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Theregionof Axial Volcano,JuandeFucaRidgeregionprovidesanexcellentopportunityto studythe
interplaybetweenactive"hot spot"and"mid � oceanridge" magmaticsystems.Importantquestionsinclude
how the two magmasystemsarefed; their magmaandheatbudgets;thedegreeof interconnectedness(or
interaction)betweenthem;their relationshipto seismicityandgeodeticstrains;the role of eachin plate�

tectonicspreadingandandcrustalformation;andtheir effecton thegeochemistry(e.g.mixing,
fractionation)of eruptedbasalts.Informationon thephysicallayoutof themagmasystemsis critical to the
studyof eachof theseissues.Thepurposeof this researchwasto investigatethesequestionsthroughthe
tomographicimagingof the regionusingseismicdatafrom anactiveseismicairgun� to� obsexperiment.The
experimentwasremarkablysuccessful,both in thesensethatvoluminoushigh� quality datawereobtained,
andin thesensethatvery clearsignialsassociatedwith magmaweredetectedin thatdata.Thekey
elementsof thenewthree� dimensionalcompressionalvelocity modelof theAxial andCoaxialmagma
systemsare(West2001;Westet al 2001;Menkeet al. 2002):

1. A Very Large Axial Magma Chamber. At a depthof 2.25to 3.5 km beneathAxial calderalies an
8 by 12 km magmachambercontaining5� 25%melt (Westet al. 2001).At depthsof 4� 5 km
beneaththeseafloor thereis evidenceof additionalmelt, in lower concentrations(a few percent)
but spreadovera largerarea(Fig 5). Residencetimesof a few hundredto a few thousandyearsare
implied (Westet al. 2001).

2. A smaller Coaxial Magma Chamber, unconnectedwith the oneat Axial. Themagmachamberis
loactedat the "SourceSite" of the1993eruption(Menkeet al., 2002).It is at least6 cubickm in
volumeandcontainsat least0.6 cubickm of melt, enoughto supplyat leastseveraleruptionsof
sizeequalto theonein 1993.

3. Severalother small low velocity zonesare possiblyoutlier magmachambersfrom Axial. Two
otherlow � velocity zonesoccurin theshallowcrustnearAxial volcano,oneabout10 km northof
thecalderaon theNorth Rift, andtheotherabout10 km southof thecalderabut displacedto the
westof theSouthRift (West2001).Theyappearunconnectedto themainAxial magmachamber
andmight possiblyrepresentsmallaccumulationsof melt left over from pastlateraldiking events.

4. Strong thickening of the crust beneathAxial volcano.Thecrustthickensfrom about6 km far
from Axial to 8 km nearAxial to 11 km beneaththesummit(West2001).
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1. Menke� W, Shallowcrustalmagmachamberbeneaththeaxial high of theCoaxialSegmentof Juan
deFucaRidgeat the "SourceSite" of the1993eruption,in pressin Geology,2001.

2. West� M, Thedeepstructureof Axial Volcano,Ph.D.Thesis,ColumbiaUniversity,2001.
3. West,M., W. Menke.M. Tolstoy,S. WebbandR. Sohn,MagmastoragebeneathAxial volcanoon

theJuandeFucamid� oceanridge,Nature25, 833� 837,2001.

Data and other products This projectcollectednewdata,which is freely availableon� line at http://www.
ldeo.columbia.edu/user/menke/AX/.Somesoftware,including the tomograhycode,thatwaswritten for the
projectis availableat http://www.ldeo.columbia.edu/user/menke/software/.
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Introduction.

Axial volcano,in theNortheastPacific, is a largeridge	 centeredseamountassociatedwith theCobb	

Eickelberghot spot.Its positionon theactively	 spreadingJuandeFucaridge(JdF,60 mm/yr full spreading
rate),its proximity to westernNorth America,its shallow(1600m) summitdepth,its prominent3x8 km
wide caldera(figure 1A), its high heatflow andits vigoroushydrothermalactivity haveled to its beingthe
focusof numerousresearchefforts (e.g.thespecialsectionsin theJournalof GeophysicalResearch(vol.
95, 1990),GeophysicalResearchLetters(vol. 22, 1995andvol. 26, 1999).Two recentvolcaniceruptions
in thearea(describedbelow)attestto thevigorousmagmaticactivity of Axial andthenearbyCoaxial
segmentof theJuandeFucaridge.

In 1993a largeseafloor volcaniceruptionoccurredalongtheCoaxialsegmentof theJdF,immediatelyto
thenortheastof Axial Volcano.This eruptionwasdetectedduring its earlystagesby hydroacoustic
observations(Dziak et al., 1995),andsubsequentlystudiedintensively(e.g.specialsectionin January15,
1995issueof Geophys.Res.Lett.). Theeruptionappearsto havebeencausedby the lateralpropagationof
a dike from themagmachamberof on thesouthernpartof Coaxialsegmentto a site25 km to thenortheast
(Dziak et al., 1995).Thesequenceof eventsseemsto besimilar to the1974
 1985rifting episodein
northernIceland,which involved thelateralpropagationof dikesawayfrom Krafla Volcano(Brandsdottir
andEinarsson,1979).TheIcelandrifting episodeled to about9 metersof spreadingof theNorth American

� Eurasianplateboundary.Theamountof spreadingassociatedwith theCoaxialeruptionis not known.

In 1998a seconderuptionoccurredin which a dike propagatedfrom neartheAxial calderato a point about
50 km to thesouth(Dziak andFox 1999).Thepropagationof this dike wasalsomonitoredby
hydroacousticmeans(Dziak andFox 1999).This eruptioncaused3 m of subsidenceof theAxial caldera
floor (Fox 1999).Geologicalmappingof lava flows alongCoaxialandtheir chemistry,which is distinct
from Axial basalts,havebeenusedto arguethat thesourcesof theAxial andCoaxiallavasaredistinct
(Embleyet al. 2000).

This regionthusprovidesanexcellentopportunityto studythe interplaybetweenactive"hot spot"and
"mid � oceanridge" magmaticsystems.Importantquestionsincludehow the two magmasystemsarefed;
their magmaandheatbudgets;thedegreeof interconnectedness(or interaction)betweenthem;their
relationshipto seismicityandgeodeticstrains;their role of eachin plate
 tectonicspreadingandandcrustal
formation;andtheir effecton thegeochemistry(e.g.mixing, fractionation)of eruptedbasalts.Information
on thephysicallayoutof themagmasystemsis critical to thestudyof eachof theseissues.Sucha model,
basedon tomographicimagingusingseismicdatafrom anactiveseismicairgun� to� OBSexperimentthat
we performedin 1999,is now available.Thekey elementsof this three� dimensionalcompressionalvelocity
modelof theAxial andCoaxialmagmasystemsare(West,2001;Westet al. 2001,Menkeet al. 2002):

1. A Very Large Axial Magma Chamber (figure 1B). At a depthof 2.25to 3.5 km beneathAxial
calderalies an8 by 12 km regionof very low seismicvelocities(figure 1C,D) thatcanonly be
explainedby thepresenceof magma(West2001;Westet al. 2001).In thecenterof this magma
chamberthecrustis at least10� 20%melt. At depthsof 4� 5 km beneaththeseafloor thereis
evidenceof additionalmelt, in lower concentrations(a few percent)but spreadovera largerarea.
Thetotal volumeof themagmachamberis about200cubickm, of which 5� 26 cubickm is melt.
This largevolumeof magma,comparedwith thateruptedin 1998,imply residencetimesof a few
hundredto a few thousandyears(Westet al. 2001).

2. A smaller Coaxial Magma Chamber, unconnectedwith the oneat Axial. Themagmachamberis
loactedat the "SourceSite" of the1993eruption(Menkeet al., 2001).It is at least6 cubickm in
volumeandcontainsat least0.6 cubickm of melt, enoughto supplyat leastseveraleruptionsof
sizeequalto theonein 1993.No mid� crustalconnectionof this magmachamberwith themagma
chamberof nearbyAxial volcanois evident,confirmingpreviousgeochemicalandgeological
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studiesthatarguedagainstmixing betweenthetwo. The lack of connectivityimplies thatmagma
transportthoughtheuppermostmantleandlower crustarevery highly focusedinto narrow(<5� 10
km) conduits.

3. Severalother small low velocity zonesare possiblyoutlier magmachambersfrom Axial. Two
otherlow � velocity zonesoccurin theshallowcrustnearAxial volcano,oneabout10 km northof
thecalderaon theNorth Rift, andtheotherabout10 km southof thecalderabut displacedto the
westof theSouthRift (West2001)(figure 2B). Theyappearunconnectedto themainAxial magma
chamberandmight possiblyrepresentsmallaccumulationsof melt left over from pastlateraldiking
events.

4. Strong thickening of the crust beneathAxial volcano.Thecrustthickensfrom about6 km far
from Axial to 8 km nearAxial to 11 km beneaththesummit(West2001).The long� wavelength6� 8
km thickeningis consistentwith predictionsbasedon gravity data(Hooft & Detrick 1995).The
shorterwavelength8� 11 km thickening,which createsa threekm thick crustalroot beneaththe
volcano,is not predictedto haveanobservablegravity signature.A sharp,normalMoho boundary
is detectedat thebaseof thecrust(includingat thebaseof the root).

ProposedResearch

At present,the integrationthis newunderstandingof themagmaticstructureof Axial volcanowith other
geophysicaldatahasbeenlargelyqualitative,which is ironic giventhat theyprovidea very quantitative
anddetaileddescriptionof thesubsurface.I thereforeproposeto developa hierarchyof quantitativemodels
of the regionthatmakequantitativepredictionsaboutthestateof stressthatcanbecomparedwith
seismicityandgeodeticdata.Thereleaseof pressurewithin a magmachamberduring aneruptioncauses
changesin thestateof stresswithin thesurroundingrock (andhencepossibility to a changein seismicity),
geodeticdisplacmentsof theoceanfloor (e.g.subsidenceandtilt), andchangesin thepressurein
neighboring,unconnectedmagmaticsystems.Thesemodelswill bothpredicttheseeffectsandassesshow
theuncertaintyin theunderlyingtomograhicmodeleffectsthesepredictions.I expectthat thevery large
lateralgradientsin materialpropertieswill havea major effecton thestressfield, andwill give rise to
phenomenonthatwould not beaccuratelymodeledwith thesimplehomogeneoushalfspacemodelsthatare
sometimesusedin connectionwith volcanos.

A three� dimensionalmodelof a volcanicsystem,especiallyonebasedon a tomographicinversion
containingthousandsof parameters,could in principlebevery complicated.We cannaturallyask,first
which featuresin themodelarecritical for predictinga givenphenomenon,andsecondwhetherthese
predictionaresensitiveto errorsthatarisebecauseof noiseor poor resolutionin thetomography.

We will addressthe first issue– theeffectof modelcomplexity � by developinga hierarchyof modelsthat
incorporatehavedifferentdegreesof complexity.

Phase0. One� dimensionalmodelsbasedon a homogeneoushalfspaceapproximationwith very simplified
point andplanarpressuresourcesrepresentingthemagmachamberandridgesegments,respectively(Mogi
1958). Thesearethe “control” modelsto which morecomplicatedmodelscanbecompared.Several
featuresof theAxial tomographicmodelsuggestthat this controlmodelwill proveinadequate,especiallyin
explaining“near field” observations.In particular,theshapeof themagmachamberis quitecomplicated.
It hasa mid crustalextensionto thesouthwest(Fig 2C), a wide deep� crustalbase(Fig 2D, Fig 5) anda
shallowring dike structure(Fig. 1B).

Phase1. A quasi� static3D elasticmodelusingthecavity assumption.Herethecrustis modeledasa
heterogenouselasticsolid containingirregularly� shapedcompressiblefluid � filled cavitieswhoseshapeis
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inferredfrom the tomographicmodel.Both magmachambersanddikescanbemodeledwith suchcavities.
Plate� tectonicextensionalstresscanalsobeimposedover thewhole regionasa boundarycondition.The
key limitation of this modelis that it doesnot allow stress� relaxationdueto the finite viscosityof both the
hot crustalmaterialandof themagmaitself.

Consequentally,this modelonly canbeapplicableto time scalesthatareshortcomparedto the relaxation
time of thecrustasa whole (decadesto centuries)but long comparedto theviscousrelaxationtime of the
magma(minutesto hours).It will thusbeusefulfor examiningprocessesthatoccur,say,in thedaysto
yearsfollowing anderuption,a time periodfor which manyobservationsareavailable(discussedfurther
below).

We will usethe inexpensive,commercially� availableBeasy analysiscode(seehttp://www.beasy.com)for
thesePhase1 stresscalculations.Beasyis basedon a boundary� elementmethod.Theearthis dividedinto
manysmall regionsdelimitedby surfacescomposedof triangular(or quadilateral)faces.Eachregionmust
behomogenous,but adjacentregionscanhavearbitrarily properties.Thesesurfacescanbeshapedto match
seafloor bathymetry,thedepthsto elasticmoduli interfaces(inferedfrom isovelocitysurfaceswith the
tomograhicmodel)andthesurfaceof themagmachambers.Stressanddisplcaementcanbecalculatedboth
on thesurfaceitself andat selectedpointsin the interior of the regions.This codehasprovenreliablefor a
varietyof stressanalysesin a geophysicalcontext(e.g.tenBrink et al. 1996(seeour figure 3),
Gudmundssonet al. 1997). Its statusasa “well � tested”codewill alsobe importantin thecontextof the
erroranalysisdiscussedbelow.

We havesomeexperiencewith Beasyat LDEO datingfrom themid andlate1990's,whenseveralof our
students(e.g.D. Bohensteil)usedit for crustalstressmodeling.However,we will be requestingfundsfor
renewingour softwarelicense,which expiredin 2001.

Phase2: Viscoelasticmodeling. Magmaticevents,suchasdike emplacement,causeanimmediateelastic
responsein thestressfield followed by a slowerchangeasviscousrelaxationtakesplacein regions(such
asthe lower crust)thatarehot enoughto creep.This effecthasbeenobservedin Iceland,wherecreepis
still goingon decadesafter theKrafla rifting episodeof 1976� 84. Modelingof the Icelandmeasurements
havebeenusedto determinetheviscousstructureof thecrustthere(Pollitz andSacks'1996,Foulgerat al.
1996).

We will useJishuDeng'sFEVER(Fine Elementcodefor Visco ElasticRheology)softwarefor the
viscoelasticmodeling.This codehasbeenusedsuccessfullyto modelstressesin southernCalifornia (e.g.
Denget al., GRL 26, 3209 3212,1999). Dr. Denghasgraciouslyprovidedus full accessto thecode,and
hasagreedto informally collaboratewith us in its use. Thecodeusesa Maxwell solid representationof
rheology,andsolvesfor stresseson an irregularfinite ! elementgrid.

Thereasonfor employingbothelasticandviscoelasticmodelsis thatwhile the laterbettercapturesthe
overallphysicsof thedeformationprocess,it is alsorequiresknowledgeof viscosity,a ratherpoorly
determinedproperty. Comparisonsbetweenthemodelswill helpus to identify conditionswhich require
themorecomplicatedanalysis. Furthermore,someof theerrorsensitivityanalysisthatwe will perform
requirenumerousrunsof themodelingcode. As quasi" staticcalculationsaremuchfasterthanviscoelastic
ones,thereis a practicaladvantageof beingableto makeuseof themwheneverpossible.

Analysis of Error. Our goal is to beableto makequantitativegeophysicalpredictionsandto have
someway of assessingtheir uncertainty.Threetypeof errorareimportant:1. Errorsintroducedfrom
scaling from compressionalvelocity – theparameterderivedfrom the tomographicmodel– andtheelastic
moduli andviscosityusedin themodeling;2. Errorsassociatedwith the reparameterizationof the three
dimesionalmodelfrom the linear tetrahedralsplinesrepresentationusedin thetomographyto different
parameterizationsusedby thestress# analysiscode3. Errorsassociatedwith errorsin thetomography,
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which includeshort% wavelengthnoiseresultingfrom over% fitting theunderlyingtraveltimedataandfrom
thelimited resolution of theexperiment.We briefly describetherole of each:

Scalingerrors. In orderto scalecompressionalvelocity into elasticmoduli, oneneedsestimatesof the
densityandPoisson'sratio (or alternatively,theshearvelocity). Datafor thesubsoliduspartof thecrust,
which constitutesby far the largestpartof theAxial model,is pretty good.Densityscaleswell with
compressionalvelocity. Hooft andDetrick (1993),for instance,successfullyemploya simplelinear
relationship.Empirical studiesin Iceland– which is similar in genesisto Axial volcano & indicate
considerableuniformity of Poissonratio, with a valueof about0.27(Stapleset al. 1997),evenquitedeepin
thecrustandcloseto volcanicsystems.Datafor fully liquid basaltmeltsarealsoavailable(e.g.see
Decker's 1975bibliography).Their densityis well & determinedand,beingliquids, theysupportno shear
stresses.Physicalproperties(especiallythePoissonratio) at near' solidustemperatures,whereshearwave
velocitiesbeginto fall, arelesspreciselyknown. Heretheeffectof temperatureandmelt fractionarevery
important.While thevariationof Poisson'sration (or shearvelocity) with temperatureandmelt studyhas
receivedconsiderableattention(e.g.Satoet al. 1988,Faulet al. 1994),its functionalrelationshipstill has
considerableuncertainty.Hencewe believethat thegreatesterror in scalingarelikely to beassociatedwith
themodelingof thenear( moltenandpartially( moltenmaterialnearandwithin themagmachambers.

Estimatesof viscosityarenecessaryfor theviscoelasticmodeling. Numerousstudiesof theviscosityof
magmaareavailable(e.g.Wright et al. 1976).Our knowlegdeof theviscositystructureof subsolidus
basalticcrustcomesfrom bothgeodeticobservations(e.g.Pollitz andSacks'1996.work in Iceland)and
throughlaboratorymeasurementsof rheologicparameters.Kirby's (1987)nonlinearstress) strainlaw has
formedthebasisfor numerousnumericalmodelsof crustaldeformation,includingat mid* oceanridges(e.g.
Chen& Morgan,1990,ChenandPhippsMorgan,1996). Oneextractsaneffectiveviscosityfrom it by
stipulatinga strainrateanda temperature.Of thetwo, temperatureis by far themostproblematical,since
thereareno directmeasurementsof the thermalstructureof thecrustat Axial. Someinformationaboutthe
temperaturestructurecanbegainedthroughthermalmodeling(e.g.Henstocket al. 1991,PhippsMorgan
andChen1993,CochranandBuck, 2001).Westet al. (2001) assemblea thermalmodelfor Axial using
thesurfaceof themagmachamberasa proxy for solidusisothermalsurfacewith the temperureelsewhere
constrainedby Henstocket al.'s(1991)model. This methodprovidesa reasonableextimateof thespatical
variationof temperature,but onewith considerableuncertainties.

Parameterization errors. ThetomographicimagingwasperformedusingMenke's(2002)raytrace3d
code.Thecompressionalvelocity is representedon a tetrahedralgrid, anda linear function is usedto
interpolatewithin eachtetrahedron.Although tetrahedralgridscanin generalbequite“disorganized”,this
onewasnot. Thenodeswerearrangedon a seriesof fairly smoothly+ curvedsurfacesthatparalleledthe
overallbathymetryof the region.Thesurfacesarenot isovelocity,but far from themagmachambersthey
arenearlyso. Successivedepthsurfaceshadnodesat thesamehorizontalpositions,so that theyalso
formedsix, facedpolyhedra. This regularitysimplifies the regriddingprocess.Thekey issueis not the
arrangementof nodes,but ratherthe typeof interpolationusedbetween.Both theBeasyandFEVERcodes
canhandlethetomography'spatternof nodes,but theyuseddifferent interpolationschemes.Beasy
requireseachpolyhedronto behomogeneous.FEVER'sis a polynomialrepresentation.Thussomesortof
regriddingis necessaryto makethedifferent representationsassimilar aspossibleandin particularto
preservespatialgradientsin physicalparameters.

ThePhase1 elasticmodelngrequiresanadditionalchoiceassociatedwith thecavity model. What is in
reality a continously- varyingrheologywith stiff/cold andsoft/hotregionsmustberecastinto distinctelastic
andinvicid fluid parts.

Tomography Errors. All attemptsat geophysicalinversion,including theAxial tomography,suffer
from thewell . knowntradingoff of varianceandresolution. All attemptsto improveresolution,soasto be
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ableto detectsmall featureswithin theearth,inevitably increasethevarianceof the results. In seismic
tomography,this usuallytranslatesinto small. wavelength“chatter” in thevelocity imagesthat is relatedto
“overfitting” the traveltimedata. Similarly, all attemptsto reducethe level of noiseinevitablydecreasethe
resolutionof the image. Furthermore,theresolutionis typically quitevariablespatially,beingpoor in parts
of themodel(e.g.thebottom)thatareundersampledby seismicrays.

However,not all velocity errorswill effect theelasticmodelingequally. Mid crustalvelicity variationof a
few percent– oftentheobjectof interestto tomographers– will not causemorethanan insignificant few
percenterrorof error in thecalculatedstresses.It is the tomography'sability to definethemajorelasticand
viscoelasticfeaturesthat is at issue.Theseincludethebottomof theuppercrust,thesurfaceof themagma
chambersandthedepthat which viscosityrapidly decreases.Our feeling is that the long0 wavelength(<5
km) variationsin thicknessof theuppercrustis well 0 determinedby thetomography,at leastin thecentral
regionof themodel,nearthemagmachambers.Someof theshorterwavelengthvariationis probably
noise.We will needto assessits effecton thesurfacestressfield. Our feeling is alsothat the locationof
theedgesof themid1 crustalpart of themagmachambersarewell determined,sincetheyaredefinedby
sharpjumpsin the traveltimecurve. The thicknessof the transitionzonefrom fully solid to fully molten,
however,is probablypoorly determined.Westet al. (2001)derivedanestimateof Axial melt fraction(Fig
2D) usinga combinationof thermalmodelsandtomography,following a methodologysimilar to theone
usedby Dunnet al. (2000)andCanaleset al. (2000). Theyfind relatively low melt fractions(< 5%) in the
outerpartof themagmachamber,which imply that theseregionsmaybeableto supportshearstresses.

Errorsin the tomographyof thevelocity structureof the interior of themagmachambersanderrorsin the
scalingbetweenvelocity andelasticandviscouspropertiesareconceptuallydistinct. But in practicethey
areinterchangeable,sincetheyoccurin thesamespatiallocation. Theycanbe lumpedinto thestatement
that thestructureof the interior of themagmachambersis very uncertain. Theerroranalysisneedsbroadly
to addresstheeffectof this uncertaintyon predictionsof stresses.

As notedabove,tomographyhasvery little input on thedepthdependenceof viscosity,exceptto identify
regionsthatarepartially moltenandthuspresumablyvery invicid. Inferencesabouttheviscositystructure
arethereforederivedmainly from thermalmodeling(which hasits own errors).

AssessingError. Our approachis to first identify a seriesof 'geophysicalobservables'andthento
estimatetheir errorby Monte2 Carlosimulation. Geophysicalobservableswould includethestress,Columb
failure function(DengandSykes,1997),verticaluplift, horizontalextension,etc.at placeswhereseismic
and/orgeodeticmeasurementsareavailable(or likely to bemadein thenearfuture). By Monte2 Carlo
simulation,we meanthatwe would run throughthecompletesequenceof tomographicinversion,scaling,
reparameterizationandelastic(or viscoelastic)calculationmultiple times,in sucha way to assesstheeffect
of thevarioustypesof uncertaintieson theobservables(i.e. build histogramsof probabllerangesof values).
At first glancethis might seema ratherbrute3 force technique(andI supposeit is), but on theotherhand
thereis considerableeqperiencein theEarthquakeHazardcommunity(with which I havesomecontact)for
usingexactlythis techniqueto assessuncertaintiesin hazardprobabilities(e.g.Field andJacob,1993). We
briefly describeeachrelevantstep.

Tomography. We planto usethe raytrace3dcodeto re4 invert theWest(2001)traveltimedatafor a
varietyof differentpointson the trade4 off curveof resolutionandvariance. As this choiceis controlledby
just oneor two parameters,andsincea eachinversiontakesbut a few hourson a fastworkstation,we can
easilypreparea suiteof O(100)models.

Scaling.We will conducta literaturesurveyto assesstheamountof variationin scalinglaws. Viscosity
is likely to be theparameterwith the largestuncertainty,asit is largelydependentuponassumptionsabout
thethermalstructureof the region. We plan to usesomesimple25 d thermalmodelsto makeestimatesof
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theprobablerangeof variability of crustaltemperature.

Parameterization. We will first performsomeinitial testsusingtheBeasycodeto quantiftywhat
magnitudeandwavelengthof parameterizationerrorsarelikely to havea significanteffecton predictions
of thegeophysicalobservables.We will thedeveloponeor moreautomatedregriddingstrategiesthat take
thescaledtomographicmodelandproducean input modelfile compatiblewith Beasy'srequirementthat
modelelementsbehomogrenous.Onereasonablestrategyis a three7 dimensionalanalogof replacinga
lineargradientwith a seriesof piecewideconstantfunctions(or “steps”):we would first determine
isovelocitysurfaceswithin thetomographicmodel,andthenchooseelementswhosesurfacescoincidewith
them.We would thengenerateseveralparameterizationswith differentstepssizes. We needto pay
particularattentionto uncertaintiesintroducedby thedescriptionof themagmachambers.We plan to
assessthedifferencesbetweenseveral“end8 membermodels”,includingmagmachamberswith a sharp
solid/fluid boundary,with transitionzonesof variousthicknessandwith finite shearmodulusthroughout.

Reparameterizationfor theFEVERcodeis believedto be lessof a problem,sincetheunderlying
interpolationschemeis morecompatiblewith raytrace3d's.

Modeling of GeophysicalPhenomenon

Seismicity.We will examinehow thedeflationof oneof themagmachambersbringsregionsof the
surroundingrock closerto (or fartherfrom) brittle failure (asmight bequantifiedby a Columbfailure
criterion).Becauseof the irregularshapeof themagmachamber,we expectthestresspatternto
significantlydepartfrom the idealaxial9 symmetriccase.We will comparethesepredictionswith the
observedpatternof seismicityfollowing the1993and1998eruptions(which werewell : monitored,bothby
hyroacousticmeans(Dziak et al. 1995,Dziaket al. 1999;Dziak & Fox 1999)andby temporaryOBS
deployments(Sohnet al. 1999).Thesesesimicitypatternshaveseveralunusualfeatures.For instance,in
theyearfollowing the1998eruption,anareaabout5; 10 km eastof theAxial calderawasunusually
seismicallyactive(Sohnet al. 1999)(figure 4A). While this regionis well eastof theactualeruption,our
modelshowsit to beunderlainby a deepextensionof theAxial magmachamber.Thusdeflationof the
magmachambercouldpossiblyleadto loadingof this region.

Tidal Loading. Examinehow oceantidal loadingeffectsstressesabovemagmachamber.MayaTolstoy,
at the1999RIDGE workshopin Seattle,presenteddatathatdemonstratedthat the rateof occurrenceof
bothsmall,shallowearthquakesandharmonictremorbeneaththeAxial calderais modulatedby theocean
tidal cycle.Theharmonictremorhasa semidiurnalperiod,andis probablyhydrothermal(watermoving
throughcracks),ascontrastedto magmaticin nature.The rateof seismictyis highestat the timesof lowest
oceantides.Theunderlyingreasonfor this modulationis not fully understood.It mayberelatedto the
decreasein confiningpressurewhentheweightof thewateris decreased.The largedifferencein the
complianceof themagmachamberandthesurroundingrock mayconcentratestressaroundtheedgesof
thecaldera.Flucuationsin porepressureandin thepermeabilityof theuppermostcrust(throughchangesin
normalstressacrossjoint surfaces)mayalsoplay a role. Tolstoyet al. (1998)alsopresentedevidencefrom
oceanbottomtiltmetersthat theoverallmagnitudeof thedeformationassociatedwith tidesis muchlarger,
by a factorof 4, thanwhatwould beexpectedfrom a halfspacemodel(figure 4C), suggestingthat thevery
compressiblematerialin themagmachambermight beamplifying the tidal signal.We will modelthis
"flexure" of themagmachamberlid andquantitativelyassesswhetherit canexplainthesediverse
phenomena.

Subsidenceand Tilting. We will examinehow thedeflationof oneof themagmachambersand
diking leadsto subsidence,tilting anddisplacementof theseafloor. Two importantusesof geodetic
measurementsareto determinethenetvolumelossafteraneruption(i.e. estimatetheeruption'ssize)and
to measureanywideningof the rift zonesthatmayhaveoccurred(i.e. estimateplate< tectonicspreading).
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We will addressthreeissues:First, we will first assesswhetherthe3D modelprovidessignificant
improvementover thesimple"point sourcein a homogenoushalfspace"modelsthathavebeenapplied
elsewhere(e.g.Linde et al. 1993).Thevery significantcomplexityin theAxial regionsuggeststo us that it
will. Second,we will examinethecurrentlyavailabletilt (Andersonet al. 1995;Tolstoyet al. 1998),
subsidencedata(Fox 1990;Fox 1993;Fox 1999)andextension(Chadwicket al. 1999)dataareconsistent
with themodel.The tilt dataarefairly limited in scope,with tilt beinglimited to 9> weeksdatafrom an
arrayof 5 seafloor instrumentsoperatedduring 1994(a volcanicallyquiescentperiodduringwhich tides
werethemajor signal).Thesubsidencedata,measuredusingpressuresensorsdeployedaroundthecaldera,
aremorevoluminousandincludethevery interestingcalderasubsidencethatoccurredduring the1998
eruption.Theextensometerdata(figure 4B) includesa very interestingshorteningof thenorth rift of Axial
during the1998eruption.This is a regionthatdoesnot containlargeaccumulationsof magma,so the
shorteningprobablyrepresentsanelasticresponseto thedeflationof theneighboringAxial magma
chamberduring theeruption.Chadwichet al. 1999arguethatboth theextensionandthesubsidencecanbe
explainedby a Mogi ? typemodel. However,theymustplacetheMogi pressuresourceat a depthof 3.8
km, at least0.7 km shallowerthancenterof themagmachamber,asdeterminedby the tomography(> 4.5
km, seeFig 5). This discrepancyillustratestheneedto reconcilethewhole rangeof Axial measurements
(including the tomography)in thecontextof a singlemodel.

Interactions betweenmagmachambers.ExaminewhetherstressinteractionbetweentheAxial and
Coaxialmagmaticsystemscanplausiblyeffect the timing of their eruptions.TheCoaxialmagmachamber
is about15 km from oneat Axial, andonly about8 km from theaxisof theAxial Volcano'sNorth Rift
Zone.Onemight expectsomedegreeof interactionbetweenthe two. Unfortunately,thehistoricalrecordof
eruptionsis not long enoughto defineanysortof eruptionrecurrencetime, andso to interpretthe7 year
intervalbetweenthe1993Coaxialand1998Axial eruptions.On theotherhand,thesouthwardpropagation
of the1998dike is consistentwith the1993dike havingdecreasedtensionalstressesalongtheNorth Rift
Zone,thushavingmadenorthwarddiking lesslikely. Our long@ termgoalhereis to developmethodology
thatwill allow thestateof stressof thevolcanoto betrackedover thecourseof manyeruptioncycles,and
beusedto assessthe likelihood of futureeruptionsin variouspartsof thevolcanicsystem.Suchtrackingof
stressA evolutionhasprovedpossiblein southernCalifornia(Deng& Sykes,1997)andTurkey(Parsonset
al. 2000)

BenefitsOf The ProposedResearch

This researchseeksto build uponthedetailedstructuralinformationof thevolcanicsystemprovidedby a
3D tomographiccompressionalvelocity modelby usingthemodelto predictgeodeticstressesand
displacements.Thestudyregion,Axial volcanoandits immediatevicinity, is onethathasattractedintense
interestover theyears,andwhich showsprospectsof continuingobservation(e.g.theNeptuneprojectfor a
permanentfiberB optic telemeteredobservatory,http://www.neptune.washington.edu/).Many different types
of geophysicaldataareavailablenow, with featuresthatcannotbeexplainedby modelsthat ignorethe
stronglateralgradientsin materialpropertiesrelatedto thepresenceof magmaat shallowdepths.
Furthermore,moredataarelikely to becomeavailablein the future.This projecttakesan initial step
towardsbuilding an integratedmodelof thevolcano,onethathastheprospectof allowing a wide variety
of datato bemodeled;oneconsistentwith the longC termgoalof trackingtheevolutionof thevolcanoover
its nextseveraleruptivecycles.

ManagementPlan

I (Menke)will be responsiblefor thetimely completionof theproject.I, assistedby a GRA, will perform
theresearch.

I amarguablymostwell D knownfor my work in tomographyandseismicimaging. As this currentproposal
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alsoreliesheavilyuponelasticandviscoelasticmodeling,I would like to briefly mentionthat I have
considerableexperiencein thatareaaswell, thoughlessthanin tomographyandassociatedwith fewer
publications. My mostrecentwork is my paper,with DaveSparkson crustalaccretionin Iceland(Menke
andSparks,1995),which describesa viscousflow / melt extractionmodel. Thecalculationswere,of
course,performedusingSpark'sconvectioncode,but I wasvery involvedin them. My textbook,
GeophysicalTheory,with DallasAbbott (MenkeandAbbott, 1989)containschapterson staticstress
analysisandviscousdeformation,which I wrote. And finally, backin theheydayof plateF bending
modeling,I did somework on thin plateflexure (Menke,1981).

Timetable

This researchis expectedto takeoneyear.

Disseminationof Results

I will maintainarchivesof dataandpreliminaryresultson myl website (asI now do for previousstudies,
seehttp://www.ldeo.columbia.edu/user/menke).I will makethe final RAYTRACE3D, BEASY andFEVER
modelsfreely available,so thatotherscanusethem.I will presentresultsat scientificnationalmeetings,
suchastheFall AGU, andmakea bestG faith effort to publishthemrapidly in peerG reviewedjournals.
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