterinto the organismagainstthe
osmoticgradient.In fumarolicervironmentswheresteamemperatureareoutsidethetol-
erablerangeof life, microolganismscouldadaptendolithiclifestylesandusetheinsulating
propertiesf thefumarolerock walls to protectthemfrom heatandretainwater

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. Pastandpresenfumarolic
actvity has been identified as high as
6000 m in the Andes,wherethe boiling
pointis about80°C. Fumarolewall sam-
pleswill beretrievedfor opticalandelec-
tron microscop, isotopicanalysis,DNA
extractionfor molecularidentificationof
organisms. We will also carry out col-
onizationexperiments,leaving sterilized
silicate surfacesin placefor a period of
1-2years(Fig. 3.1.7¢).

Fig 3.1.7c—Colonizationexperimentstestedin fu-

marolesat KilaueaVolcano,Hawaii. Basaltsample
werethin-sliced,attachedo glassslidesusinghigh-
temperatureepoxy androughly polished.This pro-
videsanaturalsubstratdor potentialorganisms.

2.1.8 An Integrated Model of the Planetary Water Cycle

Objective— Develop and refine an integratedmodel of planetarywater including mantle de-
gassinggcrustalhydration,devateringat subductiorzones,andescapdo space.Usethis model
to explorethe sensitvity of planetarywaterevolutionto planetarymass compositionandinitial

inventoryof watet

Connections§2.1.4,§2.1.9
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Astrobiology RoadmapLinks— Goals3, 5; Objectve 3.1
Researhers— Gaidos

Badground— Earth’s mostvisible inventoriesof water areits oceansfresh-water bodies,and
continentalce sheetshoweveranadditionald0%is presentishydrousmineralsn sedimentgand
crustalrocks,andseveral oceands containedn the hydratedmantled. Mantle corvectionand
platetectonicsmediateghe exchangeof waterbetweensurfaceandinterior reserwirs. Mantle
water partitionsinto the silicate melts createdby the divergenceof lithosphericplatesand is
volcanicallyoutgasseat mid-ocearridges.Waterenterscrustalrocksandsedimentashydrated
mineralsduring continentaland seafloorweatheringand hydrothermalklterationof the oceanic
crust. Much of this wateris re-releasedluring high pressuremetamorphisnandarc volcanism
at subductiorzones but somefractionis returnedto the mantle. The differencein thesefluxes
controlsthe evolution of the surfaceandmantleinventoriesof waterover Earthhistory:.

Althoughthe currentescapeate of waterto spaceg(asH) by thermalandnon-thermaimech-
anismsis ~10 % oceangerbillion years§? andis negligible comparedo the geologicalfluxes,
more significantamountsof hydrogen(and equivalent water) may have beenlost during the
Archean(prior to 2.5 billion yearsago)when molecularoxygendid not limit the mixing ratio
of molecularhydrogefi®® or biogenicmethané&? in thetrophosphereGreateramountsnayalso
have escapedo spacevia hydrodynamicspacepoweredby giantimpactsor highersolarultra-
violet radition earlyin Earths history®?. Corverselyit hasbeenproposedhatadditionalwater
wasbroughtto Earthsubsequentb accretionby carbonaceoushondriticor cometarybodies?.
Theseprocessewould obviously have effectedthe sizeof Earth's surfaceandinteriorinventories
of water

A minimum resenoir of surfacewateris probablyrequiredfor planetaryhabitability, e.g.,
to promotethe precipitationof atmosphericCO, ascarbonatamineralsandits sequestratioms
crustalcarbonateockssoasto avoid a runavay greenhouseln addition,surfacewaterentering
the crustcanlubricatefaults, wealeningthe brittle lithosphereand possiblyenablingplatetec-
tonicsitself to function™® ¥, The abundanceof waterin the mantleinfluencests rheologyand
solidusandthusexertsa powerful control on mantledynamicsanddegreeof mantlemelting®?.
In turn, this affectsthe exchangeof waterbetweerthe surfaceandinterior. Thusthe partitioning
of planetarywaterbetweemmantleandsurfacereserwirs may be crucialto long-termhabitabil-
ity, especiallyif theinitial surfaceinventoryis removed early on andreplenishedy degassing
of the mantle. In addition,hydrousmeltingis involvedin the productionof buoyantfelsic crust
thatsenesasthe sourcematerialfor continents.Continentalgrowth is importantfactorin rates
of weatheringandatmosphericCO, levels, sequestrationf organic carbonand stabilizationof
atmospheri®,!3. High oxygenlevelsandstablecontinentaplatformsmay be prerequisitesor
theappearancef comple terrestriallife, and,perhapsintelligence.

The inventoriesand cycling of waterin Earth-sizeplanetsaroundother starsmay be quite
differentthan our own. The initial abundanceof water may dependsensitvely on the redox
chemistryof the planet-formingnelula and water contentof the planetarysourcematerialt?,
the presencef giantplanetswhich facilitate (or impede)transferof waterfrom the outerto the
inner regionsof a planetarysysteni?®, andvariationin the efficiency of lossprocessesuchas
impact$“? or ultraviolet radiation-drven hydrodynamicescap@. Thefluxesof waterbetween
thesurfaceandinterior candiffer becausef differencesn thecompositiorandmeltingproperties
of the planets mantleandthe abundanceof heat-generatinpng-livedradioactve isotopes.
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We aredevelopinga modelof the dynamicsof waterin andon a solid planet. Our objectve
is to understandhe implicationsof differencesin planetarymass,composition,environment
andinitial inventoryonthelong-termevolution of planetarywater Suchmodelswill beusefulin
predictingthe potentialdiversityof Earth-massompanionso starshatmightbedirectly detected
by future space-basedbsenatoriessuchas thoseernvisionedby the TerrestrialPlanetFinder
project). We have developedaninitial parametrianodelof anideal, perfectlyuniform mantle.
Similar parameterizedorvectionmodelsincludethoseof!®> 258 The thermalevolution of the
mantleis setby the balancebetweerthe heatgeneratedby the decayof long-livedradioisotopes,
heatrejectedoy mantlecorvection,andmantlecooling. The corvectioninvolvesatemperature-
andwatercontent-dependentscosity** andtheusualparametrigelationshipbetweerheatflow
andthe mantleRaleighnumberis assumed.The total spreadingate of the lithosphereis then
calculatedasa functionof heatflow(*!.

The evolution of the surfaceand mantlewaterreserwirs (W, andW,,) is specifiedby the
differencebetweerthe outgassindlux andtheregassingandescapdluxes;

dW

dt = Fou — Frecycl — Feye (1)

AW
—— = —Fy, F. 2
dt t + g ( )

Therateof outgassings
dm
Fout = ConwpSR [ X2, (3)
0

wheretheconcentratiorof waterin themantleC,,,., is W,,,/Vin, pm IS the averagemantledensity
SR is thespreadingate,d,, is thedepthof melting,and X is themeltfraction. We assumehat
water partitionsinto the melt fraction X up to a specifiedsolubility limit. We usean empirical
melting parameterizatioto calculatethe melt fractionanddepthof melting**2.

The rate of regycling of water backinto the mantleis the rate of subductionof waterin
lithosphericslabscorrectedoy a factor R,., thataccountdor the devolatilization andescapeof
waterfrom unstableminerals;

Frecycl = (]- - Rreg)ocwpcchRa (4)

whereC,,, is the concentratiorof waterin crustalminerals,p. is the densityof the crust,andd,
is the thicknessof the hydrouscrust. The amountof waterin the crustwill dependon the depth
atwhich hydrothermaktirculationpenetratesandon the mineralogyof the crust*.

Fig. 2.1.8ashaws theresultsof initial simulationswith threedifferentinitial total inventories
of water(measuredn present-dajarthoceans)ln eachsimulation,theinitial surfacereserwoir
is zeroandtheinitial mantletemperaturés setsothatthe mantleis in thermalequilibriumwith
theinitial rateof heatproductionby long-livedradioactve isotopesUsingtheseassumptionsye
find thatthe surfacereserwoir asymptoticallyincreasesvith time. This resultis consistenivith
theabsencef ary indicationof adramaticchangen continentafreeboardn thegeologicrecord.
The model(Fig. 2.1.8a)alsocorrectlyproduceghe currentmantlepotentialtemperaturef the
Earth but the estimatedglobal spreadingrate must be correctedby a factorof 1.7. Currently
the model simulatesonly planetswith contiguousoceaniccrust; we will add the formation of
continentalcrustto a laterversion.We will continueto improve the model,constrainthe model
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parametersising the terrestrialcase,and then usethe modelto explore the effect of varying
the abundanceof planetarymass,alundanceof heat-producingong-lived radioisotopesmantle
compositionjnitial waterinventory andrateof hydrogerescap@ntheevolution of theplanetary
watercycle. 30f ‘
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Fig 2.1.8a—-Planetarysurfacewaterreseroir versus
time for anEarth-like planetsimulatedusinganem-
pirical model of mantle corvection coupledwith a

geologicwater cycle model. Only the initial total

waterinventoryis varied. Seetext for details.
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2.1.9 Signaturesof Water-Bearing Exoplanets

Objective— Model the waterrich comaeof supercometsand planetsexperiencingatmospheric
escapenddetermineheir detectability Evaluatethe feasibility of the time-seriespectroscopic
determinatiorof theabundancedistribution, andstateof wateron Earth-like planetsaroundother
starsusingobsenationsof earthshineeflectedoy the Moon.

Connections-§2.1.1,2.1.8
Astrobiology Roadmap.inks— Goal1; Objectve 1.1,1.2
Reseathers— Gaidos Meech

Badground — Nehular waterwill be removed with the restof the primordial disk gasfrom a
young solar systemeitherby a T-Tauri wind or by incorporationinto giant planets. However,
volatiles,includingwater will beretainedor muchlongerperiodsof timein icy bodiesor water
rich planetsdependingn their masse&ndorbits. This watermay be subsequentiost to space
by directdevolatilization(in the caseof anicy body)or by the ultraviolet radiation-drvenescape
of waterrich atmospheresThis processs still ongoingin our solarsystem althoughit is now
importantonly for comets. In the early Solar System,(dissociated)wvater would be escaping
from the runavay greenhousatmospheref Venus”’ aswell asfrom satellite-sizedcy plan-
etesimalsscatterealoserto the Sunby the giantplanets.Are the extended hydrogen/vaterrich
atmospheres/cont equivalentobjectsaroundotherstarsdetectabledransientdopplershifted
absorptionlines in the spectrumof § Pictoris, surroundedby a circumstellardisk, have been
proposedo be the resultof comet-like “falling, evaporatingbodies” crossingthe stellardisk™,
We proposeo modelthe comaeof “supercomets’andplanetswith hydrodynamicallyescaping
atmosphereanddetermingf it is possibleto detectthemeitherin absorptioror emission.
Space-basedbsenatorieshave beenproposedo directly detectandcharacterizéarth-sized
planetsaroundnearbystar$? Y, Theultimategoal of theseprojectsis to ascertairwhethera ex-
trasolamplanethaslife by identifying“biosignatures’in aplanets spectrume.g., atmospheri©,,
05, CH,, or biogenicpigmentssuchaschlorophyll. Time-seriepphotometryandspectroscoyp of
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an Earth-like planetmay alsoreveal importantphysiochemicatletailsaboutthe surfaceandits
habitability. Theseincludethe presencef oceansgclouds,ice caps,anddesert§?. Thethermo-
dynamicstateof wateron a planetandits variability is fundamentato its climateandseasonal-
ity. Earth-like planetsneednot resemblehe Earthasit is today: Large continentalglaciations,
episodesf intensewarming (and cloudiness)and so-called“snowball Earth” events® would
have dramaticallyalteredthe albedoandspectrunof the pastEarth.

In the absenceof known Earth-like extrasolarplanets(and a spaceobsenatory to obsere
them),a suitabletestof an obsenationalstratay is to obsene the Earthitself from a distance.
Sagaf® obseredthe Earthwith the Galileo spacecrafanddetectedhe chlorophyll“red edge”
of terrestrialvegetationat ~750 A. A more cost-efective techniqueis to measurethe intensity
and spectrumof earthshinereflectedby the dark side of the Moon. Two groupshave derived
theterrestrialalbedoasa function of wavelengthandreportthe detectionof Rayleighscattering
at blue wavelengthsand absorptiorfeaturesof ozone,molecularoxygen,andwatef?*¢. They
alsoreport the tentatve detectionof the chlorophyll red edge. The Earth exhibits significant
albedovariationsasa consequencef exposureof the Antarcticice sheeto australsummersun-
light and changesin cloud and vegetationpattern§3. But with limited temporaland spectral
resolution,limited signal-to-noiseand no spatialresolution,how cancloudsandice sheetshe
distinguished?How canwaterice and CO,-ice cloudsbe distinguishedparticularlyin the ab-
senceof independentemperaturalata? Canseasonse inferredsolely by detectingchangesn
cloudcover patternsor thewaxingandwaningof ice sheetsThesesignaturesnaybe subtleand
difficult to decomwolve. While theabsorptiorbandsof watervapormaybe obvious (atleastfrom
space)the spectrumof oceanwateris blue andresembleshat producedoy Rayleighscattering
andanatmospheri@erosokcomponent.

To answerthesequestionswe are carrying out a long-termmonitoring of the spectrumof
earthshinavith the UH 2.2 metertelescopeandthe HARIS spectrographThefirst obsenations
areto be carriedout duringlate March of 2003. The earthshinespectrummoduloa constantjs
obtainedby dividing the spectrunof thedarksideof the Moon by thatof theilluminatedportion.
Carewill betakento remove from eachspectrunthe temporallyinterleared spectraof the sky
(which changeswvith time) andcorrectingfor detectoreffects,including CCD fringing.

2.2 Extending the State of the Field — Relevanceto Past, Curr ent, Future
NASA OSSPrograms

We have choserwater andits relationshipo life, asbothaunifying paradigmandinterconnecting
theme. Our consortiumwill advancethe stateof the field by placingthe researchof individual
investigatoranto a framework in which the resultsin ary givenfield will adwance,or sene as
thefoundationof, researchn otherfields: Obsenationsof theabundanceandchemistryof water
in star andplanet-formingregionsprovidesthe boundarycounditionsfor experimentson space
ices,whichin turnarecritically importantto correctinterpretatiorof obsenationsof cometsand
the interstellarmedium. Modeling of Martian hydrothermalsystemss necessaryor selection
of terrestrialervironmentsasappropriateanalogsexplorationof which will helpthe searchfor
potential habitatsfor and signaturesof life on Mars. Modeling of the planetarywater cycle
requiresinformationaboutwaterin planet-formingmaterialprovided by the studyof meteorites
andcometsandin turninformssearchesor the signaturegrom waterbearingexoplanets.

In addition,thebulk of thefundingrequestedh thisproposawill supportpostdoctoratellows
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who will be given accesdo facilities, the academidreedom,and the independenceecessary
to pioneerinnovative and interdisplinaryrsearchthat includes,and builds upon, the research
describedn this proposal.In funding a corpsof respectedunior colleaguesallowing themto
createauniqueandindependengrnvironment(the“WaterHole”) andconnectinghemto multiple
investigatorandresearchacilities,we planto developauniqueassemblyof scientistdoondedoy
acommoninterdisciplinaryresearctihemratherthansometimes-anochronistttsciplinaryties.

Water underpinsmuch of the currentresearctof the Astrobiology Institute and our efforts
would supportthese aswell asotherNASA efforts, includingthe Mars ExplorationProgramand
the Searchfor Origins. Oneof the productsof this researctwill be animprovedunderstanding
of processeshat controlthe frequeny andnatureof extrasolarplanetswith aquatic(i.e., habit-
able)ervironmentsjnformationthatis critical to the designof spaceobsenatoriessuchasthose
ervisionedby the TerrestrialPlanetFinderproject. Finally, muchof this researclwill becarried
outin Hawalii, alocationwhereavariety of aquaticervironmentsandtheir conjugateecosystems,
someuniquecanbestudied.It is alsoa placewherethethemeof waterhasanobviousresonance
anddeeproots. As inhabitantsof the mostisolatedarchipelagoon Earth, we will contribute a
senseof importanceto scienctificties that spangreatdividesof distanceanddiscipline,and,as
dwellersin anoceananappreciatiorbothscientificandculturalto thatgreatmediumfrom which
we all sprang.

This work is well-alignedwith NASA OSS programs,closely following the Astrobiology
Roadmapasnotedin eachsection).In addition,thework is closelyrelatedto mary upcoming
andproposedNVASA missions suchasDeeplmpact, Pluto-Kuiper Expressandmostespecially
theTerrestrialPlanetFinder Ourgoal,in effect, is to establishhe parametersf a“WateryDrake
Equation”,to betterassesshe propertiesvhich make aworld habitable.

2.3 Technical Approach

2.3.1 Infrar ed Spectroscopyand Sub-mm Interfer ometry:
Young Stars, Cir cumstellar Disks, and Molecular Clouds

Objective-Identify processandsupportinstrumentdesignfor detectiorandmeasurementsf ice
andwaterbiomarlers.

Connections-§2.1.1
Astrobiology Roadmap.inks— Goal 3; Objectve 3.1
Reseathers — Reipurth,Williams, Ceccarelli

Badkground—We will determinghewaterice distributionin molecularcloudsby takinginfrared
spectraof field starsshiningthroughthe molecularcloudsbeinginvestigated. We will obtain
high-qualityspectra(S/N of 30 or betterin the continuum)of a variety of sourcedocatedbehind
the cloudsand cloud coresof interest. For the study of waterice distributionsin cloudsand
to explore differencesbetweencloudswe will use several telescope/instrumerdonfigurations
(SPEXonthe 3.5 m IRTF, UIST on the 3.9 m UKIRT) to achieve a resolvingpower of about
1000in theK plusL bands.About 200 starswill be targetted,requiringabout20 nights,which
over afive yearperiodis about2 nightsper semesterFor a studyof the densercloud coreswe
will obsene about20 - 30 starsusinglargertelescopegthe 8 m Subaruwith IRCS,andthe8m
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Geminiwith NIRI) totalling approximatelyl0 nights,whichis onaverageonenight persemester
if spreadover5 years.

For the studyof hot wateremissiontowardsyoungstarswith massve circumstellardiskswe
will use high-resolutioninfrared spectroscop in the K-band with a resolvingpower of about
20,000. Sincemary of our targetsare ratherbright (K of 8 - 10), we canuse mediumsized
telescopege.g., IRTF with CSHELL, UKIRT with CGS4or its successor)and only for the
faintestobjectsdo we needto go to very large telescopege.g., Subaruwith IRCSin its echelle
configuration).Giventhatthisis alargely unexploredresearcHield, it is difficult to estimatethe
amountof observingtime required,but we ernvisageusinga total of around6 to 7 nightson a
3-4m classtelescopandafew nightsonlargertelescopesor this study

We will explore watermaserdn circumstellardisks by usingthe Very Large Array (VLA)
in New Mexico. This is a generalfacility which we have usedrepeatedlyin the past. We will
employ the A-configurationat 4.86,8.46,22.255,and107.1GHz. The A-configurationis avail-
able approximatelyevery 15 months,andwe intendto submitour proposalsor eachof these
deadlinedor thecomingyears.

Throughthe UH accesdo telescopesn MaunaKea,it is possibleto dedicatdarge quantities
of time to surwey for sub-millimeterline emissionfrom waterrelatedspeciesn protoplanetary
disksaroundyoungstarsin nearbystarforming ervironmentsusingthe CaltechSubmillimeter
Obsenatory (CSO)and JamesClerk Maxwell TelescopgJCMT). The resolutionof thesedata
will be~ 10" which is sufficientonly to allow abundancemeasurement® be made.Followup
obsenationsof diskswith detectabldineswill thenbe madewith the SMA to mapthe different
speciesata few arcsecondesolution(few hundredAU). In additionto theline obsenations,the
thermaldustemissionprovidesinformation on the grain massopacity andtherebythe compo-
sition of the (icy) mantles. Millimeter interferometricobsenationsof the LkCa 15 disk shav
interestingmorphologicaldifferencesat this scalé®®®. Our proposedbsenationsare at shorter
wavelengthghanthis work andwill targetwarmergascloserto the protostarwherealundances
may be higherandline emissionstronger Progressn learningaboutprotostellardisk chemistry
will requirelargeamountsof telescopeime dueto the multitudeof speciesandrelatve weakness
of emission.UH is in auniquepositionof beingableto bring threesub-millimetertelescopes$o
bearon this problem,includingthe only oneableto imageat arcsecondesolution,andthis sur
vey canbe expectedtherefore to make a signficantcontritution to our knowledgeof theinitial
chemicalconditionsof the solarnehula. Atmospheric Transmission on Mauna Kea
Atmospherictransmission(Fig. 2.3.1a) g
versusfrequeng for a rangeof precip-
itable watervapor (pwv) levels. The sky
offersseveral*windows” which allow as-
tronomical obsenations of the line and
continuumradiationfrom the molecules
and dust in star forming cores. There
arevery few telescopesn the world that
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operate at sub-millimeter wavelengths 8
(v > 300 GHz) and three are situated
on MaunaKea, including the only one R Y

(SMA) that will producesub-arcsecond v, GHz

resolutionimages. Fig 2.3.1a—Atmospheritransmissiorin the sub-mm.
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Much of the opacityin theatmospheratthesewavelengthds dueto waterbut the extremelydry
conditionsatthesummitof MaunaKea,pwv~ 0.5 — 1 mm, allow for obsenationsatfrequencies
as high as 900 GHz. Othersiteswith sub-millimetertelescopesn Europeand Arizona have
muchhigherwatervaporlevels,pwv~ 2 — 4 mm, andareconsequentlyarelyableto obsene at
frequenciegreaterthan400 GHz.

2.3.2 Extraterr estrial Ice Laboratory Experiments

Connections-§2.1.3
Astrobiology Roadmap.inks— Goal 3; Objectve 3.1
Reseathers— Kaise,Bar-Nun, Ehrenfreund

TheExperimentaSetup

The experimenton theinteractionof chagedparticlesandphotonswith extraterrestrialce ana-
log bodiesarecarriedoutin vacuumchambersvhich mimic theinterstellaror solarsystemervi-
ronments.All experimentswill be carriedout at the University of Hawaii in anexisting oil free
ultra highvacuum(UHV) vesseWwhich hasthefollowing characteristics:

e Contamination-fre®@perationat extremeultrahighvacuumconditions(pressure®f about
10~ torr),

Reproduciblepreparatiorof thin frostlayers(< 500nm),

Tamget substratesvhich allow a rapid heatdissipationfrom the irradiatedicesto the cold
headthusminimizing surfaceheatingandreactionmechanisnthanges,

Temperaturenonitoringof heatedce surfacesandsubstrates,

Preparatiomf cleanchagedparticlebeamsandoperatiorof monochromatiphotonsources,

Quantitatve on line andin situ analyse®f the solid stateandthe gasphaseemploying low
backgroundietectionschemes.

This machineconsistsof an irradiation unit and a stainlesssteel chamberwhich can be
pumpeddown to 3x10!! torr by a magneticallysuspendedurbopump(Fig. 2.3.2a). A rotat-
able,two stageclosedcycle helium refrigeratoris attachedo the lid of the machineandholds
a polishedsilver monocrystal. This crystalcanbe cooledto 9.5 K, senesasa substratdor the
ice tamgetsand conductsthe heatgeneratedrom the impinging photonsor particlesto the cold
head. To allow a selectionof ary tamgettemperaturdrom 9.5 K to the sublimationpoint of the
samplesatemperaturesensoanda programmabldeaterareattachedo the crystal. To assista
guick changeof theirradiationsourceandmaintainthe UHV conditionsin themainchamberthe
irradiationunit is placedin aremovableside chambemvhich canbe separatedrom the machine
througha gatevalve. Threeirradiationmodulesarenecessaryo simulatethe CR andUV effects
on interstellarice mixture: the ion module(showvn in Fig. 2.3.2a),the electronmodule,anda
tunablephotonsource. Continuouson beamsare generatedy anion gun via electronimpact
ionization of a gasprecursoyion extraction, acceleratiorup to 5 keV, and massseparatiorof
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contaminantsn aWienfilter. The currentof the chagedparticlesis monitoredby a Faradaycup.
Sincethe gasloadinsidethe mainchambeihasto be keptto a minimumduringtheirradiationto
avoid any condensatiomf contaminant®n the ice surface,theion sourceis triply differentially
pumpedby magneticallysuspendeturbomoleculapumpsbackedby oil free scroll pumps.This
pumpingschemereducesthe pressurefrom 10~* mbarvia 10-% mbar 10-% mbar and 10-1°
mbarto 3x10~!' mbarin the main chamber Secondly electronswith kinetic enegiesup to 5
keV aregeneratedby an electrongun. Dueto the modulardesignof theirradiationunit, theion
sourcecanbe simply replacedoy theelectrongun,whichis interfacedthenvia two differentially
pumpedregionsto the mainchamber Thirdly, photolysisexperimentsare performedemploying
adifferentiallypumpedultraviolet sourcewhichis alsointerfacedtogethemwith the differentially
pumpedmonochromatoregion throughtwo differentially pumpedchambergo the mainrecipi-
ent. Theadvantageof thetunablephotonsourceis thewavelengthselectvity. Sinceexperiments
areperformedat distinct wavelengths a completepicture of the underlyingphotochemicapro-
cessegan be obtained. The main chamberhasspareports, and simultaneougphoton/particle
irradiationcanbealsoconducted.

To guarante@nidentificationof thereac-

tion productdn theicesandthosesublim-

ing into the gasphaseon line andin situ,

two detectionschemesare incorporated:

(i) aFouriertransforminfraredspectrom-

eter (FTIR), and (ii) a quadrupolemass

spectrometefQMS). The chemicalmod-

ification of the ice tarmgetsare monitored

during the irradiation experimentsto ex-

tract time-dependentoncentrationpro-

files andhenceproductionratesof newly

formedmoleculesn thesolid state.Since

no QMS candistinguishmultiple CoH, O,

isomerdrom theraw dataalone themass

spectrometemust be calibratedfirst for ~ Fig 2.3.2a—Schematitop view of the simulation
the fragmentatiorpatternsof distinctiso- chamberion irradiationunit, quadrupolenassspec-
mersof interest:hereaftertheseraw data trometer(QMS), Fouriertransforminfrared (FTIR)
are processedvia matrix interval arith-  spectrometeandthe gascondensatiomnit.

metic to extract quantitatve information

ontheisomersformed.

Ice Mixtures—Mebanismdor Formationof C,H,O, Isomesin Interstellar Ices

We elucidatenow the mechanismsy which glycolaldehyde aceticacid, and methyl formate
might be formedinsideinterstellaricesvia chaged particlebombardmenand photolysis. Syn-
theticroutesarederivedcombiningconcept®f suprathermathemistry®> *#7 andphotochemistri2
togethemwith aclassicaretrosyntheti@pproach?. Thiswill ultimatelyidentify thosemolecules
aspotentialprecursorgo the C,H, 0, isomersandguidethe selectionof ice mixturesin our sim-
ulation experiments.Note that dueto the compleity of the interstellarenvironmentsno single
experimentcanmimic all effectssimultaneouslyandan understandin@f elementaryprocesses
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mustbebasedn experimentsnvolving binarysystemdirst beforeextendingthemto morecom-
plex ice mixtures. As evidentfrom the structuresof the C,H,O, isomers,the CO,-unit canbe
foundin aceticacid and methylformate,whereaghe CO-moietyis presenin all isomers(Fig.
2.3.2b). SinceCO and CO, arecommonin astrophysicalces,we investigatefirst if binaryice
mixturesCO/CH;OH (mixture 1) andCO,/CH, (mixture 2) synthesizary C;H,O, structure.

Consideringa CH;OH molecule,a photonor particle cansplit the CH;-OH (1.1), CH;O-H
(1.2), or H-CH,OH bond (1.3) to yield [CHj3 ... OH], [CH30O ... H], and/or[H ... CH,OH]
radical pairswhich could reactwith a CO moleculeto aceticacid, methylformate,andglyco-
laldehyde(Fig. 2.3.2b). Similarly, a CH3-H bondin a CH; moleculecanbe brokento form a
[CHs...H] pair; the radicals/atomsnight addto a CO, neighboringmoleculein the ice matrix
to give aceticacid (2.1) or methylformate(2.2). All routesto C,H,O, investigatedso far re-
quire only one bondrupturein a single molecule;both reactingradicals/atom®riginatefrom
the sameprecursor However, reactantould emanaterom two differentmolecules,and two
bondrupturesprior to the reactionarerequired.Hence ice sampleswvith formaldehydgH,CO)
are studied,asthe formyl group (HCO) is presentin methyl formateand glycolaldehyde.Bi-
narymixturesof H,CO/CH;OH (mixture 3) couldform methylformate(3.1) andglycolaldehyde
(3.2).

After binary mixtureshave beeninvestigateccomprehensiely, ternarymixtureswith arad-
ical plus an atom precursorwhich requirestwo bondruptures,will be alsostudied. Thesein-
volve mixturesof CO with CH,/H,O, CH,/CH3;0OH, H,O/CH;OH, andof CO, with CH,/H,0,
CH4/CH30H, andCH;0OH/H,0. To getinformationon the reactionmechanismisotopicsubsti-
tutionswill be performed. For exampleirradiationof CH3OH/ CO/H,O could give CH3 (from
CH3OH) andOH radicals(from H,O) which might reactwith CO to aceticacid. SinceCH;OH
canbe cleavedto CH3 plus OH aswell, both CH;OH andH,O canform OH. The dominating
pathway is unraveledusing CH;OD which producesonly OD. CH;COOHandCH;COOD have
differentinfraredspectraandcanbe discriminatedexperimentally Note thatthe radicalspecies
formed canrecombineeitherin a radicalpair cageinsidethe solid ice even at temperaturegas
low as10K or - if they areseparatethsidetheice matrix - afterannealingof theice targetin the
hot corephaseo allow theradicalsto diffuse. Sincethe productionratesof the C,H,O, isomers
areexpectedo dependntheinitial concentratiorof theice componentsexperimentshaveto be
performedat variousconcentrationsf theice constituents.

Besidessimplebondruptureprocessefllowedby atom/radicahdditionsandrecombination
reactionsyve have to investigatealsoto whatextentinsertionprocessesf suprathermaparticles
canleadto the C;H, O, isomers.Note thatin the following considerationghe spin statesof the
reactingparticlesareomittedfor clarity. Further thereadershouldkeepin mind thatthereaction
of a suprathermaparticlewith a thermalmoleculeleadsto highly internally excited molecules.
In the gasphase the latter fragments but insideices, the surroundingmatrix might absorbthe
excessenepy of the newly formedmoleculevia phononinteraction. Acetaldehydg CH;CHO)
andformic acid(HCOOH)areidentifiedasthekey reactantsn this scheme.

Here,suprathermabxygenatoms,which canbe formedasknock on speciesvia interaction
of the primary implant with watermolecules(CH; CHO/H,O; mixture 4) asthe dominantcon-
stituentof extraterrestriaices, caninsertinto the carbon-hydrogeibondof the methyl group of
theacetaldehydenoleculeto form glycolaldehydd4.1); aninsertioninto the carbon-carbomand
formylic carbon-hydrogebondleadsto methylformate(4.2.) andaceticacid(4.3.),respectiely.
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Fig 2.3.2b—ermationof CoH,O5 isomersvia simple bond rupturesfollowed by addition of atomic
hydrogenand/ora radialandrecombinatiorof radicals(left) andvia insertionof suprathermabxygen
atomsandcarbeneadicals(right).

Alternatively, insertionof carbeneaadicals(CH,), which canbe generatediia interactionof
chagedparticleswith methanemolecule§ CH,/HCOOH; mixture5), canundego threedistinct
insertionreactionsnto the carbon-hydrogei(5.1.), oxygen-hydrogel5.2.), andcarbon-oxygen
bonds(5.3.) to form aceticacid, methyl formate,andglycolaldehyderespectiely. Thesecon-
siderationsnake it clearthatchagedparticleirradiationof binaryice mixturesof H,O/CH;CHO
andCH,/HCOOH couldyield all threeC,H, O, isomers.

Notethatthesingleinsertionprocesf acarbineradicalcanbesubstitutedy aninsertionof
a carbonatomor methylideneradical(CH) followed by two or onehydrogenatiorsteps respec-
tively. We lik e to stressthatafterbinary mixtureshave beenexposedo high enegy radiationin
thelaboratoryit is crucialto prepargernarymixturesof thesecesinto a waterrich matrix. Wa-
teris thedominantcomponenbf theinterstellarandcomataryice componentandthe production
ratesdependstronglyon the natureof theice matrix.

2.3.3 Comet& Centaur Obsewations

We will obtainJHK (1.2 < X < 2.4 um) spectraof a sampleof ~50 bright CentauraandKuiper
belt objectsusingthe Keck, Subaruand Gemini 8-m and 10-m classtelescopes.Thesespectra
will beusedto determinghesurfaceabundanceof waterice fromthe1.5mand2.0 um spectral
featuresandto searchfor expectedcorrelationsn the waterice abundancewith objectdistance
andsize. The spectralpropertiesof amorphousandcrystallinewaterice are measurabhdiffer-
ent (seereferenceby JohnDavies). We will usethis factto placea limit on the abundanceof
amorphousvaterice or to detectit. As noted,this placesan upperboundon the temperature
experiencedoy a givenbody We will alsosearchfor indicationsof organicandothersurface
moleculeslik e thosealreadyfoundin Centaurs5145Pholus.

The presencef organicsis mosteasilyascertainedrom the ultra-redopticalreflectionspec-
tra, of which5145Pholusremainghe primeexample.We will obtaincalibratedopticalreflection
spectraof 100CentaurskBOs andcometarynucleito examinetheincidenceof surfaceorganics.
We areinterestedo know whetherthe organicsso prevalentin the outer solar systemcansur
vive passageo the hotinnerregions.Recenbbsenations,for instancesuggesthatthey cannot,
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basedn therelative lack of ultraredobjectsamongsthe cometsanddead-comets.

While detailedcompositionalstudiesof the organicsare not possiblefrom low resolution
spectraalone,we will, with theaid of laboratoryexperimentspe ableto make usefulstatements
aboutthedegreeof hydrogenatiomf theorganics.Theability to take comparablepectratdatasets
for astronomicallyremoteobjectsand for laboratorysamplesdesignedo modelthoseobjects
constitutesa powerful aspecbf our collaboration.Presentlytheliteraturecontaindgrradiatedice
spectrafrom the laboratorythat are difficult to comparewith real astronomicadata. In some
casedhisis becauséhe spectrakesolutionsaremis-matchedin othersit is becauseherelevant
spectralrangehasnot beensampledor becausestrophysicallyrelevant ice mixtureshave not
beenemployed. We will have completecontrol over all theseaspectsandwill ensurethatthe
laboratoryspectraarefully comparablevith thoseobtainedatthetelescope.

2.3.4 Cometlsotopic Measurements

CometObservations

In this proposalwe will usethe obsenationalfacilitiesatopMaunaKeato obtainmeasurements
of cometaryD/H in cometshaving a wider rangeof dynamicalcharacteristicandoriginsthan
the 3 alreadysampled. The JamesClerk Maxwell TelescopgJCMT) hasbeenusedto study
the 197 — 1go line of HDO at 464.92452GHz in cometHale-Bopp. This high frequeng line
is challengingbecauseof telluric absorption:MaunaKeais probablythe only placeon Earth
whereit canbe studied. In addition,the nev SubmillimeterArray TelescopgSMA), will have
sensitvity andhigherangularesolutionattheHDO line. Thekey is to find cometghatarebright
enoughto permitusefulsignal-to-noiseatio spectrao beobtained.In practicethismeansomets
mustbe obsenedwhennearthe sunandat small solarelongationangles.The optically opaque
Gore-Tex screerof the JCMT makessuchobsenationsroutine.

Herethe main emphasisasidefrom seeingif therearereal variationsin D/H amongthese
cometswill beto testthe pristine natureof the comets.How extensive wasthe mixing of inter-
stellarmaterialwith materialin thesolarnekula? Canwe assumehatcometsn othersystemswill
resembleours(little mixing) or will the cometsof a givensystembe dependenbn the structure
andcompositionof thelocal circumstellamelula (extensve mixing)? Theanswewill determine
to whatextentwe cangeneralizehetransporiof waterin our systemto othersystemsTheques-
tion canbeaddressedly investigatingD/H and'*N/**N in morecompoundsn morecometsand
comparingtheresultswith valuesmeasuredn interstellarclouds.

For Kuiperbelt cometsconcevably the D/H in their watercould matchthatin seavater but
they aretoo faint to investigaterom Earth. However, thesearethe onesthat missionscango to.
Owenis Co-l ontheRosinamassspectrometethatwill becarriedontheRosetteéSpacecraftThis
instrumentwill not only measureéd/H in the comets watet it is capableof measuringhe noble
gasalundances&ndisotoperatios,includingxenon,in the comet,therebytestingthe hypothesis
that cometsmight have broughttheseparticularvolatilesto Earth. If they did, they obviously
would have broughtSOME wateraswell asorganiccompoundsand othersourcesof nitrogen.
Rosinawill alsomeasurehe nitrogenisotopesn the comet,providing anothertestof cometary
delivery of volatilesto Earth.We now know thatthenitrogenin Hale-Bopps HCN hasanisotope
ratio closeto thetelluric value,but HCN is aminor constituenbf comets sowe needto evaluate
thetotal cometarynitrogen,andthis Rosinacando.
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Mars Observations

As a startingproposition,one might expectthat Mars had the samesourcesof volatilesasthe
Earth.Supportfor thisassumptiortomesrom a studyof noblegasesn the Martianatmosphere,
which shavsthatAr/Kr/Xe andthe Xe isotopesarevirtually identicalon MarsandEarth.We can
testthe wateron Mars by remoteobsenationsfrom Earthandby studiesof Martian meteorites
(SNCs).We find thatwaterin the Marsatmosphershaws the effect of atmospheriescapeD/H
is 5.5timesthevaluein seavater Waterin mineralsin the SNCsshaws a rangeof valuesof D/H
extendingto thevaluemeasuredn atmospherievater shaving thatsomeof this watermusthave
becomeincorporatedn the minerals. But the lowestvalue of D/H in thesemineralsis not the
valuein our oceansit is thetwice highervaluefoundin comets.

Finally, the xenonin the rock that comesfrom the greatessub-surbcedepthshavs xenon
with solarisotoperatios, ratherthan the atmospheriovaluesthat mimic thoseon Earth. Thus
the stageis setto useMarsto testideasaboutthe origin of volatileson Earth. To pursuethis
investigation a postdocsupportedoy the presengrantcould collaborateto investigatethe Mars
rocksfurtherto unravel theevolution of the Martianatmospherandto evaluatethewatercontent
of the Martianinterior. For example,it will be interestingto comparethe total wateron Mars
with thetotal on Earth,to seeif thereis a modelfor waterdelivery thatis compatiblewith these
results.

2.3.5 Instruments for the Identification of Biomarkers

Objective- Identificationof processeandinstrumentselevantto ice andwaterbio-markersmea-
surements.

Connections-§2.1.6,2.1.7
Astrobiology Roadmap.inks— Goal 7; Objectve 7.2
Reseathers— AndersonGaidos

Badkground — Detectionand identificationof biomarkers and bio-moleculesn extraterrestrial
aquaticervironmentsremainsa key challengefor future explorationof planetarybodie$*d, e.g.,
the positedsubice oceanf Europ&°>?, theicy polarcapsof Earth,Mars, Callisto,andtheicy
surfaceof Europa.Ourapproactwill useknowledgeof thesetypesof waterandice localesasthe
basisfor testingbothvehiclesandinstrumentsequiredto find bio-habitatsaswell asthe specific
measurementhatwill mostrapidly assesshe presencef biomarlkersin thatenvironment.Our
proposalkspecificallyseeksundingto supportcontinuedoperationatestingof a uniqueCryobot
vehiclefor in-situ analysisof ice andwaterernvironments,in conjunctionwith samplehandling
andbiomarler detectionstudiesusingsimpledefinitive instrumentgestedn boththelaboratory
andin analogsites.

The Cryobotis a tetheredvehicle capableof penetratingce to kilometersof depthusinga
combinationof passve heatingandactive hot waterjetting thathasbeendevelopedby partners
at both the University of Hawaii andthe JetPropulsionLaboratory(Fig. 2.3.5a,b). It hasthe
advantageof beingsmallin size,massandpower, while providing the capabilitiesof a hot water
drill, while considerablysimplifying ice contaminationssuedrom bothdangerouslrilling fluids
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andsurfacebiology. The onboardavionicsallow the Cryobotto steer cut sidechanneldo store
debris,andtransmitrealtime datato the surfacevia a tetherthatspoolsfrom the backof theve-

hicle, allowing it to continuedescendindollowing refreezeof the borehole. Thetethersupports
gigabitcommunicatiorspeedsgenablingrealtimehigh resolutionvideo, massspectroscop and

samplehandling.
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Fig 2.3.5-a) Fundingfrom this proposalwill aidin linking technologydevelopment,suchastheice
drilling Cryobotvehicleshavn abore with astrobiologyinstrumentsappropriatefor wateryandicy ervi-
ronments.The Cryobotis afully independentoboticvehicle,including: 1) a nosethatheatsandjets hot
water 2) aninstrumentandavionics bay containingan advancedcomputerandcontrol system,ncluding
directionalcontrolandfaulttolerance aswell ason-boardanalyticalcapability and3) afiber optic tether
capableof transmittingvideo andgigabitsof instrumentdatain realtime. b) The Cryobothasbeentested
in extremeervironments,including the northernpolarislandof Svalbard,Norway, in winter. Additional
funding will be usedto bridgethe existing designwith our ongoingscienceefforts in Icelandandin the
laboratory The systemdoesnot useervironmentally harmful chemicallike mary ice drilling methods,
protectingthebiosignatureshatthe scienceeffort seekdo measure.

Thevehiclehasbeerntestedn ice sheetsluringtheharshwinterin Svalbard Norway, andis ready
for integrationwith instrumentsaswell astestingof samplingandsterilizationtechnology |t can
alsobeusedin thedeepocearto studyhydrothermalents,andotherastrobiologicallysignificant
targets. Thoughnot selectedthe vehicle wasone of the mosthighly ratedScoutproposaldor
exploring Mars, andis underconsideratiorfor the ice penetratingstudiesof othericy bodiesin
the solarsystem.Furtherdevelopmentof this systemby terrestrialanalogstudiesis supportghe
long term astrobiologyinfrastructureof searchingor life associatedvith water Our proposal
seeksmongy to supportlaboratorytestsof the existing vehicle,aswell asfundsto allow usto
usethe vehiclein ice andlakesin collaborationwith our otherprojectsin Iceland,Antarctica,
Kauhalo Lake crateron Molokai, andLake Waiaunearthe summitof MaunaKea.
Identificationof processeandinstrumentselevantto ice andwaterbio-marker measurements

is ongoing,andis oneof thewealestlinks in the existing astrobiologyinfrastructure While nu-
merousastrobiologydetectiorconcepthave beensuggesteld ¢ -85 nodefinitiveflight ready
astrobiologyinstrumentexiststoday To thatendour NAI proposalwill focusonthe provenance
andassociatiorof life with waterto thedesignandselectiornof appropriatenstrumentdor plane-
tary use.Wewill bothpartially supportnew instrumendesignsaswell assurwey theastrobiology
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instrumentfield, asa wide rangeof possibleinstrumentsare plannedor arein partial stageof

completionthroughoutthe planetarysciencecommunity This effort will focuson identifying

the mostrelevantinstrumentdor theice andwaterervironment,aswell asthe basictechnology
hurdlesto their broaderacceptancevithin the ASTEP or ASTID programs. Successfulnter-

pretationof complex naturalenvironmentswill requiredetailedlaboratorystudyof the physical
processethatproducea measurablastrobiologysignaturan waterandice, whichwe will carry
outatthe Universityof Hawaii in our existing labs,aswell asin partnershipvith theNationallce

CoreLaboratory(NICL), in Dernver Colorado. Our proposaleffort will focuson processesand
relatedmeasuremertechniquedy usingsampleobtainedrom terrestrialanalogsincludingthe

dry desertof Antarctica therelatively wet ervironmentsof the desertsouthwestandthe unique
waterervironmentsn Hawaii. Hence theresearcleffort we areproposinghasspecificstrengths
in thatit builds on:

e TheAstronomyandLaboratoryportionsof this proposaljncludingthe sourcessinks,and
history of astrobiologicallyrelevantwatet

e Therich history of design,constructionandfield useof instrumentsn the harshesenvi-
ronmentsby the University of Hawalii, including a rangeof spectrometerandwet chem-
istry systems For example,the University hasrecentlydeplojed massspectralkystemgo
4000m in hydrothermaklents,anddemonstratedtand-of Ramaninstruments.

e Integratespreviouswork for identifying biomoleculesandmarkers,bothatthe University*,
andin theliterature.

¢ Integratesnew measuremenissinginstrumentsurrentlybeingproposedy the University
of Hawalii for astrobiologyby testingthemat terrestrialanalogsites,aswell assupportsa
inclusive effort to identify the physicalprocessesinderlyingbiologic processeshat will
producethe definitive instrumentsof thefuture.

Definition of Biomarlers

Therearetwo broadclasse®f ervironmentalsignatureghat canbe interpretedasevidencefor
life: geochemicafractionationanddirectbio-moleculeidentification. Onetaskof this proposal
will supportthe ongoing developmentof astrobiologyinstrumentsfor the direct detectionof
biomoleculesn wateror ice enivronmnets A secondvill beafeasibility analysido usethebasis
for new ASTID, ASTER PIDDR andMIDP proposals.We will demonstratéhe practicality of
usingof arotatingfield massspectrometefRFMS) currentlyin our possessioat the University
of Hawaii to searchor biosignaturesuchasstratifiedgeochemistrypoth usingthe Cryobotand
sampledrom hydrothermalents,Antarcticice cores,andfield-testingin Iceland. Whatmakes
the RFMStruly uniqueis its rotatingfield approachyhich allows usto measuranoleculeswith
weightsfrom 1-100,000daltons far morethancomparablesystemswith alengthof ~6 cmand
no precisionparts(Fig. 2.3.5¢c).BecausdRFMS usesa semi-soft-ionizatiotechniquethisrange
is sufficientto measurelementabbundanceions,andlargeorganicmolecules We will calibrate
theinstrumenty measuringheinorganic,organic,andisotopicchemistrieof avariety of liquid
samplesontainingbiosignaturesTheseanstrumentsarecurrentlyoperationalanddemonstrated
at high-pressureandextremetemperatureéFig. 2.3.5d).
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In additionto supportinglab testingof the in-

strument,we proposeto use funds from this

proposalto enableusto testthis instrumenton

currentlyproposed\SF andfuture ASTEPice
projects. Thesebridging fundswill allow usto

bring alongtheexisting instrumenton thesead-
ditional field proposalgo constrainreal world

sensitvity to biosignatures.The proposedef-

fort will not only returnusefulsciencedataon
therangeof environmentsconducveto life, but
provide real world in situ testingof advanced
instrumentationthat could be usedto study G R
oceans,jce sheetsand hydrothermalventson
Europa,or theicy polesof Mars. Thesetech-
nologiesenablethe sciencegoalsof MEPAG,
ASTER andthe EuropaFocusGroupsandrep-
resenta corvergenceof scienceobjectves,en-
abling technologiesand field deployment ex-
perienceThistechnologywill enableNASA to
directly searchor biomarlers,measurehe
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Fig 2.3.5c-Thecoreof the RFMSinstrument
shavn hereis smallandtolerantof the space-
flight ervironment. Funds from this pro-

posalwill beusedto testthesensitvity of the

existing instrumentsusing lab standardbio-

moleculesfrom the American Type Culture
Collection (ATCC), and bridge the existing

technologywith ongoingscienceefforts.

metabolicpotentialof biotashouldthey be presentandcharacterizéhegeologicandclimatalogic
environmentwhetheror not biosignaturesirepresent.

Fig 2.3.5d-TheRFMS instrument,shavn herein a
very large pressurechamberhasbeenusedin high
pressureaqueousrnvironmentssimilar to thosethat
maybeanalogdor life onMarsor onEuropa.While
theinstrumentcasingshavn hereis not suitablefor
ultimatespace-flightwe areinterestedn labtesting,
aswell asultimatemodificationfor Cryobotuse.

Cellular Membanes(Lipids)

Biosignaturesn organiclipids include specificbiomarker compoundsindotherfeatureg(stere-
ochemistry non-randondistributions) of the lipid fingerprintthat cannotbe explainedby abio-
geneticsynthesi&*. Bothlipid distributionsandthe occurrencef complex molecularstructures
requiringbiosynthesigbiomarlers)areimportantwhenscreeningor organicbiosignaturesin
screenindor biomarlersit maybe possibleto recognizevhetherary of thethreeextantdomains,
Bacteria ArchaeaandEucaryawerepresenby includinghopaneshead-to-heatoprenoidsand
steranesiespecitiely, in thesearctprotocolusedto interrogatehe massspectraDistributionsof
non-biomarler compoundsanamountto a biosignatureg.g., a normalalkanedistribution that
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shows predominancef the even (or odd) carbonnumberedcompoundsreflectingbiosynthetic
pathwaysthathomologateby two-carbonincrements.

@ MicroValve
®1-Way MicroValve

AR

Insulation

=

He Carrier
gds ballle

RFMS = Rotating Field MS

ES| = Electrospray Interface
T/pH = Temperature/pH Senscr
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Fig 2.3.5e—Nw designdor incorporatingpyrolysis andgaschromatographynto a RFMS systemare
currently underconsideration.We will usefundsfrom this proposalto usethe ATCC samplesasa test
suitefor designdik e the oneshavn here to determineheir sensitvity to bio-molecules.

In general lipids arefound ascomplex mixtures. We canrecognizebiosignaturesn these
mixtureswhentheir compositionis out of balancewith whatcould be formedfrom abiotic syn-
thesisalone.Characteristicef abiosignaturenayinclude(1) excessesf somestructuraisomers
or homologue®ver othersoutsidetherealmof possiblerandom(abiotic) synthesis(2) repeating
structuralsub-unitsin a molecule,for example,the C; isopentenesub-unitsin isoprenoidsand
(3) enantiomeri®r otherstereochemicaxcesseshatdo not reflectrelative thermalstability.

The mostalundantlarge lipids producedeither by abiogenetigprocesse®r by enzymatic
synthesisarethe normalalkanes.A large componenbf theseare biosyntheticallyproducedas
functionalizedcompoundssuchasfatty acids. FischefTropschsynthesis,an abiotic process,
also producegshesestraighthydrocarbonchains,againmostly with functionality The smooth
distribution (by gaschromatographyr gaschromatography-maspectrometrydf fatty acidsor
n-alkanesn aFischerTropschproducttypifieswhatwould beexpectedrom abioticsynthesig?,
This distribution of homologsis controlledby conditionsof the synthesissuchastemperature,
pressureand catalyses.In contrast,biogenicdistributionstypically shav predominancef the
evencarbonnumberechomologuesinlessthey areobscuredy thermalalterationor diagenesis.
For example,diageneticeffects of clay canresultin decarboxylatiorand producean n-alkane
distribution with anodd C-numbermpredominanceBut the biosignaturethoughaltered remains
legible becauset differsfrom the smoothdistribution characteristiof anabiogenicorigin. Sim-
ple methyl-branchedlkaneswvhosemethyl group shavs a positionalpreferencealongthe car
bon chain may be a key biosignature becauseof the link betweentheselipids and primitive
organism&4.

Many biomarlerscarry taxonspecificityin which they showv input from variouskingdoms,
familiesand even individual species.Examplesof taxonspecificbiomarlers**? from the three
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domainsBacteria ArchaeaEucaryaarehopaneshead-to-heatinkedisoprenoidsandsteranes,
respectrely. Squaleneas awidely usedisoprenoidntermediatan the biosynthesi®f mary poly-
cyclic biomarlers, but the cyclization variesin differentdomaing’. Bacteriacyclize squalene
to make hopanesvhile in Eucaryasqualendies on the pathway thateventuallyleadsto sterols.
Archaeahave auniqueway of joining isoprenoidgo form a head-to-heatinkage.

Analysis of samplesfrom water or ice environmentscomposedf living or recentlyliving
organismsin complex mixtures,e.g., from naturalecosystemspresents challenge.The chal-
lengeis to recognizekey biomarkers and biosignaturesagainsta large backgroundof organic
debristhatis un-interpretableasa biosignature.A primary taskis to determinethe biomarlker
detectionlimits of the RFMS instrumentandto recognizeary biomarkersor biosignature$y in
situanalysis.This ability will bedemonstratety labtestsundervariousconditionsthatsimulate
the kinds of primitive extraterrestriakecosystemghatmight exist now or in the past. We further
proposeto optimizeour RFMS systemfor biosignaturedetectionby integratinga laboratorygas
chromatograplandpyrolyzer system allowing us to determinesensitvity for measurementsf
key biomarlker informationsuchaslipid compoundsandisotopicbiosignaturesamongst wide
rangeof otherbiomarlers(Fig. 2.3.5e).

Other Approadces: AminoAcids& ATP

Amino acidsarethe building blocksof proteinsand enzymesequiredfor life in terrestrialor-
ganisms.A capabilityto engagean direct detectionof amines,aminoacids,and poly-aromatic
hydrocarbonsvould provide a usefultool for distinguishingbetweenbiotic and abiotic organic
compounds.For example,homochiralityof aminoacidsprovidesan unambiguousndicator of
a potentialbiogenesi¥; D-aminoacidswould suggest non-terrestriabrigin, while the detec-
tion of non-racemicamino acidswould favor a biotic origin. ATP is usedas an intermediate
enepgy-storagemoleculeby Il life on Earth. A numberof ideasexist for the in-situ identification
of ATP, including UV fluorescenceandthelabelingof phosphate$or uptake andrespirationof
organisms. Theselabeledphosphategan then be identified via massspectroscop or tunable
diode laserspectroscop (TDLS). While we currently do not have active programssupporting
in-situ analysisof thesetypesof biosignaturesyve will provide a comparatie analysisof the
strengthf thesetypesof instrumentof usein ice or wateraspartof our study Specifically we
proposeo study: 1) microchipcapillary electrophoresisystemscapableof identifying bothary
aminoacidsandenantiomericompositionof a compoundfollowing thework of®!, and2) ATP
detectionusingUV florescencemassspectroscoy or TDLS.

2.4 Outline of Work Plan

The proposedesearcHramenork will supporta groupof postdoctorakcholarswho will carry
out independentinterdisciplinaryresearctspanningwo or moreof the investigators'(or affili-
atedinvestigators’yesearclspecialtiesThe fundingfor an NAI doesnot equateo a substantial
amountof mong per Co-I, andis not intendedto fund major new instrumentatiorinitiatives,
but is rathera seedto fostercollaborationsamongexisting groups.We areproposinganinnova-
tive modelto maximizethe collaboratve scienceoutput. By supportinga groupof postdoctoral
scholarsve intendbothto influenceyoungscientistsat a formative phaseof their careersandto
provide themwith acircle of expertfacultyadvisorsandcollaboratordrom diversebut intercon-

61



nectedresearctbackgrounds.

2.4.1 ManagementApproach

Sinceinteractionbetweenscientistsworking in differentareasis the key to the succesf our
astrobiologyinstitute, we will emplgy a managemenstyle that hearily promotesinteraction.
The Pl will take overall responsibilityfor ensuringthe vigor andsucces®f the effort. Shewill
hold bi-weekly meetingswith the co-investigatorsto discussresearchdirection and progress,
financial/managemeidsuesandto ensureanactive E/POeffort with broadparticipation.

The co-Is arewidely scatteredver the University of Hawaii campusandbeyond, meaning
thatface-to-acecontactanustbe engineeredn orderto provide a microcosmof the distributed
researchershetwork which is intrinsic to NASA's astrobiologyinstitutes. We will use 2000
sq. ft. of office spaceprovided to this projectby the University Presidento provide a focal
point and venuefor regular meetings. Thesewill include weekly meetingsat which current
researchresultsof the Oo-I's and astrobiologypostdocswill be presentecand discussed. In
addition, the UH-NAI will offer an astrobiologyseminarseriesin which broaduniversity and
communityinvolvementwill be sought. A sophisticatedsoftware tool will be implementedo
facilitate scientificinteractionbetweermemberof the group,building on the capabilitiesof the
NAI ScienceOrganizer The outsidecollaboratorswill beinvolvedin this throughthe Visiting
ScholardProgramandfrequentcommunications.

2.4.2 Timelines& Deliverables

With a collaboratve framewvork of this magnitude therewill undoubtedlybe a wealth of new
ideas,andresearctdirectionsinitiated. However, we do have a setof well-defineddeliverables
which involve our collaboratve efforts.

1. TheOrigin of Water andthe Formationof Stars and PlanetarySystems-

§  Time Investigators Task
2.1.1 5.0yr Reipurth,Williams IR spectraof ~230 backgroundstars, 20
youngstars
2.1.1 5.0yr Reipurth,Williams Watermasemapstoward 10 stars
2.1.1 1.0yr Williams Submminterferometry 20 disks (chemistry),

2 mappedn detail

2. Obs.andexperimentainvestigationof interstellar and cometarywaterice chemistry—

¢  Time Investigators Task

2.3.2 5.0yr Kaiser 120ice irradiationexperiments

2.1.2 0.5yr KaiserBarNun,Ehren. Ne/Ar/Kr/Xe ratiostrappedin amorphousce
in the presencef excessCO, N,

2.1.2 1.0yr Kaisetr BarNun,Ehren. N,/COin cometaryices

2.1.2 1.0yr KaiserBarNun,Ehren. Gastrappingin CHON particles

2.1.2 4.0yr Kaisetr BarNun,Ehren. Mini-enzymesformationin aqueousnedia

Note: Typically, oneexperimentakes2 weekg(ultrahighvacuumgenerationpreparingce
mixtures,carryingouttheirradiation).Includingmaintenancéme (1 mo/yr), 24irradiation
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experimentscan be conductedper year Eachmixture hasto be investigatedat different
temperaturestradiationsourcesandparticle/photorenegies. Realistically we investigate
thenl10distinctice mixtureseachat 10 differentparametesets(T, enengy, flux).

. Origin andDistribution of PlanetaryWater —

& Time Investigators Task
2.1.4 1.0mo Kelil, Krot, Scott X-ray mappingof 2-5 thin sectionsof 6 chon-
drites, backscattereelectronstudiesand elec-
tron microprobestudies

. Water and Aqueoudlteration on Mars —

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

. Water-rock Chemistryand Habitatsfor Life —

&  Time Investigators Task
2.1.6 3.0yr Cowen,Mottl, Gaidos Assaybiologicalactwity carryoutsurwey of mi-
crobialcommunityin lava-seavaterplumes

2.1.6 5.0yr Cowen,Mottl Microbial diversity & physiologyin 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 fluids at Maianaforearc

. ExtremeAquaticEnvironments& Their Analogy to Potential Habitatsin the Solar System
§  Time Investigators Task
2.1.7 5yr ThorsteinssonGaidos Surwy biologicalactivity andcommunitycom-
positionin Icelandsubglacialkernvironments
2.1.7 5yr Gaidos Sunwy biologicalactivity andcommunitycom-
positionin high-altitudefumaroles

. AnIntegratedModel of the PlanetaryWater Cycle—

§  Time Investigators Task
2.1.8 2yr HammerKeil, Gaidos Develop an integrated model of the geologic
water cycle and explore the parameterspace
basedon plausiblemodelsof planetformation
andcomposition

. Signatuesof Water-BearingExoplanets-

63



§  Time Investigators Task

2.1.9 5yr Meech,Gaidos Conduct long-term monitoring of earthshine
spectrumwith particularattentionto signatures
of waterandmodelits diurnal, seasonandin-
terannualvariations. Develop model of wa-
ter loss from planetsand giant cometsaround
youngstarsandassesss detectability

2.4.3 Role of Co-Investigatorsand Collaborators

All of the projectCo-Investigatorsaaretakinganenthusiasti@andactierole in the proposedJH-
NAI, regardlesof financialsupport.Thecoreteamof Co-Isarethosewho have beeninvolvedin
thediscussiorandplanningof the UH-NAI, somesincethe last Cooperatie AgreemeniNotice.
The coreteamrepresentd-2 leadscientistan eachof the majorwaterrelateddisciplinesof our
researcltheme. Collaborators in generalare providing invaluable(nhon-funded)contributions
in morespecializedareasof science.This groupalsoincludesour internationalcolleaguesAll
of the Co-Iswill beinvolvedin theweeklymeetingdiscusse@bove,andthelocal collaborators
will beencouragedo join. In addition,we plananactive visiting programwith ourinternational
collaboratorg3.2.2)

Meech— As PI of the program,Meechwill beresponsibldor the overall managemenof
the group. In addition, shewill actively conductresearchn the areasof cometarystud-
ies outlinedabove. In addition, becauseof her experienceswith runninglarge outreach
programsshewill contributeto the E/POcomponenbf the NAI.

Anderson — Andersonwill supervisea seriesof lab basedlife detectionexperimentsin

laboratoryice usingtechnologiedik e the uniqueice penetratingorobe, the cryobot,and
instrumentssuchasthe rotating field massspectrometer In addition, theseexperiments
will beextendedo ice coresatthe Nationallce CoreLaboratorywhich housesoresfrom

aroundtheworld. Theinstrumentswill alsobetestedin the glaciallake onthe summitof

MaunaKea.

Binsted — Binstedwill be responsiblgor designing,implementing,testingand evaluat-
ing a softwaretool to aid interdisciplinaryscientific collaboration. Shewill alsoconduct
researchin scientific visualizationand collaboratve systems. Becausehe resultingnet-
work of astrobiologicabonceptshypotheseandresultsmaywell be usefulin introducing
non-epertsto thefield, Binstedwill alsoparticipatein the E/POcomponenbf the NAI.

Cowen — Cowen will actively conductfield researchin microbial geochemistryof hy-
drothermalsystemsat mid-oceanridgesandin ridge flank crusts. He will alsoleadre-
sponsexpeditionsto studyseaflooreruptionsfor geochemicahndmicrobialindicatorsof
subsurbcecommunities. He will participatein outreachactiities, especiallyin science
teacherenhancemerygrojects(e.g. teacheatsea).

Gaidos— Gaidoswill leadexpeditionsto subglacialvolcanoesn Icelandandhigh-altitude
fumarolicervironmentsin SouthAmericato assesshe presenceindadaptatiorof micro-
bial communitiesn theseervironmentsandto explore the possibility thatlife could exist
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outsidethe rangeof stableliquid water He will also participatein researclon extreme
aquaticlake ervironmentsin Hawaii. He will develop modelsof liquid waterproduction
andtransporton the surfaceof Marsandwill beresponsibldor developingmodelsof the
planetarywatercycle andthe detectabilityof extrasolarcometaryandplanetarycomae He
will leada programof obsenationsof the earthshinespectrunfrom MaunaKea.

Jewitt — Jewitt will bein chage of studyingKuiper Belt objectsand cometsand deter
mining their physicalpropertiesandicy compositions.Jewitt is alsoinvolvedin the Pan
Starrstelescoperoject,andis chairof its ScienceNorking Group. His role will beto help
determinghe massspectrunof all NEAs, andto enablefurther compositionaktudy

Kaiser —Kaiserwill performall of the ultra-vacuumlab experimentsn his capacityasthe
lead of the ReactionDynamicsgroup. In addition Kaiserwill take an active leadin the
developmentof a graduatgrogramof astrobiologycourses.

Karl —Karl will superviseandparticipaten field andlaboratorystudieselatedto compar
ative aquaticecosystenanalysisandin the evaluationof life detectionsystemsespecially
ATP analysis. He will also supervisea postdocwho will conductlaboratorystudiesof
Antarcticice coresandexperimentaktudiesusingice mesocosms.

Keil — Keil collaboratesvith NAI colleaguesSasha&rot andEd Scottto conductresearch
into the aqueousandweatheringhistory of asteroidaimeteorites.Keil will synthesizehe
informationto derive an understandingf the aqueousevolution and activities on small,
asteroidal-size@lanetesimals.

Kudritzki —Kudritzkiwill helpprovide theastronomicainfrastructureor the proposaby
ensuringthe future developmentof MaunaKeaandHaleakala.ln addition,he will assist
with the managemendf the NAI. He is keento take anactive role in all of the scienceof
the NAI, includingregularsciencameetingsjnfusingastrophysicaperspecties.

Mottl —Mottl will conductfield researchn thegeochemistryf microbialhabitatsjnclud-
ing cold springson serpentinitemud volcanoesn the Marianaforearcandhot springsin
the Lau (back-arc)Basin,wherehe hasNSF-fundedprograms.He will participatein the
studiesof Hawaiianlakesandcoastalreasvherelavais flowing into the sea,asdescribed
in the proposal.He will provide chemicalanalysesandwill collaboratewith microbiolo-
gistsin characterizinginusuaimicrobial habitats.He will participatein outreachactuvites,
especiallyin sciencgeacheenhancemeryrojects,ncludingtakingteachergo sea.

Owen — Owenwill investigatethe D/H compositionof cometsin orderto establishhow
muchisotopicequilibrationtook placein the solarnelula betweerH,O andH,. In addi-
tion hewill investigatethe ability of waterice to trap noblegasego determinehow much
cometarywaterwascontributedto Earth.

Reipurth — Reipurthwill carry out the researcton waterobsenationsin the interstellar
medium. In addition,hewill developandrun the Astrobiologywinter school,andwill be
significantlyinvolvedin the outreachcomponenbdf the UH-NAI.
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e Taylor — Taylor will have overall responsibilityfor studiesrelatingto aqueougprocesses
onMars. In addition, Taylor is theleadon the E/POprogramdiscussedherein.tJef Taylor
will spendat leastone monthof his time on this his Hawaii SpaceGrantactuities. His
participationUniversity of Hawaii aspartof the states matchingGrant.

Tablel: UH NAI ProposalCollaborators

Personnel

Location & Role

Expertise

AkivaBar-Nun

Tel-Aviv University

e Cometimpacts;Chemof Emegenceof Life

CeciliaCeccarelli

Obs.Grenoble

e AstrochemistryWaterin CircumstellamDisks

PascaleEhrenfreund

LeidenObsenatory

e Astrochemistryjnterstellarices& Organics

JuliaHammer

Universityof Hawalii

e \olatile/Minerallnteractionsat Mod. Pressures

JamedHeasly

Universityof Hawalii

¢ FaulkesTelescopeéutreach

Mary Kadooka Universityof Hawaii | e EducationaDutreachfPhysicsResourcedgent
AlexanderKrot Universityof Hawaii | e Meteoritics

GaryMcMurtry Universityof Hawaii | ¢ Methodsfor in-situ Biomoleculeldentification
Dina Prialnik Tel Aviv University | e« CometThermalmodels;ice Physics

Ed Scott Universityof Hawaii | e Meteoritics& CosmochemistryPetrology

Thor. Thorsteinsson

Nat. Enegy Auth.

e Glaciology

JonathaWilliams

Universityof Hawalii

e |ISM; Submminterferometry

66




References

[1] Abe,Y., Ohtani,E., Okuchi, T., Rightet K., & Drake, M. 2000,“Waterin the early Earth”,
in Origin of the EarthandMoon, eds.R. M. CanupandK. Righter TucsonU. ArizonaPress.

[2] Abyzov, S.S., Mitskevich, I. N., & Poglazea, M. N. 1998,“Microflora of the deepglacier
horizonsof centralAntarctica” Microbiology 67, 451-458.

[3] Aglstdbttir, A. M., & Brantley, S. L. 1994, “Volatile fluxesintegratedover four decadest
Grimswotnvolcano,lceland”,J. GeophysRes.99, 580-581.

[4] Allamandolal. J.,& SandfordS.A. 1988,“Laboratorysimulationof dustspectra”jn Dust
in theUniversg CambridgeJniversityPress229-263.

[5] Amelin, Y., Krot, A. N., Hutcheon,l. D., & Ulyanov, A. A. 2002, “Pb isotopic agesof
chondrulesandCa,Al-richinclusions”,Science297, 1678-1683.

[6] Arnold, L., Cillet, S., Lardiére,O., Riaud, P, & SchneiderJ. 2002,“A testfor the search
for life on extrasolamplanetsLooking for theterrestrialvegetationsignaturen the Earthshine
spectrum” Astron. Astrophys.392, 231-237.

[7] Bada2001,“Stateof theartinstrumentgor detectingextraterrestrialife” PNAS98, 797-800.

[8] Bada& McDonald1996,"Detectingaminoacidson Mars”, Analytical Chemistry68, A668-
A673.

[9] Baker, E.T., MassothG. J.,& Feely R. A. 1987 ,“Cataclysmichydrothermalentingon the
Juande FucaRidge”, Nature 329, 149-151.

[10] Balsiger H., Altwegg, K., & Geiss,J. 1995,“D/H andO-18/0O-16ratio in the hydronium
ion andin neutralwater from in situ ion measurements cometHalley”, J. GeophysRes.
100, 5827-5834.

[11] BeichmannC. 1999,“TerrestrialPlanetFinder: the searchfor life-bearingplanetsaround
otherstars”,Proc. SPIE335Q 719-723.

[12] Bell, R.E., & Karl, D. M. 1999,“Evolutionaryprocesseafocusof decade-longcosystem
studyof Antarctic’s Lake Vostok”, Eos, Transactions AmericanGeophysicalnion 80, no.
48,573& 579

[13] Berner R. A. 2001, “Modeling atmospheridO, over Phanerozoidime”, Geotim. Cos-
modim. Acta65, 685-694.

[14] Bethke, C. M. 2002,in The Geodhiemists Workbendt, Releaset.0. University of lllinois,
Urbana-Champaignl..

[15] BeustH., LagrangeA.-M., Crawford, I. A., Spyromilio, J.,& Vidal-Madjar A. 1998,“The
betaPictoriscircumstellardisk. XXV. The Ca(ll) absorptiorinesandthefalling evaporating
bodiesmodelrevistedusingUHRF obsenations”, Astron. Astrophys.338 1015-1030.

67



[16] BjornssonH., Palsson,F., & Gudmundssoniy. T. 200X, “Surfaceand bedrocktopogra-
phy of the Myrdalspkull ice cap, Iceland: The Kalta caldera,eruptionsitesand routesof
jokulhlaups”,Jokull 49, 29-46.

[17] Bockelee-Monan,D., Gautier D., Lis, D. C., Young,K., KeeneJ., Phillips, T., Owen,T.,
Crovisier, J., Goldsmith,P. F.,, Bergin, E. A., Despois,D. & Wootten,A. 1998, “Deuterated
Waterin CometC/1996B2 (Hyakutale) andlts Implicationsfor the Origin of Comets”,Icarus
133 147-162.

[18] Bounamag., Franck,S.,& vonBloh, W. 2001,“The fateof Earth's ocean”,Hydrol. Earth
Sys.Sci.5, 569-575.

[19] Brasier M. D., Green,O. R., JephcoatA. P, Kleppe,A. K., VanKranendockM. J.,Lind-
say J.F, Steele A., & Grassineaul. V. 2002,“Questioningthe evidencefor Earth’s oldest
fossils”, Nature 416, 76-81.

[20] Brearlg, A. J., & Hutcheon,l. D. 2000, “Carbonatesn the CM1 chondriteALH84034:
Mineral chemistry zoningandMn-Cr systematics(abstract) Lunar Planet.Sci.31, #1407.

[21] Brearlgy, A. J.,Hutcheon). D., & Browning, L. 2001,“CompositionalzoningandMn-Cr
systematicsn carbonatesrom the Y791198CM2 carbonaceoushondrite” (abstract) Lunar
Planet.Sci.32, #1458.

[22] Brock, T. D. 1967,“Life athightemperaturesSciencel58 1012-1019.
[23] Carr, M. H. 1996,in Water on Mars, Oxford Univ. PressOxford.

[24] CeccarelliC.,Caux,E.,Loinard,L., CastetsA., Tielens A. G. G. M., Molinari, S.,Liseau,
R.,SaracenoR, Smith,H., & White,G.1999,“WaterLine Emissionin Low-MassProtostars”,
A&A 342 L21-L24.

[25] CeccarelliC.,Baudry A., Caux,E., Tielens,X., BontempsS. etal. 2001,"HIFI Surwey of
WaterLinesfrom Protostars”jn ThePromiseof the Herschel SpaceObservatoryeds.G. L.
Pilbrattetal., 219

[26] ChapmanM. G., & Tanaka,K. L. 2002, “Relatedmagma-iceinteractions: Possibleori-
ginsof chasmatachaos andsurfacematerialsin Xanthe ,Margaritifer, andMeridiani Terrae,
Mars”, Icarus 155, 324-339.

[27] Chasseéire,E.1996,"Hydrodynamicescap@®f hydrogerfrom ahotwaterrich atmosphere:
Thecaseof Venus., J. GeophysRes.101, 26039-26056.

[28] Christensen. etal. 2000,"Detectionof crystallinehematitemineralizationron Marsby the
ThermalEmissionSpectrometerEvidencefor nearsurfacewater”, J. GeophysRes.bf 105,
9623-9642.

[29] Chyba,C. F. 1987,“The cometarycontribution to the oceansof primitive Earth”, Nature
330, 632-635.

68



[30] Chyba,C. F. 1993,“The violent ervironmentof the origin of life: Progressanduncertain-
ties”, Geotim. Cosmobim. Acta57, 3351.

[31] Chyba,C. F. 2000,“Enermy for microbiallife in Europa”,Nature 403, 381-382.

[32] ClaussenM., Marvel, K., Wootten,A., & Wilking, B. 1998, “Distribution and Motion of
theWaterMasersnearlRAS 05413-0104" ApJ507, L79.

[33] Clifford, S.M., T. J. Parker 2001,“The evolution of the martianhydrospherelmplications
for the fate of a primordial oceanandthe currentstateof the northernplains”, Icarus 154,
40-79.

[34] Clow, G. D. 1987, “Generationof liquid water on Mars throughthe melting of a dusty
snowvpack”, Icarus72, 95-127.

[35] Corliss,J.B., BarossJ.A., & Hoffman,S.E. 1981,“An hypothesisoncerningherelation-
shipbetweersubmarinenot springsandtheorigin of life on Earth”, OceanololicaActaNo. sp
59-69.

[36] Costard,F., Forget, F., Mangold,N., & Peuhast,J. P. 2001, “Formationof recentmartian
debrisflows by melting of nearsuracegroundice at high obliquity”, Science295, 110-113.

[37] Cowen, J. P, Giovannoni,S. J., Kenig, F., JohnsonH. P, Butterfield,D., Rapgg, M. S.,
Hutnak, M., & Lam, P. 2003, “Fluids from aging oceancrust that supportmicrobial life”,
Science299 120-123.

[38] Cruikshank,D. P. 1997,“Organicmatterin the outersolarsystem:from meteoritego the
Kuiper belt, from stardusto planetesimals”in ASPConf Ser122 ed.Y. J. Pendleton& A.
G.G. M. Tielens,315-334.

[39] CruikshankD. P, Roush,T. L., Bartholomev, M. J.,Geballe,T. R., Pendletony. J.,White,
S.M,, Bell, J.F, Davies,J. K., Owen,T. C.,deBemgh, C., etal. 1998,“The Compositionof
Centaur5145Pholus”,Icarus 135, 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.l. 1999,“Effectsof the redistrikution of waterin the
solarnelula on nelular chemistry”,Icarus 104, 19003-19014.

[42] Darwin,C. 1859,in Ontheorigin of speciedy meanf natural selectionor the preserva-
tion of favouredracesin the struggle for life, ed.JohnMurray, London.

[43] Davies,J.etal. 1997,“The Detectionof Waterlce in CometHale-Bopp”,Icarus 127, 238-
245,

[44] Davies,J.K., Roush,T. L., CruikshankD. P, Bartholomev, M. J.,Geballe,T. Owen,T., &
deBemgh, C. 1997,“The Detectionof Waterlce in CometHale-Bopp”,Icarus 127, 238-245.

69



[45] Davis, E. E., Becler, K., Pettigrav, T., CarsonB., MacDonald,B. R. 1992,“CORK: a hy-
drologicalsealanddownholeobsenatory for deep-oceahoreholes” Proc. ODP, Init. Repts.
139 43-53.

[46] Davis,E.E.,& Becker, K. 1999,“Tidal pumpingof fluidswithin andfrom theoceanicrust:
new obsenationsandopportunitiesfor samplingthe crustalhydrosphere”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. .,
Schneiderd., SeagerS., Traub,W. A., & Woolf, N. J. 2002,“Remote Sensingof Planetary
PropertiesandBiosignature®n ExtrasolarTerrestrialPlanets” Astrobiology 153 153-182.

[48] DonachieS.,Kinzie, R. A., Bidigare,R., SadlerD., & Karl, D. M. 1999,“Lake Kauhalo,
Molokai: biologicalandchemicalaspectf a morpho-ectogenieneromicticlake”, Aquatic
Microbial Ecolagy 19, 93-103.

[49] DuncanM. F,, Quinn,T., & TremaineS.1988,“The origin of short-perioccomets” Astro-
phys.J. 328 L69-L73.

[50] Dutrey, A., Guilloteau,S.,& Guelin,M. 1997,“Chemistryof Protosolailike Nelulae: The
Molecularcontentof the DM TauandGG TauDisks”, A& A 317, L55-L58.

[51] Dyson,F. 1999,in Origins of Life, CambridgeUniversityPressCambridge.

[52] EberhardtP, Reber M., Krankowsky, D., & Hodges,R. R. 1995,“The D/H and!'#0/*¢0O
ratiosin waterfrom cometP/Halley”, Astron. Astrophys.302 301-316.

[53] EhrenfreundP.,, D’Hendecorut,L., Dartois, E., Jourdainde Muizon, M., Breitfellner, M.,
PugetJ.L., & Habing,H. J.1997,“ISO Obsenationsof Interstellaricesandimplicationsfor
Comets”,Icarus130, 1-15.

[54] EndresdM., & Bischof, A. 1993,“Mineralogy, degreeof brecciation,and aqueousalter
ationof Cl chondriteOrgueil, lvuna,andAlais” (abstract) Meteoritics28, 345-346.

[55] EndresdM., ZinnerE., & Bischof, A. 1996,“Early aqueousctivity on primitive meteorite
parentbodies”,Nature 379, 701-703.

[56] Farmer J. 1998,“Thermophiles.early biosphereevolution, andthe origin of life on Earth;
implicationsfor the exobiologicalexplorationof Mars”, J. GeophysRes.E, Planets103 no.
12,28457-28461.

[57] FeldmanW. C., Boynton,W. V., Tokar, R. L., Prettyman,T. H., GasnaultO., Squyres S.
W., Elphic, R. C., Lawrence,D. J., Lawson, S. L., Maruice, S., McKinney, G. W., Moore,
K. R., & ReedyR. C. 2002,“Global distribution of neutronsrom Mars: Resultsfrom Mars
Odyssg”, Science297, 75—-82.

[58] FerrandezJ.A., & Ip, W.-H. 1981, Dynamicalevolution of acometaryswarmin theouter
planetaryregion”, Icarus47, 470-479.

70



[59] Fisher A. T., Davis, E. E., Hutnak, M., Spiess,V., Zuhlsdorf, L., Cherkauoi,A., Chris-
tiansenl., Edwards,K., MacdonaldR., Villinger, H., Mottl, M. J., Wheat,C. G., & Becler,
K. 2003,"Hydrothermalrechageanddischageacros$0km guidedby seamountsnayoung
ridgeflank”, Nature 421, 618-621.

[60] Ford,E.B., SeagerS., Turner E. L. 2001,“Characterizatiorof extrasolarterrestrialplanets
from diurnalphotometricvariability”, Nature 412, 885-887.

[61] Fox,C.G.,& HammondS.R.1993/94,The VENTS Programr-phaseprojectandNOAAs
rolein ocearervironmentalresearch”Mar. Tech. Soc.J. 27, 70-74.

[62] Franck,S.,Block,A., vonBloh, W., Bounamag., SchellhuberH.-J.,& Svirezhe, Y. 2000,
“Habitablezonefor Earth-like planetsn thesolarsystem”,Planet.SpaceSci.48, 1099-1105.

[63] Fryer, P, Lockwood, J. P, Becler, N., Phipps,S., & Todd, C. S. 2000, “Significanceof
serpentinenudvolcanismin cornvergentmargins”, Geol. Soc.Amer Spec.349, 35-51.

[64] Furuya,R.,Kitamura,Y., Wootten,A., ClaussenM., Kawabe,R. 2001,“WaterMaserSur
vey toward Low-MassYoung StellarObjectsin the NorthernSky: ObsenrationalConstraints
on MaserExcitationCondition”, ApJ559, L143-L146.

[65] Furuya,R., Kitamura, Y., Wootten, A., ClaussenM., Kawabe, R. 2003, “Water Maser
Sunwey toward Low-MassYoung StellarObjectsin the NorthernSky with the Nobeyama45
Meter Telescopandthe Very Large Array”, ApJS144, 71-134

[66] Gaidos,E. J., Nealson,K. H., & Kirschvink, J. L. 1999, “Life in ice-coveredoceans”,
Science284, 1631-1633.

[67] GaidosE., & Nimmo,F. 2000,“Tectonicsandwateron Europa”,Nature 405, 637.

[68] Gaidos,E.J.2000,“A cosmochemicalieterminismn the formationof Earth-like planets”,
Icarus 145 637-640.

[69] Gaidos,E. J. 2001, “Cryovolcanismandthe recentflow of liquid wateron Mars”, Icarus
153 218-223.

[70] GaidosE., Lanoil,B., ThorsteinssonT., GrahamA., Skidmore M., DeCarlo,E., & Popp,
B. 2002, “Discovery of an active microbial communityin a subglacialvolcanic craterlake,
Iceland”,EOSTrans.AGU 3(47)Fall MeetingSuppl.,AbstractB11B-0738.

[71] GaidosE.,& Marion,G. 2003,“Geologicalandgeochemicalegag of acold earlyMars”,
J. GeophysRes, in press.

[72] Glaven,D. P, & Bada,J.L. 1998,“Isolation of Amino Acids from NaturalSampledJsing
Sublimation”Anal. Chem.70, 3119-3122.

[73] Goode,P. R., Qiu, J., Yurchyshyn,V., Hickey, J., Chu, M.-C., Kolbe, E., Brown , C. T.,
Koonin, S. E. 2001, “Earthshineobsenationsof the Earths reflectance” GeophysRes.Lett
28,1671-1674.

71



[74] Gooding,J.L., Arvidson,R. E., & Zolotov, M. Y. 1992,“Physicalandchemicalweather
ing”, in Mars ed.H. H. Kieffer, B. M. Jalosky, C. W. Sryder, andM. S. Matthews, Univ. of
ArizonaPress626-651.

[75] Griffith, L. L., & Shock,E. L. 1995,“A geochemicaimodelfor the formationof hydrother
mal carbonatesn Mars”, Nature 377, 406-408.

[76] Griffith, L. L., & Shock,E. L. 1997,“Hydrothermalhydrationof Martiancrust:lllustration
via geochemicaimodelcalculations”J. GeophysRes.102 9135-9143.

[77] Grimm,R. E., & McSweenH. Y., Jr. 1989,“Waterandthe thermalevolution of carbona-
ceouschondriteparentbodies”,Icarus 82, 244-280.

[78] Hart,M. H. 1979,“Habitablezonesaboutmainsequencstars”,Icarus 37, 351-357.

[79] HartmannW. K., Malin, M., McEwen,A., Cart, M., SoderblomL., ThomasP, Danielson,
E.,JamesP, & Veverka,J.1999,“Evidencefor recentvolcanismon Marsfrom cratercounts”,
Nature 397, 586-589.

[80] Haymon,R. M., Fornari,D. J.,Von Damn,K., Lilley, D. L., Perfit, M. R., Edmond,J. E.,
ShanksW. C., lll, Lutz, R. A., GrebmeierJ. M., Carbotte,S., Wright, D., McLaughlin,E.,
Smith,M., BeedleN., & Olson,E. 1993,“Volcaniceruptionof the mid-ocearridgealongthe
EastPacific Risecrestat 9°45-52’N: Direct submersibleobsenationsof seafloorphenomena
associatedavith aneruptioneventin April 1991”, Earth Planet.Sci.Lett. 119, 85-101.

[81] Herd, C. D. K., Borg, L. E., Jones,J. H., & Papike, J. J. 2002, “Oxygen fugacity and
geochemicavariationsin themartianbasaltsimplicationsfor martianbasaltpetrogenesiand
the oxidationstateof theuppermantle”, Geotimicaet CosmobimicaActa66, 2025-2036.

[82] Hirth, G., & Kohlistedt,D. L. 1996, “Waterin the oceanicuppermantle: implicationsfor
rheology meltextractionandtheevolution of thelithosphere” Earth Planet.Sci.144, 93—-108.

[83] Hoeffs 1997,in StablelsotopeGeodemistry Springer Germayy.

[84] Hoehler T. M., Bebout,B. M., & DesMarais,D. J.2001,“The role of microbialmatsin the
productionof reducedyasesontheearly Earth”, Nature 412, 324-327.

[85] Hoffmann,P. F.,, Kaufman,A. J.,HalversonG. P, & SchragD. P. 1999,“A Neoproterozoic
snowball Earth”, Science281, 1342-1346.

[86] Hofmann, B. A., Farmer J. D. 1999, “Filamentous fabrics in subsur&ce minerals;
widespreaderrestrialoccurrenceand biomarler potentialfor Mars exploration”, Geo. Soc.
of Amer, 1999annualmeetingAbstracts31, 378.

[87] Hohenbeg, C. M., Meshik, A. P, Pravrdivtseva, O. V., & Krot, A. N. 2001,“l-Xe dating:
Darkinclusionsfrom Allende CV3” (abstract)Meteorit. Planet.Sci. 36, A83.

[88] Holden,J. F., Summit, M., & Baross,J. A. 1998, “Thermophilic and hyperthermophilic
microoilganismsn 3-30°C hydrothermafluidsfollowing adeep-seaolcaniceruption”, FEMS
Microbial. Ecol. 25, 33-41.

72



[89] Hollis, J. M., Lovas,F. J., & Jewell, P. R. 2000, “Interstellar Glycolaldehyde:The First
Sugar”,ApJ540 L107.

[90] Hua, X., HussG. R., & Sharp,T. G. 2002,“5*Mn->3Cr datingof fayalite formationin the
KabaCV3 carbonaceoushondrite”(abstract)L_unar Planet.Sci. 33, #1660.

[91] Huang,S. 1959,“The problemof life in the universeand modeof starformation”, Publ.
Astron. Soc.Pac. 71, 421-424.

[92] Hunten,D. M., Donahue,T. M., Walker, J.C. G., & Kasting,J. F. 1989,“Escapeof atmo-
spheresandloss of water”, in Origin and evolution of planetaryand satellite atmosphegs
Tucson,Universityof ArizonaPress.

[93] Hutcheon,l. D., Phinng, D. L., & Hutchison,R. 1997, “Radiogenicchromium-53in ClI
carbonatesNew evidenceof earlyaqueousctiity” (abstract)Meteorit.Planet.Sci.32, A63.

[94] Hutcheon). D., Krot, A. N., Keil, K., Phinng, D. L., & Scott,E. R. D. 1998,“5*Mn-53Cr
datingof fayaliteformationin the CV3 chondriteMokoia: Evidencefor asteroidahlteration”,
Science282 1865-1867.

[95] Hutcheon). D., Weisbeg, M. K., Phinng, D. L., Zolenslky, M. E., Prinz,M., & Ivano, A.
V. 1999,,“Radiogenic®*Cr in Kaidun carbonatesevidencefor very early aqueousactivity”
(abstract)Lunar Planet.Sci.30, #1722.

[96] Hutt, L. D., Glavin, D. P, Bada,J. L., & Mathies,R. A. 1999, “Microf abricatedcapil-
lary electrophoresiaminoacid chirality analyzerfor extraterrestrialexploration”, Analytical
Chem.71, 4000-4006.

[97] Hynek,B. M., Arvidson,R. E., & Phillips,R. J.2002,“Geologicsettingandorigin of Terra
Meridiani hematitedepositon Mars”, J. GeophysRes.107, doi:10.1029/2002JE001891.

[98] Imai, H., lwata,T., & Miyoshi, M. 1999,“Rotation-Infall Motion aroundthe ProtostatRAS
16293-2422Tracedby WaterMaserEmission”,PASJ51, 473-477.

[99] Ito, E.,Harris,D. M., & A. T. AndersonJr. 1983,“Alterationof oceaniccrustandgeologic
cycling of chlorineandwater”, Geothim. Cosmobim. Acta47, 1613-1624.

[100] Jewitt, D. 2002,“From Kuiper Belt Objectto CometaryNucleus:The Missing Ultra-Red
Matter”, Astron. Journal 123 1039-1049.

[101] Jewitt, D., & Luu, J.2000,“PhysicalNatureof the KuiperBelt”, in ProtostaisandPlanets
IV, ed.V. Mannings A. Boss& S.Russell,Universityof ArizonaPress;Tucson,1201-1229.

[102] Kaiser R. I. 2002,“An Experimentalinvestigationon the Formationof Carbon-Bearing
MoleculesinthelnterstellaMediumvia Neutral-NeutraReactions” Chem.Rev. 102, 1309.

[103] Kapitsa,A. P, Ridley, J. K., Robin,G. D. Q., Siegert, M. J., & Zotikov, I. A. 1996,“A
large deepfreshwaterlake beneatththeice of centralEastAntarctica”, Nature 381, 684-686.

73



[104] Karato,S.-I., & Jung,H. 1998,“Water partial melting andthe origin of the seismiclow
velocity andhigh attenuatiorzonein theuppermantle”,Earth Planet.Sci.Lett. 157, 193-207.

[105] Karl, D. M. & Lukas,R. 1996,“The Hawaii OceanTime-seriegHOT) program: Back-
ground rationaleandfield implementation” DeepSeaResearh 43, 129-156.

[106] Karl, D. M. & F. C. Dobbs1998,“Molecular approaches microbialbiomassestimation
in thesea”,in, K. Cookseg (ed.)Molecular Appradesto the Studyof the Ocean,Chapman
& Hall, London,29-89.

[107] Karl, D. M., Bird, D. F, Bjorkman,K., Houlihan,T., ShacklefordR., & Tupas,L. 1999,
“Microorganisman theaccretedce of Lake Vostok,Antarctica”, Science286, 2144-2147.

[108] Kasting,J. F., Whitmire, D. P, & Reynolds,R. T. 1993, “Habitable zonesaroundmain
sequencstars”,Icarus101, 108-128.

[109] Keller, R. M. 2003, “ScienceOganizer. An Intelligent Information Repository
Supporting Distributed Collaboratve Science”, In preparation. Summary available at
http://sciencedesk.arc.nasaufmganizer/

[110] Kenig,F., SinningheDamsg, J. S.,Kock-vanDalen,A. C., Rijpstra,W. I. C., Huc,A. Y.,
& delLeeuw J. W. 1995, “Occurrenceand Origin of MonomethylalkanesDimethylalkanes
andTrimethylalkanesn ModernandHoloceneCyanobacteriaMatsfrom Abu-Dhabi,United
Arab Emirates”,Geohim. Cosmobim. Acta59, 2999-3015.

[111] Kirschvink, J. L., Gaidos,E. J., Bertani,L. E., Beukes,N. J., Gutzmer J.,Maepa,L. N.,
& Steinbeger, R. E. 2000, “PaleoproterozoicSnavball Earth: ExtremeClimatic and Geo-
chemicalGlobal Changeandits Biological Consequences’Rroc. Natl. Acad. Sci. USA 97,
1400-1405.

[112] Kivelson,M. G., Khurana,K. K., Russell,C. T., Volwerk, M., Walker, R. J., & Zimmer,
C. 2000,“Galileo MagnetometeMeasurementsA StrongerCasefor a SubsurbceOceanat
Europa”,Science289, 1340-1343.

[113] Krot, A. N., Brearlg, A. J.,Petag, M. |., Kallemeyn, G. W., Searsp. W. G., Benoit,P. H.,
Hutcheon). D., Zolensky, M. E., & Keil, K. 2000,“Evidencefor in situ growth of fayaliteand
hedenbagite in MacAlpineHills 88107, ,ungroupectarbonaceoushondriterelatedio CM-CO
clan”, Meteorit.Planet.Sci. 35, 1365-1387.

[114] Krot, A. N., Fggley, B., Jr., LoddersK., & Palme,H. 2000,“Meteoriticalandastrophysical
constraintonthe oxidationstateof thesolarnetula”, in Protostas & ProtoplanetdV, eds.V.
Mannings,A. P. Boss,S. S. Russell,U. ArizonaPress;Tucson,1019-1047.

[115] Krot, A. N., Hohenbeg, C. M., Meshik, A. P, Pravrdivtseva, O. V., Hiyagon,H., Petag,
M. I., Weisbeg, M. K., Meibom, A., & Keil, K. 2002,“Two-stagealterationof the Allende
darkinclusions”(abstract)Meteorit. Planet.Sci. 37, A82.

[116] Langer W. D. etal. 2000,“ChemicalEvolution of ProtostellaMMatter”, in Protostars and
PlanetslV, 29-57.

74



[117] Laufer, D., Kochavi, E., & BarNun, A. 1987, “Structureand Dynamicsof Amorphous
Waterlce”, PhysRes B 36, 9219.

[118] Laufer, D., NotescoG.,Owen,T., & Bar-Nun, A. 1999,“From theInterstellalMediumto
Earth's Oceanwia Comets-AnisotopicStudyof HDO/H,O”, Icarus 140, 446-450.

[119] L/ecuyer C.,Gillet, P, & Robert,F. 1998,“The hydrogensotopecompositiornof seavater
andtheglobalwatercycle”, Chem.Geol.145 249-261.

[120] Lee,H. H., Bettens,R. P. A., & Herbst,E. 1996, “Fractionalabundancesn denseinter-
stellarclouds: A compendiunof recentmodelresults”,Astonomy& AstrophysicsSupp.Ser
119 111.

[121] Leger, A., Mariotti, J. M., MennessonB., Olivier, M., PugetJ.L., RouanD., & Schnei-
der, J. 1996, “Could we searchfor primitive life on extrasolarplanetsin the nearfuture?”,
lcarus123 249-255.

[122] LeplandA., Arrhenius,G.,& Cornell,D. 2002,“Apatitein earlyArcheansuasupracrustal
rocks, southernWest Greenland: its origin, associationwith graphite and potential as a
biomarler”, PrecambRes.118 221-241.

[123] LissauerJ.J.,& Stewart, G. R. 1993,“Growth of planetsfrom planetesimal$, in Proto-
starsandPlanetslll, ed.E. H. Levy & J.I. Lunine,Univ. AZ Press;Tucson,1061-1088.

[124] Lunine,J. 1., Engel,S., Rizk, B., & Horaryi, M. 1991, “Sublimationand reformationof
icy grainsin the primitive solarnekula”, Icarus 94, 333-344.

[125] Lunine,J.l. 2001,“The occurenceof Jovian planetsandthe habitability of planetarysys-
tems”,Proc. Natl. Acad.Sci.USA98, 908—-814.

[126] Malin, M. C., & Edgett K. S.2000,“Evidencefor recentgroundvaterseepagandsurface
runoff on Mars”, Science288 2330-2335.

[127] March,J.1998,in Advanceddrganic Chemistry Wiley, New York.

[128] Maret,S.,Ceccarelli,C., Caux,E., Tielens,A.G.G.M., & CastetsA. 2003,“WaterEmis-
sionin NGC 1333-IRAS4.The PhysicalStructureof the Envelope” A&A 395, 573-585.

[129] McCollom,T. M., Ritter, G., & Simoneit,B. R. T. 1998,“Lipid synthesisinderhydrother
mal conditionsby FischefTropsch-typereactions”,in Origins of Life and Evolution of the
Biosphee 28, 1-14.

[130] McCollom, T. M. 1999, “Methanogenesiss a potential sourceof chemicalenegy for
primarybiomasgproductionby autotrophicorganismsn hydrothermabkystemsn Europa”,J.
GeophysRes Planets104, 30729.

[131] McGovern,P. J.,& SchubertG. 1989,“Thermalevolution of the Earth: effectsof volatile
exchangebetweeratmospherandinterior”, Earth Planet.Sci.96, 27-37.

75



[132] McKenzie,D., & Bickle, M. J.1988,“The volumeandcompositionof melt generatedby
extensionof thelithosphere” J. Petrol. 29, 625—-679.

[133] McLennan,S. M. 2000,“Chemicalcompositionof Martiansoil androcks: Comple< mix-
ing andsedimentaryransport”’,GeophysRes.Lett. 27, 1335-1338.

[134] yesMcLennan$s. M. 2003,“Sedimentarysilica on Mars.Geology”,in press.

[135] McSweenH. Y. 1994, “What we have learnedaboutMars from SNC meteorites” Mete-
oritics 29, 757-779.

[136] McSweenH. Y., & Keil, K. 2000,“Mixing relationshipsn the Martian regolith andthe
compositionof globally homogeneoudust”, Geodim. Cosmobim. Acta64, 2155-2166.

[137] McSweenH. Y., Jr, Grove,T. L., Lentz,R. C. F, Dann,J.C., Holzheld,A. H., Riciputi,
L. R., & Ryan, J. G. 2001, “Geochemicalevidencefor magmaticwater within Mars from
pyroxenesn the Shegotty meteorite”,Nature 409, 487-489.

[138] Meech,K. J. 1999, “Chemical & physicalagingof comets”,in IAU Colloq 173 eds.J.
Sworen, E. M. Pittich & H. Rickman,Staé Lesra, 195-210.

[139] Meier, R., Owen,T. C., Matthews, H. E., Jewitt, D. C., Bockelee-Monan, D. Biver, N.
Crovisier, J.,& Gautier D. 1998,“A Determinatiorof the HDO/H,O Ratioin CometC/1995
01 (Hale-Bopp)”,Science279, 842

[140] Melnick, G. J.etal. 2000,“The SubmillimeterWave AstronomySatellite: ScienceObjec-
tivesandInstrumentDescription”,ApJ539, L77-L85.

[141] Melosh,H. J.,& Vickery, A. M. 1989, “Impact erosiono fthe primordial atmospheref
Mars”, Nature 338 487—-489.

[142] Millar, T. J.,& Hatchell,J. 1998,“Chemicalmodelsof hot molecularcores”,in Faraday
Discussiond 09, 15.

[143] Miller, & Urey, 1959,“Organiccompoundsynthesison the primitive earth”, Sciencel 30,
245-251.

[144] Nimmo,F., & McKenzie,D. 1998,“Volcanismandtectonicson Venus”,Annu.Rev. Earth
Planet.Sci.26, 23-51.

[145] Minh, Y. C., & van Dishoeck,E. F. 1998, “FaradayDiscussionsl09: Chemistryand
Physicsof MoleculesandGrainsin Space”,in AstronomicalSocietyof the Pacific, SanFran-
cisco.

[146] Minh, Y. C., & van Dishoeck,E. F. 2000, “AstrochemistryFrom Molecular Cloudsto
PlanetarySystems”jn AstronomicalSocietyof the Pacific, SanFrancisco.

[147] Mock, T. etal. 2002, “Micro-optodesin seaice: a new approachto investigateoxygen
dynamicsduring seaice formation”, AquaticMicrobial Ecolagy 29, 297-306.

76



[148] Mojzsis,S.J.,Arrhenius,G., McKeggan,K. D., Harrison,T. M., Nutman,A. P, & Friend,
C.R.L. 1996,“Evidencefor life on Earthby 3800million yearsago”, Nature bf 384,55-59.

[149] Moldowan, M., & JacobsonS. R. 2000, “Chemicalsignalsfor early evolution of major
taxa: Biosignaturesandtaxon-specifibiomarlkers”, Int. Geo.Rev. 42, 805-812.

[150] Morbidelli, A., Chambers).,Lunine,J.l., Petit,J. M., Robert,F,, ValsecchiG.B., & Cyr,
K. E. 2000, “Sourceregions andtimescaledor the delivery of waterto the Earth”, Meteor
Planet.Sci.35, 1309-1320.

[151] Moresi, I.-N., & Solomate, V. S. 1998, “Mantle cornvectionwith a brittle lithosphere:
Thoughtson the globaltectonicstyle of the EarthandVenus”,GeophysJ. Int. 133 669-682.

[152] Mottl, M. J.1992,“Porewatersfrom serpentiniteseamounts the Marianaandlzu-Bonin
forearcs,Leg 125: evidencefor volatilesfrom the subductingslab”, ODP, Sci. Results125,
373-385.

[153] Mottl, M. J., Wheat,G., Baker, E., Becler, N., Davis, E., Feely R., Grehan,A., Kadko,
D., Lilley, M., MassothG., Moyer, C., & Sansonef. 1998,“Warm springsdiscoveredon 3.5
Ma oceaniccrust,easterrflank of the Juande FucaRidge”, Geolayy 26, 51-54.

[154] Mottl, M. J., Komor, S. C., Fryer, P, & Moyer, C. L. 2003, “Deep-slabfluids fuel ex-
tremophilicArchaeaon aMarianaforearcserpentinitanudvolcano:ODPLeg 195”7, Geolayy,
in press.

[155] Mullineaux, L. S., Mills, S.W., & Goldman,E. 1998, “Recruitmentvariationduring a
pilot colonizationstudyof hydrothermatents(9050’N, EastPacific Rise)”, DeepSeaRes 45,
441-464.

[156] Mumma, M. J., Weissman,P. R., & Stern,S. A. 1993, “Cometsand the origin of the
solarsystem- Readingthe Rosettastone”,in ProtostasandPlanetslll, eds.E. H. Levy, J. 1.
Lunine,Univ AZ Press;Tucson,1177-1252.

[157] Murakawa, K., Tamura,M., & Nagata,T. 2000,“1-4 Micron Spectrophotometrgf Dust
in the TaurusDark Cloud: Waterlce Distributionin HeilesCloud2”, ApJS128 603-613.

[158] Murray, J.W., Top,Z., & Ozsq, E. 1991,“Hydrographicpropertiesandventilationof the
Black Sea”,DeepSeaReseath 38, S663-S689.

[159] Najita,J.R.,Edwards,S.,Basri,G.,& Carr, J.2000,“Spectroscop of InnerProtoplanetary
Disksandthe StarDisk Interface”,in ProtostasandPlanetslV, eds.V. Mannings A. P. Boss,
S. S.Russell,Univ of ArizonaPress457-483.

[160] NealsonK. H., & ConradP. G. 1999,“Life; past,presentandfuture”, Specialmillennium
issue PhilosophicalTransactions RoyalSocietyof London.Biological Science854, 1923-
1939.

[161] NealsonK. H., Conrad,P. G. 2000,“A thermodynami@ndkinetic approacho therecog-
nition of biosignature®n the early Earthandelsavhere”, Geo.Soc.of Amer, 2000Abstracts
with Programs32, 4-5.

77



[162] Nesbitt,H. W. 1997,“Bacterialandinorganicweatheringorocesssindweatheringof crys-
talline rocks”, in Biological-Mineralogical Interactions eds.J. M. MclIntosh, L. A. Groat,
Mineral. Assoc.Canada.

[163] yesNesbittH. W., & Wilson, R. E. 1992 “Recentchemicalweatheringof basalts” Am.J.
Sci.292 740-777.

[164] Neufeld,D. A. etal. 2000,“Obsenationsof InterstellanWaterVaporin Outflowv Regions”,
ApJ539 L107-L110.

[165] Newsom,H. E., & Hagerty J.J.1997,“Chemicalcomponentef themartiansoil: Melt de-
gassinghydrothermahlteration,andchondriticdebris”,J. GeophysRes.102, 19345-19355.

[166] Newsom,H. E., Hagerty J.J.,& Goff, F. 1999,“Mix edhydrothermafluids andtheorigin
of themartiansoil”, J. GeophysRes.104, 8717-8728.

[167] Nguyen,T. K., Ruffle, D. P, Herbst,E., & Williams, D. A. 2002,“The waterice distribu-
tion in Taurusdeterminedy gas-grairchemistry”, MNRAS329, 301-308.

[168] Nimmo, F., McKenzie,D. 1998,“Volcanismandtectonicson Venus”,Annu.Rev. Earth.
Planet.Sci.26, 23-51.

[169] Okuchi, T. 1997,“Hydrogen partitioninginto molteniron at high pressure:Implications
for Earth’s core”, Science278 1781-1784.

[170] PappalardoR. T. etal. 1999,“Does Europahave a subsurbceocean?Evaluationof the
geologicalevidence”,J. GeophysRes.104, 24,015-24,055.

[171] Patel, N., Greenhill,L., Ho, P., & Moran, J. 2001, “Water Masersand the Structureof
Outflow within 1 AU of a YoungStellarObject”, AAS199, 134.15.

[172] PetersK. E., & Moldowan,J. M. 1993,in TheBiomarker Guide Interpreting Molecular
Fossilsin Petroleumand AncientSedimentsPrenticeHall, Englavood Cliffs.

[173] PhippsMorgan, J., Rueple, L., Ranero,C., & Hort, M. 2002, “Some geophysicaland
geochemicatonsequencesf slabserpentinizatiorat subductionzones”,abstrack EOS83,
F1254.

[174] Porcelli,D., & Pepin,R. O.2000,“Raregasconstrainton early Earthhistory”, in Origin
of theEarthandMoon, eds.R. M. CanupandK. Righter Tucson,U. ArizonaPress.

[175] Pravdivtseva O. V., Hohenbeg C. M., & Meshik A. M. 2003,“The I-Xe ageof Orgueil
magnetitennew results”(abstract)Lunar Planet.Sci. 34, submitted.

[176] Prialnik, D., BarNun, A., & Podolak,M. 1987,“Radiogenicheatingof cometsby Al-26
andimplicationsfor theirtime of formation”, Astrophys.J. 319, 993-1002.

[177] Prialnik, D. 1999, “Modelling Gasand Dust Releasefrom CometHale-Bopp”, Earth,
Moon, Planets77, 223-230.

78



[178] Price,P. B. 2000,“A habitatfor psychrophilesn deepAntarcticice”, in Proceedingf
theU.S.National Academyof Science®7, 1247-1251.

[179] Priscu,J.C. etal. 1999,“Geomicrobiologyof subglaciaice above Lake Vostok”, Science
286, 2141-2144.

[180] Qi, C. 2001, “Aperturesynthesisstudiesof the chemicalcompositionof protoplanetary
disksandcomets”,PhDthesis(CalTech).

[181] Reipurth,B., Rodiguez,L. F., Anglada,G., & Bally, J.2002,“Radio ContinuumMapsof
DeeplyEmbeddedProtostarsThermallets Multiplicity , andVariability”, AJ 124, 1045-1053.

[182] Resing,J. A., & SansoneF. J. 1999, “The chemistryof lava-seavaterinteractions:the
generatiorof acidity”, Geotim. Cosmobim. Acta63, 2183—-2198.

[183] Resing,J. A., & SansoneF. J.1999,“The chemistryof lava-seavaterinteractiondl: the
elementakignature”,Geohim. Cosmobim. Acta66, 1925-1941.

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

[185] RichardsonS.H., Hart,S.R., & StaudigelH. 1980,"Vein mineralsof old oceaniccrust”,
J. GeophysRes.85, 7195-7200,1980.

[186] Robert,F. 2002,“WaterandorganicmatterD/H ratiosin the solarsystem:arecordof an
earlyirradiationof thenelula”, Planet.SpaceSci.50, 1227-1234.

[187] Roesslerk. 1992,“Non-equilibriumchemistryin space” Nuc.Instr. Meth.B65, 55.
[188] Rothschild& Mancinelli2001,“Title of Paper’Nature 409, 1092-1102.

[189] Sagan(C., ThompsonW. R., CarlsonR., Gurnett,D., & Hord, C. 1993,“A searcltfor life
on Earthfrom the Galileospacecraft’Nature 365, 715.

[190] Sansonef- J.,ResingJ.A., Tribble,G. W., Sedwick,P. N., Kelly, K. M., & Hon,K. 1991,
“Lava-seavaterinteractionsat shallov-watersubmarindava flows”, GeophysRes.Lett. 18,
1731-1734.

[191] SansoneF. J.,& Resing,J. A. 1995,“Hydrographyandgeochemistryof seasurfacehy-
drothermalplumesresultingfrom Hawaiian coastalolcanism”,J. GeophysRes.100, 13555-
13569.

[192] SansoneF. J.,Benitez-Nelson(C. R., Resing,J. A., DeCarlo,E. H., Vink, S. M., Heath,
J. A., & Huebert,B. J. 2002, “Geochemistryof atmospheric@aerosolsgeneratedrom lava-
seavaterinteractions” GeophysRes.Lett. 29, 10.1029/2001GL013882.

[193] SchmittB., Espinasses.,Grim,R.J.A., Greenbey, J.M., & Klinger, J.1989,“Laboratory
Studiesof Cometarylce Analogues” ESA-SF302, 65.

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

79



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

[196] Siggert,M. etal. 1996,“An inventoryof Antarctic subglacialakes”, Antarctic Sciences,
281-286.

[197] Siggertetal. xxxx, “Title of Paper”,Nature 414, 603-609.

[198] ShockE.1992,“ChemicalEnvironmentsof submarinénydrothermakystems”jn Origins
of Life andEvol. of the Biosphee 22, 67

[199] Shu,F, ShangH., Gounelle,M., GlassgoldA., & Lee, T. 2001,“The Origin of Chon-
drulesandRefractoryinclusionsin ChondriticMeteorites”, ApJ548 1029-1050.

[200] Smyth,J. R. 1994,“A crystallographiamodelfor hydrouswadslgite (3-Mg,SiO;): An
oceanin theEarthsinterior?”, Am.Min. 79, 1021-1024.

[201] Stern,S.A. 1988,“Collisionsin the Oort Cloud”, Icarus 73, 499-507.
[202] StevensonD. 2000,“Europa’s Ocean—thé&aseStrengthens’Science289, 1305-1307.

[203] Strazzula,G. 1998, “Chemistry of ice inducedby bombardmentvith enegetic chaged
particles”,in SolarSystenices eds.B. Schmitt,etal., Kluwer, Netherlands281-301.

[204] StrazzulaG.,& JohnsonR. E. 1991 ,“Irradiation effectson cometsandcometarydebris”,
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 subseafloomicroomganismsfrom the
1996North GordaRidgeeruption”,Deep-Sedres.ll 45, 2751-2766.

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

[207] Swindle,T. D., Caffee,M. W., Hohenbeg, C. M., & Lindstrom,M. M. 1983,“I-Xe studies
of individual Allendechondrules” Geotim. Cosmotim. Acta47, 2157-2177.

[208] Tajika,E.,& Matsui,T. 1992,“Evolution of terrestrialproto-CG atmosphereoupledwith
thermalhistoryof Earth”, Earth Planet.Sci.Lett. 113 251-266.

[209] Thornton,l. W. B., Cook S., Edwards,J. S.,Harrison,R. D., SchipperC., Shanahany.,
SingadanR., & Yamuna,R. 2001, “Colonizationof anislandvolcano,Long Island, Papua
New Guinea,andanemegentisland,Motmot, in its calderalake. VII. Overview anddiscus-
sion”, J. Biogeagraph.28, 1389-1408.

[210] Torrelles,J., Patel,N., Gbmez,J.,& Anglada,G. 2002,“InterferometricMaserObsena-
tionsfrom Outflows/Disksin StarFormingRegions”, RevMex AA SeriedeConf 13, 108-113.

[211] Torrelles,J., Gbmez,J., Rodiguez,L., Curiel, S., Anglada,S., & Ho, P. 1998, “Radio
Continuum-H20Maser Systemsin NGC 2071: H,O MasersTracing a Jet (IRS 1) anda
RotatingProto-planetarpisk of Radius20 AU (IRS 3)”, ApJ505, 756-765.

80



[212] Turro,N. J.1991,“Modern MolecularPhotochemistry”in University ScienceBooks Mill
Valley.

[213] Wadhwa, M. 2001, “Redox stateof Mars’ uppermantleand crustfrom Eu anomaliesn
shegottite pyroxenes”,Science2911527-1530.

[214] Walker, J.C. G., Hays,P. B., & Kasting,J.F. 1981,“A neggative feedbackmechanisnfor
thelong-termstabilizationof Earth’s surfacetemperature”). GeophysRes.86, 9776-9782.

[215] Wallacel1907,in Is Mars Habitable? A Critical Examinationof ProfessorPercival Low-
ell’'sBook'Mars andits Canals’,with an AlternativeExplanation Macmillan,London.

[216] Wanke, H., Bruckner J.,Dreibus,G., Rieder R., & Ryabchilov, I. 2001,“Chemicalcom-
positionof rocksandsoilsat the Pathfindersite”, SpaceSci.Rev. 96, 317-330.

[217] Watson,A. J., Donahue,T. M., & Walker, J. C. G. 1981, “The dynamicsof a rapidly
escapingatmosphereApplicationsto the evolution of EarthandVenus”,Icarus48, 150—166.

[218] WeidenschillingS.J.1997,“The Origin of Cometdn theSolarNekula: A Unified Model”,
Icarus127, 290-306.

[219] Wheat,C. G., Elderfield,H., Mottl, M. J.,& Monnin, C. 2000,“Formationwatersalonga
3.5 Ma-old oceanicridge: implicationsfor the structureof seavatercirculationin the crust”,
J. GeophysRes.105 13437-13447.

[220] Wheat,C. G., & Mottl, M. J. 2000, “Compositionof poreandspringwatersfrom Baby
Bare: global implications of geochemicafluxes from a ridge flank hydrothermalsystem”,
Geodtiim. Cosmobim. Acta64, 629-642.

[221] Whittet,D. C. B. etal. 1988,“Infrared spectroscopof dustin the Taurusdarkclouds- Ice
andsilicates”, MNRAS233 321-326.

[222] Wignall, P. B. 2001,"“Large igneousprovincesand massextinctions”, Earth Sci. Rev. 53,
1-33.

[223] Wilde, S.A., Valley, J.W., Peck,W. H., & GrahamC. M. 2001,“Evidencefrom detridal
zirconsfor the existenceof continentalcrustand oceanson the Earth4.4 Gyr ago”, Nature
409 175-178.

[224] Woolf, N. J.,Smith,P. S.,Traub,W. A., & Jucks K. W. 2002,“The spectrunof Earthshine:
A PaleBlue Dot obsenedfrom theground”, Astrophys.J. 574, 430-433.

[225] Yung,Y. L., Wen, J.-S.,Moses,J. |., Landry, B. M., Allen, M., & Hsu, K.-J. “Hydrogen
anddeuteriumlossfrom the terrestrialatmosphereA quanti.-tve assessmerdf nonthermal
escapdluxes”, J. GeophysRes.94, 14,971-14,989.

[226] Zimmer, C., KhuranaK. K., & Kivelson,M. G. 2000,“Subsurficeoceanon Europaand
Callisto: Constraintdrom Galileo magnetometenbsenations”,Icarus 147, 329-347.

81



[227] Zolensky, M. E.,Bodnar R. J.,Gibson,E. K., Jr,, Nyquist,L. E., ReeseY., Shih,C.-Y., &
WiesmannH. 1999,“Asteroidalwaterwithin fluid inclusion-bearindpalitein anH5 chondrite,
Monahang1998)”, Science285, 1377-1379.

82



3 Planfor Strengtheningthe Astrobiology Community

3.1 Education and Public Outreach
3.1.1 Intr oduction

Our grouphasa strongrecordof educationandpublic outreachandwe intendto capitalizeon

thatexperienceby providing innovative laboratory-basetearningopportunitiedor teacherand

by engaginghe publicin our researchWe will leverageour efforts fundedunderthis proposal
with otherprogramsin our state,particularly with the Hawaii SpaceGrantConsortium,Space
ScienceNetwork Northwest{OSSBroker/Facilitator),andthe Pacific RegionalPlanetarymaging
Facility. We will alsouseour extensve network of teacherghroughoutthe stateandour active

involvementin the Hawaii ScienceTeacherdAssociationthe AmericanAssociationof Physics
Teachersand other professionabrganizationgo help disseminatehe productswe create. For

the first time, dueto the Hawaii TeachersStandard€8oard, teachersneedto be re-certifiedby

2005andthis requiresprofessionablevelopment. This providesthe perfectopportunityfor our

proposedprogramsto assistin Hawaii teacherre-certification. Our outreachprogramswill be
fundedby severalsources.

1. We will besupportingoutreachat a level of ~$50K / year(5% of the total) from the UH-
NAI budget($10K for workshops,and $40K for stafing (1 summermonth of graduate
student2 monthsfor aweb programmerand2 monthsof an Educationspecialist);

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

3. The Pacific Resourced$or EducationandLearninggroupis commiting~4K peryearfor
teachetravel from Micronesia(2 trips peryear).

3.1.2 Astrobiology Laboratory Institute for Instructors (Alii)

The multidisciplinary natureof astrobiologylendsitself to broadscientifictraining of teachers.
It canrevitalize ateachers approacho whateser sciencesubjectshey teach,includingbiology,
chemistry physics,earthscienceandastronomy Becausehetypical secondarscienceeacher
reachesboutl50studentsaayear afocusonteachetrainingleveragesour resource®ffectively.
Wewill developaoneweeksummeiprogranmto havegrade7-12teachersearnaboutastrobiology
and how to incorporateactvities into their courses. actvities into their courses. Exemplary
actwvities suchasthosein SETI's VoyagesThroughTime moduleswill be used. Pacific Island
teacherswill be recruitedwith supportfrom the Pacific Resourcegor Educationand Learning
(see3.4.2).(PRELIis oneof 10 educationalaboratoriegshatsere geographigegionsacrosshe
nationto improve educationandis supportedy the U.S. Dept. of Ed.)

This program AstrobiologyLaboratorylinstitutefor Instructorsor acrorym, Alii, meangoy-
alty in Hawaiian (actuallyspelledAli’i andpronouncedah-lee-ee”) afitting namefor important
peoplelike teachers.Experiencein doing teachemworkshops(TOPS-DwardsOther Planetary
Systems;and Exploring Planetsin the Classroom)hastaughtus the most effective teaching
stratgjies. Begunin 1993 with NASA funding, with a studentcomponenfundedby a private
donor the TOPSprogramhastrainedover 120secondargcienceandmathematicseachergrom
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Hawaii, Micronesia,andotherPacific Islands.The TOP Steamandthe Hawaii SpaceGrantCon-
sortium(sponsonf Exploring Planetsn the Classroomparecommittedto helpingimplementour
teacheitrainingprogram.Our plansfocuson integratinglaboratoryexperiencesvith delivery of
contentmaterialsin alignmentwith stateandnationalsciencestandards.

3.1.3 SummerWorkshop and Reseach Experience

Thefocal pointof ourteacheitrainingprogramwill beasemestetong professionatievelopment
programto do cutting-edgeaesearchn astrobiology. We will collaboratewith the schooldistrict
to supportthis programby allowing teacherdo take a semestesabbaticaleave to minimize our
cost. Teacherdrom the Alii summerworkshopswith their basicastrobiologybackgroundwill
berecruitedfor arich researcltexperience Eachsemestesereralteachersvill conductresearch
in afocusareaof this proposal(protostarformation,cometsandthe interstellarmedium,useof
spacecraftlatafor Mars, meteoritestudies extremeaquatichabitats,

Thisresearcltomponentvill bepatternediftertheResearctiexperiencesor Undegraduates
andResearcltxperiencesor Teacherprogramthathasbeenrun atthe Institutefor Astronomy
(NSF).Besidedoingresearchtheteacherwill explorehands-orastrobiologyactvities, attend
talksby our Astrobiologylnstitute,anddevelopskills mentoringstudentgor astrobiologyscience
projects. Theseteacherswill make presentationsn their researchat local and nationalscience
teachergonferencegForthosewhohave only livedin Hawalii, this couldbetheirfirst experience
sincethe schooldistrict doesnot subsidizeteachers.

For six hourseachday, teacherswill work on well-definedprojectsalignedwith the NAI
Roadmapbjectvesandunderthe supervisiorof NAl-affiliated scientists For example teachers
could experiencethe 13,000ft altitude of MaunaKeawhile participatingin observing. This
correspondso theRoadmapsoal3, “Understandindiow life emegesfrom cosmicandplanetary
precursors” Or teachersould utilize the educationaFaulkes Telescopd-acility (see3.1.5).Co-

I Cowvenwill continuehis “Teacherat-Sea’program,wherea teachetis involvedin a research
projectby beingassimilatednto the planningandstagingof the researclcruise,participatesn
the cruiseas a scientistin training, and writes a reportor paperon his/herexperiences. The
teacherhelpshis/herclassor schoolset up an active web pageand arrangefor ship-to-shore
email communicationgo integrateothersinto the researctproject. Also, theteachemwill carry
out experimentsat seabasedon questiongposedby the studentsprior to or during the cruise.
For the UH-NAI program,Cowenplansto mentortheteacherduring studiesof geochemicaind
microbialindicatorsof subsurbcecommunities.This projectalignswith NAI RoadmapGoal 5,
objectve 5.3, “Biochemicaladaptatiorto extremeernvironments”. Thereal challenges getting
theteacher/schodb build ontheir opportunity;thegoalis to have a sustainegrogramby which
theschoolreache®utto their new contactsandinstill in the schoolpersonnesufficientboldness
to askfamiliar andpotentialeducationapartnerdor help. With the contributedfundingfrom the
Universityof Hawaii (see3.4.1)we will have a personto help coordinatethefollowup.

With eachyear the numberof astrobiologyteacherswill multiply and promoteastrobiol-
ogy educationin Hawaii’'s schools. This modelreplicatesour existing cadreof TOPSteachers
who conductworkshops give presentationat nationalconventionsand continueto implement
astronomyactuitiesin their classrooms.
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3.1.4 Astrobiologyin a Coursefor Pre-Sewvice Teachers

Usingthe summemworkshopandresearchexperienceasa base we will alsoenhancenexisting
coursefor pre-servicedeachersGeology& Geophysicsl68is designedothto fulfill ascience
requirementor elementaryeachersndto introduceplanetarysciencdo futurescienceeachers.
It is a combinedlecture/laboratorycourse,with emphasison learningfrom hands-onjnquiry-
basedlassroonactities. Wewill greatlyincreaseheastrobiologycontentin thecoursethrough
collaborationwith othersin our branchof the NAI. The coursecontentmayincludesomeof the
following topics:theprocessesperatingonthesurfaceof Mars,extremophilessearchindor and
recognizingossilizedmicrooganismsMarssite selectiorfor samplereturn,debateaboutlife in
Martian meteoriteALH8400. The classwill alsoinclude someexposureto researchsuchas
mini-internshipsn which studentselpin researchaboratoriedor afew hoursaweekfor partof
thesemesterThis coursewill alsobe offeredto experiencedcienceeachergo introducedhem
to astrobiology We hopeto establistaawide network of teachersvhowill promoteastrobiology
topicsin their coursecurriculum.

3.1.5 The FaulkesTelescopd-acility

The FaulkesTelescopes a joint projectbetweernthe Faulkes TelscopeCorporationandthe Uni-

versity of Hawaii Institute for Astronomy The telescope)ocatedon Haleakala,Maui, to be
completedin late 2003, will be the largestprofessionagradetelescopen the world dedicated
to educationand public outreach. The 2.2 m diametertelescopewill be usedfor astronomy
educatiorwith studentsn Hawaii andthe U.K. beingmentoredoy teacherandprofessionabhs-
tronomers Researclprojectswith astronomersearchingor extra-solarplanetsandKuiperBelt

Objectswill give our studentdirst-handexperienceon cutting-edgeesearchelatingto thewater
themeof our NAI proposal.

Undertheauspice®f abroadHawaii NAI outreachprogramwe will have ateachetraining
programfor useof this telescope. TOPS 2003 summerworkshopis piloting an experimental
programin preparatiorfor this proposedaulkes TelescopeNAI workshop. TOPSteacherswill
learnhow to conductielescop@bsenations e.g., targetselectionfiltersto beused gxposurdime
dependentipon magnitude,andhow imagesare usedfor analysisof data. At the endof three
weeks they will be expectedto write aresearchreport. With propertrainingtheteacherswill be
ableto mentorstudentdor sciencefair projects. This will sene asa modelto be usedfor the
NAI workshop.Teachersvill alsobementoredy projectscientiststheir post-docsaandgraduate
studentsA surwy completedwherebylFA astronomerandHIGP scientistsndicatedinterestn
mentoringteacherswill beused.Hawaii’'steam ,NASA OSSSpaceSciencaNetwork Northwest,
conductedhis surwey. This exemplifieshow Hawaii’s NAI educatiorandpublic outreacheffort
will beintegratedwith otherentitiesto play aamajorrolein promotingscienceandmathematics
education.

3.1.6 Engagingthe Public

Discoveriesin Astrobiology: a ScienceMagazineon theInternet

We will manageandeditawebmagazinenodeledafterPSRD whosecentralthemels “planetary
scientistssharingideasanddiscoveries”. (PSRDcanbe found at www.psrd.havaii.edu,andis
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managedyy G. Jefrey Taylor andLinda M. V. Martel.) The audiencefor PSRDis the public,
teachershigh schooland college students,and governmentdecisionmakers. Discoveriesin
Astrobiology (DNA) would be similar: “astrobiologistssharingideasanddiscoveries. We do
not intendthis online magazineto duplicatethe excellent Astrobiology Magazineproducedby
the Astrobiology Institute. Instead,our site would focus on reportingrecentlypublishedpeer
reviewed articlesby the scientistsassociatedvith our branchto be responsibldor translating
articlesfor the public. The magazinenvould alsocontainsummaryarticlesaboutvariouscentral
topicsin astrobiology profiles of scientistsinvolved, andvirtual toursof our laboratories.We
ervision having a boardof editorscomposedf scientistanvolvedin NAI to review articlesfor
contentandclarity, includingeaseof navigationandquality of graphics We would beresponsible
for html codingandproductionof graphicsnot suppliedby our scientificcolleagues.

Taylor andMartel beganPSRDbecausehey feel stronglythat scientificresearchs not fin-
isheduntil the resultsarecommunicatedo the generalpublic, which paysfor it. Thearticlesin
DNA will tell the public whattheir dollarsdiscovered,anddo soin understandabl&nglish. In
addition, it is an excellentformat for keepingpolicy makersat NASA Headquarterandin the
Congressnformedaboutthe accomplishmentsf the Institute.

OtherPublic EngagementActivities

It is crucialto shareour discoverieswith the public, in orderto help raisethe level of science
literagy both in Hawaii andin the nation. We planto do this in threemajor ways. First, we

will hostaregularseriesof publiclecturesaboutastrobiology Thesewill beadwertisedwidely to

attractalargeaudienceSecondwewill organizeaspealer’'sbureauallowinglocalorganizations
(e.g., Rotary Club, Downtown Club of Honolulu, etc.) to requesta researcheto talk aboutthe

wondersof someaspectof astrobiology Initial contactswith theseorganizationsare already
in place. Third, we will make effective useof our local pressto publicize our mostinteresting
researcHindings. The pressis avital partnerin public engagemer&indwe have anexperienced
andtalentedgroupof local sciencereporters.

3.1.7 Evaluation

Our plansfor evaluationis thatwe will usethe effective partnershipsve have alreadydeveloped
with teachersThey will helpusin the developmentandtestingof classroomactvities. Testing
will be donepartly duringteachemworkshopsyia an evaluationform for eachactwity. Testing
will alsobedonein the classroom®f cooperatingeachersWe will rely on their expertopinion

asto the effectivenesof eachnew actvity. Teachemworkshopghemseleswill alsobeevaluated
throughquestionnaireélled out by the participantsandthroughfollow-on suneys designedo

determindf teacher@reusingthe materialsand,if not,why not. We will alsoadapttherigorous
evaluationtechniquesdevelopedfor the TOPS program,which involved a continuous,action-
oriented,decision-makingevaluationmodel. This involved planning,formative andsummatve
assessmermhasesWe will work with PREL to develop andexecutea formal evaluationof our
outreaclhprograms.
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3.2 ProfessionalCommunity
3.2.1 Winter Astrobiology school

A fundamentabspecf astrobiologyis its cross-disciplinarynature. The network of Astrobiol-
ogy Institutesis successfullycreatingan ernvironmentin which researchersom widely different
background€aninteractandbreakdown the barriersbetweensubjectserectedduring their dif-
ferentpathsof training. However, if astrobiologyis goingto beanincreasinglyibrantdiscipline,
we must preparethe youngresearchersvho, a generatiorfrom now, will be leadingthe future
efforts. We shouldfostera crossdisciplinary attitudein youngpeoplebefore they develop the
myopic scienceview thatarisesfrom traditionalspecialization.This is possibleif we reachout
to studentawvell beforethey finish their PhD. Youngpeoplehave a remarkableability to connect
easilyto eachother andthe strongpersonalconnectionghat are establishedn youth tendto
last the longest. By bringing youngstudentgogetheracrossthe astrobiologyspectrumwe are
helpingto build the network of crossdisciplinarycontactghatwill be partof the foundationof
astrobiologyfor the next generations.

We proposeto establishthe Hawaii Astrobiology Winter Schoolto be held yearly in the
Hawaiianislands. It will be opento all graduatestudentsn the courseof doinga PhDin as-
tronomy biology, biochemistry chemistry or geology andwith aninterestin astrobiology We
ervisagea schoolwith about20 studentdastingtwo, or ideally three,weekswith 4 to 6 courses
taughtby expertsin variousfields. The studentswill, in small teams,write the lecturennotes
themselesundersupervisionof the lecturers,andthe lectureswill be madeavailableat a dedi-
catedwebsite. It will be easierto engagebusy seniorscientistsf they do nothave to doatime
consumingwrite-up afterwards. Theideais not thateachyearsschoolshouldbe coveringall of
astrobiologyrathereachyearsschoolwill have its distinctcharacterdeterminedy the subjects
offeredby thelecturers.

Youngpeoplemove arounda lot aftertheir PhD until they eventuallygettenuresomeavhere,
so thereis reasonto be concernedhat the contactsestablishediuring the schoolwill die out
merelyfor practicalreasons.To help counterthis we will establishthe Astrobiology Quarterly
(AQ), aninternet- bazedorumfor dialogyandinteractionramongspastparticipantsn theWinter
School. The AQ will containabstract®f paperswritten by pastandpresenschoolparticipants,
summarieof PhD thesedy schoolparticipants andaddresshangeso contactscanbe main-
tained.

3.2.2 Visiting Faculty ScholarsProgram

The UH-NAI is proposinga Visiting Faculty Scholargprogramwhich will bring externalcollab-
oratorsto work with local researchergp participatein the Astrobiology Winter School(3.2.1),
andhelpwith the E/PO(3.1). Having a strongvisitor programwill injecta breadthof innovative
ideasto the UH-NAI, and maintainand strengtherour interdisciplinaryresearch.Becausehe
University of Hawaii hasmadea concessiorio the usualFaculty Housingpolicy (3.4.1)we will
be ableto houseour visitors for longertermyvisits to engagan meaningfulresearchhatis fully
integratedinto all aspect®f our proposedNAl.
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3.3 Teamingwith Minority Institutions

The Universityof Hawaii is a Minority Institution,with only 19% of the studentody Caucasian,
14%Hawaiianor partHawaiian,andanotherl 2% of mixedethnicity, theremaindebeingAsian.
In addition,our uniquegeographicalocationplacesusin anideal positionto interactwith com-
munitiesin Micronesia(90% minority groups). Throughour previous E/POprogramswe have
considerablexperienceandhave developedcontactswith the Micronesianeducationatommu-
nity in theUS-Affiliated pacificentities:(AmericanSamoaChuuk,CNMI, Guam,Kosrae Pohn-
pei, Palu, MarshalllslandsandYap),andwe will actively integrateteacherdrom theseregions
into our E/POprogram(3.1.2).

3.4 Institutional Commitment
3.4.1 University of Hawaii

The University of Hawaii fully supportghis projectand,to this end,is contributing a substantial
matchingcomponento the program.

e Staff Salaries— First, we will be utilizing the bulk of the fundsto recruit high-caliber
postdoctorafellows to work with the teamandfosterthe collaboratve interactionsonly
a small componenbf salarysupportis requestedy the team. The in-kind value of the
state-fundedalaryfor theteamamountgo $1,545K.

e Tenure Track Positions— TheInstitutefor Astronomywill committa seniortenure-track
professorshipn the areaof Starand PlanetFormationto the NAI, at ananticipatedevel
of $140K/year(plusfringe andoverheads)andin additionwill contritutea junior tenure-
track position at a level of $77K/year This will be continuedbeyond the 5 year NAI
program. The Institute seesthe NAI goalsasbeingan areaof sciencewhereHawaii is
especiallywell-qualifiedto becomeaworld leaderin researchbecaus®f our uniqueastro-
nomicalfacilitiesandis thereforemakingthis substantiatommitment.

e Centerfor Star and PlanetFormation — Thelnstitutefor Astronomywill provide$20,000
in fundsperyearto establistthe Centerfor StarandPlanet~ormation.Thegoalof theCen-
teris to develop closerties betweerresearcherstudyingstarandplanetformation, primi-
tive planetarybodies(includingthe Kuiperbelt objectsandcomets)andmeteoritesandthe
earlysolarsystem.Thefundingwill beusedto bring visiting scientistdo the Center

e EPO Staffing — The University of Hawaii will fund outreachstafing atalevel of $50,000
(loaded)peryearto helporchestrat®ur outreackprogram.

e Office Space— The University of Hawaii will give the program2000sg. feet of space
for our postdoctoratommunity andanadditional$20,0000f fundsto renovatethe space,
purchasdurniture andsetup wirelessnetworking.

e Faculty Housing — In orderto supportour strongvisitor program(see3.2.2), President
Dobelleof the University of Hawaii hasagreedo placeuson ahigh priority list for rented
faculty housing. Hawaii is expensve, and even at the stateper diem level of $80/ day
(which cannotbegin to cover hotel costsin Honolulu), a visitor programwould be costly.
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Short-termapartmentsre difficult, if not impossibleto find. The UH faculty housing
hasa long waiting list (1-2 years)for space.Eligibility for priority for faculty housingis
determinedy the Boardof RegentsPolicy, which only the Presidentanoverride. Visiting
Faculty Scholarsasa group,areat numberl2 on thelist, which meansjn effect, thatan
apartmentwould be impossibleto acquire. In responsdo our requestthe Presidentwill
placethe UH-NAI atahigh priority onthislist, andextendthetermof leaseto theduration
of the UH-NAI, if funded(normallyit is 1-3 yearsmaximum). Our projectproposesa 3
monthperiodperyeat andthe Institutefor AstronomyDirectorwill pick uptheremaining
9 monthsof theyear Apartmentrentsrangefrom $600-$180(er month.

3.4.2 Outside Contributions

Thedirectorof the Pacific Eisenhever Mathematicsand ScienceRegional Consortiumat Pacific
Resource$or EducatiorandLearning(PREL)will supportthe costof airfarefor 2 Pacific Island
teachergachyearto attendour summerAstrobiologyprograms(Est. value: $4K/year).

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

Contrib ution Amount [$K]
Faculty Salaries 1,545
1 Tenuretrack seniorposition($140K/yr) 1,639
1 Tenuretrackjunior position($70K/yr) 934
Centerfor Star& PlanetFormation 100
OutreachStafing 250
2000s.f. office space N/V
Office rennovation 20
PREL TeacherContrikution 20
Accesgo R/V Kilo Moana

Total Matching $4,508

3.5 Flight Missions

Kar en Meech

e Meechis a co-Investigatoron NASA's 8 Discovery mission, Deeplmpact which will
exploretheinterior of acomet.Oneof herrolesin the missionis to bein chage of all the
ground-baseabservingsupportboth for pre-missiontarget characterizationand during
theencounterSheis alsoheavily involvedin the missionoutreach.

Scott Anderson

e Andersonhelpedto run the Mars Orbiting LaserAltimeter (MOLA) on the Mars Global
Suneyor andthe GammaRay SpectrometefGRS/NS/HEND)on 2001 Mars Odysss.
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e Memberof the 2003MER rover landingsite working group.
TobiasOwen

¢ InterdisciplinaryScientist& memberof Galileo Mission ProbeMassSpectrometefeam
('97-'03).

¢ InterdisciplinaryScientist& memberof the Spectrometeand Aerosol Collector Cassini-
HuygensTeams.

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

e Memberof the NeutralMassSpectrometefeamon the Japanes#lissionNOZOMI.

e Owenwill alsobejoining Discovery Proposateamsfor two cometmissions,onemission
to searchfor wateron Jupiter(the greatestinknownn for thatplanetright now), andaVenus
missiondesignedo study atmospheri@abundancesandisotopes,againto investigatethe
origin of the Earth’s volatilesandthe possiblecomet(=ice) connection.

Jeffrey Taylor

e Memberof the2001Mars Odyssg GammaRay Spectrometefeam.

3.6 Information Technology

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

NAI alreadyusesScienceQganizel*d, aknowledgemanagemertbol thatallows distributed
NASA teamdo organizeandnavigatethroughprojectinformation. Lik e ScienceQganizer Hyp-
MaT would bea combinationof asemanticnetwork andarelationaldatabaseHowever, it would
representhe knowledgeat a higherlevel, andprovide an intuitive graphicalinterface,allowing
usersto visualizerelationsbetweerhypotheses;onceptsexperimentakesults,andspeculations
acrossscientificfields. We plan to make HypMaT compatiblewith ScienceQganizer so that
userscanmove easilybetweernthetwo tools.

Oneof the problemsof interdisciplinaryscientificcollaborationis how to allow anon-expert
in someparticularfield to successfullyinterpretand usethe high-level expertiseof an expert
in thatfield. For this reasonHypMaT would allow usersto assignConfidenceFactors(CFs),
rangingfrom -1 to 1, to boththe nodesin the network andto therelationshipsbetweerthem. A
CFvaluecaptureghe expertusers confidencen theinformationrepresentetly thenode.These
CF valueswould percolatethroughthe network, allowing a non-epertto accessat a high level,
anexpert’'s deepunderstandingf how conceptsn hisor herfield of expertiseinterrelate.

For example,abiologistmightwantto know which of two theoriesof planetaryformationare
favoredby the astronomer the collaboratingcommunity Using HypMaT, the biologistcould
seeata glancethatTheoryA (CF=3D0.8)is stronglypreferredoverthe TheoryB (CF=3D-0.1).
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If shewereto explorethenetwork further, shecouldseethat,althoughmostobsenationssupport
boththeoriesequally onerecentobsenationwould seemto disconfirmTheoryB. Thatis, there
is a relationshipbetweenthe obsenation (CF=3D0.8)and Theory B, andthis relationshipcon-
tributesnegatively to the CF of TheoryB. Finally, the biologistcould chooseo accesgperhaps
via ScienceDesk}letailedinformation regardingthat obsenation, including publishedpapers,
webpagesanddataarchives.

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

As an aid to collaboratve composition,HypMaT would be ableto transforma knowledge
network (or sub-netvark) into atext outline,which could sene asa startingpoint for a scientific
paper Thetext outline would includeary bibliographicdatathatwereincludedin the network,
saving time andreducingcross-referencingrrors.

Although we ernvisageHypMaT as primarily for collaboration,it could also be usedasa
pedagogicatool. Studentouldexplorethe networksthatresultfrom variousNAI projects,and
thuslearnmoreaboutthe variousdisciplinesinvolvedin astrobiologyandhow they interrelate.

Kim Binsted,theco-investigatolin chage of HypMaT, is a specialistin artificial intelligence
andhuman-computeinteraction.Sheis currentlydesigningandbuilding a prototypeof a collab-
orative systemsimilar to thatdescribedabove. Becausesuchsystemsare bestdevelopedin the
context in which they will beused,Co-I Binstedis eagerto usethe distributed,interdisciplinary
teamassociatedvith this proposalas a prototypicalsetof usersfor the system. Likewise, the
teamis eagetto exploreatool thatwill allow themto collaboratemoreeffectively.

3.7 Other Astrobiology Commitments

Karen Meech

e Towards Other Planetary SystemsOutreachProgram — Meechhasrun a major NSF-
andNASA-fundedteacheenhancemerdrogramin Hawaii sincel993. Theprogramis de-
signedto help high schoolmathandscienceeachersntegratemathandsciencestandards
into theirclassedy teachingastronomyTheAstrobiologycontentof thissummerprogram
alsoteachesboutcuttingedgeastronomicatesearchhatis ongoingin Hawaii. A privately
fundedstudenttomponentlsoexistsfor this 3-weeksummerprogram.This programwas
fundedasa pilot by NASA from 1993-1995andthenby the NSFfor 1999-2003.

e Bioastronomy 1999 Meeting, Hawaii — Meechwasthe Local Organizingchair for this
meetingheldontheKonaCoastin Hawaii, andin additionshefacilitatedalargeeducational
outreaclcomponentatthe meeting.

e Bioastronomy 2004 Meeting, Iceland — The local organizing chair of the meetingis
ThorsteinThorsteinnsonpne of our NAI collaborators. Pl Meechis alsoa memberof
the local organizingcommittee,andthe scientificorganizingcommittee(SOC),and Gai-
dosandcollaboratotEhrenfreuncaremembersf the SOC.Many of the UH-NAI members
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will take anactive role in this meeting(and4 of the 15 SOCmembersare UH-NAI affili-
ates).

e |IAU Commission51on Bioastronomy—Meechisamembeiof theOrganizingcommittee,
andtheincomingPresidenbf Commissiorb1 of the InternationalAstronomicalUnion as
of the summerof 2003,andis currentlythe Vice Presidenof the Division.

e WGESP — Meechis a memberof the IAU Working Group on Extra-SolarPlanets. The
working groupis chagedwith actingasa focal point for researclon extra solar planets
and organizing IAU actvities in the field, including reviewing techniquesand possibly
maintaininga list of identifiedplanets.

e PSRD - Meechis a memberof the Boardof Editorsof the University of Hawaii on-line
magazinePlanetaryScienceResearcliscoveries.

e COMPLEX —Meechisamembeiof theNationalREsearciCouncil’'s Committeeon Plan-
etary and Lunar Explorationand hastaken an active role in the developmentof several
studies,including: The Quarantineand Certification of Martian SamplesOrganic Envi-
ronmentsn the Solar Systenmandthe Assessmemf Mars Scienceand MissionPriorities.

JamesCowen

e Ridge2000Program — Cowenis a Steeringand Executve Committeememberof NSF's
Ridge2000program. The programis focusedon the comple linkagesbetweenlife and
planetaryprocessest mid-oceanridges. Thereare stronglinkagesbetweenRidge2000
andNASA's Astrobiologyprograms.

e LEXEn — Cowenhasbeenaninvited participantto numerouglanningworkshopsnclud-
ing thosefor LEXEn (Life in Extremeervironments)and NEPTUNE (ambitiousplan for
seafloorobsenatorybasedon fiber optic cable/instrumenthode/AJV system).

e Teacherat Sea— Cowen hasdevelopedandactively supportsa Teacherat Seaprogram
(see3.1.3).

Eric Gaidos

e Terrestrial Planet Finder — Gaidosis a memberof the TerrestrialPlanetFinderWorking
Group(2002-2006)

e Planetary Ecosystemsand BiosystemsLab — Gaidoshassetup this laboratoryandcur-
riculum atthe University of Hawaii.
http://www.soest.haaii.edu/GG/RCULTY/GAIDOS/pebl.hinl

Ralf Kaiser
e UK Astrobiology Network — The Co-I is memberof the UK Astrobiology Network and

alsoan advisorto the UK Astrobiology Forum highlighting future researchinitiativesin
astrobiology
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e Centre for Astrobiology, The Open University (UK) — The Co-I holdsan adjunctpro-
fessorshipat the Departmenbf Physicsand Astronomy Centrefor Astrobiology at The
OpenUniversity, Milton Keynes(UK). In collaboratiorwith Prof. Nigel J. Mason,oneex-
perimentis currentlybeingsetupat the synchrotroro investigatehe syntheticroutesand
destructiorratesof aminoacidsandcarbonhydratesn astrobiologicallyymportantices.

e CourseDevelopment— Kaiserdevelopeda graduatecourseat the University of Hawaii in
AstrochemistryandAstrobiology

e Textbook— CambridgdJniversityPrescommissionedaiserto write atextbookfor grad-
uatestudentsentitied“The ChemicalEvolution of the InterstellarMedium: From Astro-
chemistryto Astrobiology”.

e Graduate Program — In collaborationwith faculty memberdrom Departmenbf Chem-
istry, Departmentof Physics& Astronomy the Institute for Astronomy (IfA), andthe
Hawaii Institute of Geophysicsand Planetology(HIGP), Kaiser organizeda newv gradu-
ateprogramattheUniversityof Hawaii. Astrobiologyis akey componentf thisendeaor.

David Karl

e 1998 Lake Vostok Workshop — WashingtonDC, Karl was co-chairof this international
workshopthatledto aseriesof recommendationsn futureresearchin Antarcticsubglacial
lakes.

e Polar Reseach Board, National Reseach Council — Karl is currentlya memberof this
polarsciencesdvisoryboard.

e Meeting Planning Committee — Karl is currently co-chairof an AmericanAcademyof
Microbiology planningcommitteefor a future internationalcolloquiumwith the tentatve
title, “Marine Microbial Diversity: The Key to Earth's Habitability”

Klaus Keil

e SScAC —Keil senedon the SpaceScienceAdvisory Committee(SScAC), NASA Head-
guarters,Washington,D.C. from 1993-2000,during which time discussiongook place
regardingthe creationof the AstrobiologyProgram.

e Planetary Protection— Keil sernedon the PlanetaryProtectionTaskForce,NASA Head-
quartersjn 1999.

e Chondrule and CAl Formation —Krot, Reipurth,ScottandKeil areorganizingthisinter-
disciplinaryworkshopin October2004,in Kauaiwhich aimsatbringingmeteoriticistsand
astronomersogetherto exploreformationmechanism$or chondrulesandCAI’s.

TobiasOwen

e Astrobiology Text—Owenhaswrittenawell-usedAstrobiologytextbookwith D. Goldmith:
TheSeach for Life in the Universg (University ScienceBooks,Sausalitop73pp. (2002).
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e Astrobiology Conference— Co-Director 7** Trieste Conferenceon ChemicalEvolution
andthe Origin of Life 15-19Sep.2003.

Bo Reipurth

e |IAU Division IV —Interstellar Medium — PresidentB. Reipurth.

e Protostarsand PlanetsV Meeting, 2005— Reipurthhasspearheadeglettingthis meeting
to cometo Hawaii during Oct 24-29, 2005. Team membersReipurth, Keil and Jawitt
constitutethe Scientific Organizing Committeeof the meetingand Meechis the Local
OrganizingChair. Thiswill beahighly visible meetingwith Proceedingpublishedhrough
theUniversityof Arizonaseries.

e Outreach— Reipurthis very active in outreachhaving conductedover 150 radio broad-
casts participatedn variousTV programsandhaswritten over 30 nevspaperarticleson
popularastronomysomerelatedto Astrobiology

e NAI Affiliation — Reipurthwas an affiliate of the ColoradoAstrobiology group (1998-
2001).

Jeffrey Taylor

e Planetary ScienceReseach Discoveries— Managerandeditorof awebmagazinecalled
PlanetaryScienceResearctDiscoveries(www.psrd.havaii.edu)which translategecently
publishedarticlesto thelevel appropriatdor teachershigh schoolstudentsandthe public.

e Hawaii SpaceGrant Consortium — Taylor is the AssociateDirector for SpaceScience
for the Hawaii SpaceGrantConsortium.He hasbeeninstrumentalin helpingto develop
on-line classroonactiities which arerelatedto exobiology:.
http://www.spacgrant.havaii.edu/classacts/inde.html
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4 Facilities & Equipment

e The Mauna KeaObservatories— The 4,200meterhigh summitof MaunaKeain Hawaii
houseghe world’s largestobsenatory for optical, infrared,and submillimeterastronomy
The University of Hawaii staf have priviledgedacces®n a competitve basisto all of the
facilitieson MaunaKeawhich areshavn in the Tablebelow, thusall of our UH NAI team
memberawill have the opportunityto usethesefacilities. Throughcollaborationsvith our
local NAI team,membersf the nationalNAI will alsohave accessThe UH gets10-15%
of thetime on all of thefacilitieslisted,and100%of the time on the University of Hawaii
2.2mtelescope.

Table3: Facilitieson MaunaKea,Hawaii

Telescope Diam [m] Partners A Regime
Keck 2x10  CaltechJUSC,NASA optical,IR
Subaru 8 Japan optical,IR
Gemini 8 Internat.consortium optical,IR
UKIRT 3.8 UnitedKingdom IR

CFHT 3.6 CanadaFranceHawaii  optical,IR
IRTF 3.0 NASA IR

UH 2.2 Universityof Hawaii optical,IR
JCMT 15.0 UK, NetherlandsCanada submillimeter
CSsO 10.0 Caltech submillimeter
SMA 8x6 SmithsonianTaiwan submminterferometer

The SubmillimeterArray (SMA), is nearingcompletionon MaunaKea, andwill be op-
timized for high angulararesolutionobsenationsat A = 1.3-0.3mm,ideal for looking at
thermalcontinuumemission rotationallines of light moleculesandatomicfine structure
lines, which arisein compactregions suchasthe vicintiy of young stars,protoplanetary
disksandsolarsystembodies.Thiswill beauniquetool for astrobiology

e The Haleakala Observatories — The Faulkes Telescopes a joint project betweenthe
Faulkes TelescopeCorporationand the University of Hawaii’s Institute for Astronomy
The 2-meterfacility is underconstructionand scheduledor completionthis year When
complete,this will be the largestprofessionalgradetelescopen the world dedicatedo
educatiorandpublic outreach.

e Ultra-High Vacuum SurfaceScatteringMachine —All experimentswill becarriedoutin
anextremeultrahighvacuum(10~!' mbar)surfacescatteringnachinein which frozen,as-
trobiologicallyrelevantice sampleg10K-293K)areirradiatedwith chagedparticles(elec-
trons,protons,helium nuclei) andphotons.The analysiswill be carriedout quantitatvely
on line andin situ via Fouriertransformspectroscopin absorption-reflectiofsolid state)
andthrougha calibratedquadrupolemassspectrometef(gasphase)o determinetemper
aturedependenproductionratesof astrobiologicallyrelevant moleculessuchas sugars,
aminoacidsandphosphatesThis machinepresentshe only setupworld wide in whichan
extremeultra high vacuaandlow temperaturesanbe reachedandthe solid stateaswell
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asthe gasphasecan be monitoredsimultaneously This setupcan be operatedasa user
facility for qualifiedNAI members.

Meteorite Instrumentation — At the presentime atthe Universityof Hawaii, we have the
following equipmentvailableto ourgroupin HIGP andSOEST ThreeNikonresearclop-
tical microscopegtwo with automategbhotographyttachmentsncludingadigital camera
attachedo a computerand Swift point counter);two Nikon stereomicroscopg®newith
automatedohotographyattachments)a state-of-the-artfully automateds-spectrometer
CamecaSX-50 electronmicroprobe;a Hitachi H-600 scanningtransmissiorelectronmi-
croscopg STEM) andsamplepreparatioriaboratoriesncludingplasmaetcher carbonand
gold-palladiumcoatingdevices and ultramicrotomesa JEOL-5900 scanningelectron
microscopgSEM); a PrincetonGamma-€ch4-Plusenepy dispersve X-ray spectrome-
ter and digital imageanalysissystems poth of which are interfacedwith the STEM and
TEM; atomicabsorptiorandICP laboratoriesa fully automatedSiemensSRS303-AS-X-
ray fluorescencdacility; a fully automatedScintagPad VvV X-ray diffractometer;experi-
mental petrologyapparatusextensve computerfacilities; laboratoryfor the preparation
of polishedthin sections;photographyanddrafting facilities; and others. In situ isotopic
studiesof secondarymineralsresultedfrom aqueousactivity will be performedin collab-
orationwith Dr. K. D. McKegganat the University of California, Los Angelesusingthe
UCLA ims 1270ion microprobeandin collaborationwith Dr. I. D. Hutcheonat Lawrence
LivermoreNational Laboratoryusingthe modified Camecams-3f andNanoSIMS50 ion
microprobes.

Cryobot Access— In additionto stateof the art computationakupport,Andersonhasa
200 squarefoot laboratory two rotatingfield massspectrometer§RFMS), and accesgo

a Cryobotaspart of a sharedagreementith JPL (asheis ateammember). Oneof the
RFMSsystemss housedn acasingratedto 2000mfor deepseadeployment,andthe other
is a benchtopunit suitablefor life detectionexperiments.The Cryobotis a prototypehot
waterice drill capableof carryinginstrumentso hundredsof metersdepthin Icelandor
Antarctica,aswell asdeploymentin theocean.TheCryobotcansteer make measurements,
procesdata,andproducerealtimevideo of the subsuréceice. The datais sentthrougha
tetherto the surface.Our lab spaces suitablefor maintenancen the CryobotandRFMS,
aswell asexperimentatiorwith the RFMSinstrument.

BioLab —BSL2 — Gaidosoperatesan 825 sq. ft. comple thatincludesa BiosafetyLevel
2 cleanlaboratoryfor manipulationof environmentalsamplesand culturing organisms.
This laboratoryincludesa BSL-2 laminarflow cleanbench,PCR cabinet,compoundepi-
fluorescencenicroscopesteredfield microscopetwo (2) waterjacketedcontrolledatmo-
sphereincubators,an anaerobiacchamberwith airlock, several refrigeratorsand freezers,
centrifugesautoclae, dishwashey ultrapurewater system,and miscellaneougquipment
to treatsamplesandextract DNA. Thefacility alsoincludesa computerab work areafor
dataanalysisandmodelingwith 3 PCcomputergquippedvith theLinux operatingsystem.
In addition,hemanages 1200sq. ft. sharednoleculamiologyfacility thatincludesamul-
tiple capillary DNA sequencetlaserscanningblot readey spectrophotometecentrifuges,
completedenaturinggradientgel electrophoresi$DGGE) system,a laserflow cytometer
systemandmiscellaneougquipmenfor molecularbiology.
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¢ Kilo Moana OceanographicReseach Ship — TheR/V Kilo Moanais thelatestmember
of the University of Hawaii’'s researclhleet. Ownedby the Office of Naval Researcland
operatedy SOEST(Schoolof OcearandEarthScienceandTechnology)thetwin hull re-
searchshiphasbeencalledthebestin theU.S.academidleet. Themodernvessels thefirst
Auxiliary GeneralOceanographi®esearclshipto be constructedn a Small Waterplane
AreaTwin Hull design.This providesa comfortable stableplatformfor multi-disciplinary
marineresearch.The overall lengthof 186 feetand 88-footbeamprovide ampleexterior
deck spaceand 3,000s.f of dedicatedsciencespace. The vesselis equippedwith both
a deep-vater(SimradEM 120) anda shallov-water (SimradEM 1002) multi-beamecho
soundercapableof accuratesea-floormappingat ary oceandepth,dynamicpositioning,
anda complemenbf winches,cranesandotherhandlinggear The shiphasanendurance
of 50 daysat sea,andarangeof 10,000nauticalmilesat 11 knots. The ship missionsin-
cludewatersampling,equipmentaunch,towing, recovery, andshipboardsampleanalysis
anddataprocessingTheKilo Moanacanaccommodat81 scientistsand17 crew. Facili-
tiesincludelibrary andconferenceéoomsandhydrographiccomputersgchemistrywetand
meteorologylaboratories.

e Mid-oceanridge (magmatic/tectonic)Event Detectionand Response- MOR eruptions
are unpredictableand short-lived. Scientific exploitation of thesefundamentalbhenom-
enarequiresan extensve, well-coordinatednfrastructureinvolving essentialequipment,
extensve planningandestablishedommunicationand dedicatedoersonnel.The North-
eastPacific ED&R teamconsistsof a partnershifbetweerresearcherat NOAA- PMELs
VENTS ProgramandNSF-RIDGE200GundedUniversities.NOAAs T-PhaseMonitoring
Programis responsibldor eventdetection:ithe remotedetectionof T-Phaseseismicwaves
via the U.S. Navys SoundSuneilanceSystem. The University researchheam,led by the
University of Hawaii (NAI-HI co-PlCowen), is fundedby NSF to develop and maintain
readinesso rapidly respondo significantseaflooreruptive eventsalongthe Northeasta-
cific MOR system;they will be joinedby NOAA responseolleagues Communications
facilitatedby the RIDGE2000Program overseerby the Time-Critical StudiesCommittee
(chairedby Cowen).

e Hawaii UnderseaReseach Laboratory — The Hawaii UnderseaResearch.aboratory
(HURL) wasestablishedby theNationalOceaniandAtmosphericAdministration(NOAA)
andthe University of Hawaii. HURL's facilities include two deep-dving (2000 m) sub-
mersiblesPiscesV andPiscedlV, a remotelyoperatedvehicle RCV-150, andthe support
ship R/V Kaimikai-o-Kanaloa.lts missionis to studydeepwatermarineprocessef the
Pacific Ocean,including a researcifocus on submarinevolcanology: the geology geo-
physics,geochemistryandbiology of volcanicprocessesLoihi Volcano,on the flanksof
the island of Hawaii, is a prime site for this work, which includesmonitoring submarine
geophysicalgeologicalandgeochemicaprocessessingan OceanBottom Obsenatory.
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