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Theregionof Axial Volcano,Juande FucaRidgeregionprovidesan excellentopportunityto studythe
interplaybetweenactive "hot spot” and"mid-oceanridge” magmaticsystemsimportantquestionsnclude
how the two magmasystemsarefed; their magmaandheatbudgetsthe degreeof interconnectednegsr
interaction)betweerthem;their relationshipto seismicityandgeodeticstrains;the role of eachin plate
tectonicspreadingandandcrustalformation; andtheir effect on the geochemistry(e.g.mixing,
fractionation)of eruptedbasaltsinformationon the physicallayout of the magmasystemss critical to the
studyof eachof theseissues.The purposeof this researctwasto investigatethesequestionghroughthe
tomographiamagingof the regionusingseismicdatafrom an active seismicairgunrto-obsexperimentThe
experimentwasremarkablysuccessfulbothin the sensehatvoluminoushigh-quality datawere obtained,
andin the sensehatvery clearsignialsassociatedvith magmaweredetectedn thatdata.The key
elementof the newthreedimensionakcompressionalelocity modelof the Axial and Coaxialmagma
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
beneaththe seafloor thereis evidenceof additionalmelt, in lower concentrationga few percent)
but spreadover alargerarea(Fig 5). Residencdimesof afew hundredto a few thousandyearsare
implied (Westet al. 2001).

2. A smaller Coaxial Magma Chamber, unconnectedwith the one at Axial. The magmachambelis
loactedat the "SourceSite" of the 1993 eruption(Menkeet al., 2002).1t is at least6 cubickm in
volumeand containsat least0.6 cubic km of melt, enoughto supplyat leastseveraleruptionsof
sizeequalto theonein 1993.

3. Severalother small low velocity zonesare possibly outlier magmachambersfrom Axial. Two
otherlow-velocity zonesoccurin the shallowcrustnearAxial volcano,oneabout10 km north of
the calderaon the North Rift, andthe otherabout10 km southof the calderabut displacedo the
westof the SouthRift (West2001).Theyappeamunconnectedo the main Axial magmachamber
andmight possiblyrepresensmallaccumulation®f melt left over from pastlateraldiking events.

4. Strong thickening of the crust beneathAxial volcano.The crustthickensfrom about6 km far
from Axial to 8 km nearAxial to 11 km beneathithe summit(West2001).
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Data and other products This projectcollectednew data,which is freely availableon-line at http://www.
Ideo.columbia.edu/user/menke/AX3omesoftware including the tomograhycode,that waswritten for the
projectis availableat http://www.ldeo.columbia.edu/user/menke/software/.



Introduction.

Axial volcano,in the NortheastPacific,is a largeridge-centeredseamounassociatedavith the Cobb-
Eickelberghot spot.Its positionon the actively-spreadingluande Fucaridge (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 vigoroushydrothermalhctivity haveledto its beingthe
focusof numerougesearchefforts (e.g.the specialsectionsn the Journalof GeophysicaResearcl{vol.

95, 1990),GeophysicaResearch.etters(vol. 22, 1995andvol. 26, 1999).Two recentvolcaniceruptions
in the area(describedelow) attestto the vigorousmagmaticactivity of Axial andthe nearbyCoaxial
segmenof the Juande Fucaridge.

In 1993alargeseafloor volcaniceruptionoccurredalongthe Coaxialsegmenof the JdF,immediatelyto
the northeasof Axial Volcano.This eruptionwasdetectedduringits early stagesy hydroacoustic
observationgDziak et al., 1995),and subsequentlgtudiedintensively(e.g.specialsectionin Januaryl5,
1995issueof GeophysRes.Lett.). The eruptionappeardo havebeencausedy the lateralpropagatiorof

a dike from the magmachamberof on the southerrpart of Coaxialsegmento a site 25 km to the northeast
(Dziak etal., 1995). The sequenc®f eventsseemdo be similar to the 19741985rifting episoden
northerniceland,which involved the lateralpropagatiorof dikesawayfrom Krafla Volcano(Brandsdottir
andEinarsson1979).TheIcelandrifting episodded to about9 metersof spreadingf the North American
- Eurasiamplate boundary.The amountof spreadingassociatedvith the Coaxialeruptionis not known.

In 1998a seconderuptionoccurredin which a dike propagatedrom nearthe Axial calderato a point about
50 km to the south(Dziak andFox 1999). The propagatiorof this dike wasalsomonitoredby
hydroacoustieneangDziak andFox 1999). This eruptioncaused3 m of subsidencef the Axial caldera
floor (Fox 1999).Geologicalmappingof lavaflows along Coaxialandtheir chemistry,which is distinct
from Axial basaltshavebeenusedto arguethatthe sourcesf the Axial andCoaxiallavasaredistinct
(Embleyet al. 2000).

This regionthusprovidesan excellentopportunityto studythe interplay betweeractive"hot spot"and
"mid-oceanridge" magmaticsystemslmportantquestionsnclude how the two magmasystemsarefed;
their magmaandheatbudgetsthe degreeof interconnectednegsr interaction)betweenthem;their
relationshipto seismicityandgeodeticstrains;their role of eachin platetectonicspreadingandandcrustal
formation;andtheir effecton the geochemistry{e.g. mixing, fractionation)of eruptedbasaltsinformation
on the physicallayout of the magmasystemsds critical to the studyof eachof theseissuesSucha model,
basedon tomographiamagingusingseismicdatafrom an active seismicairgurrto-OBS experimenthat
we performedin 1999,is now available.The key elementsof this threedimensionakcompressionaelocity
modelof the Axial and Coaxialmagmasystemsare (West,2001;Westetal. 2001,Menkeetal. 2002):

1. A Very Large Axial Magma Chamber (figure 1B). At a depthof 2.25to 3.5 km beneathAxial
calderalies an 8 by 12 km regionof very low seismicvelocities(figure 1C,D) thatcanonly be
explainedby the presencef magma(West2001; Westet al. 2001).In the centerof this magma
chambeithe crustis at least10-20% melt. At depthsof 4-5 km beneatithe seafloor thereis
evidenceof additionalmelt, in lower concentrationga few percent)out spreadover alargerarea.
Thetotal volumeof the magmachambeiis about200 cubic km, of which 5-26 cubic km is melt.
This largevolumeof magmacomparedwith thateruptedin 1998,imply residencdimesof a few
hundredto a few thousandyears(Westet al. 2001).

2. A smaller Coaxial Magma Chamber, unconnectedwith the one at Axial. The magmachambelis
loactedat the "SourceSite" of the 1993 eruption(Menkeet al., 2001).1t is at least6 cubickm in
volumeandcontainsat least0.6 cubic km of melt, enoughto supplyat leastseveraleruptionsof
sizeequalto theonein 1993.No mid-crustalconnectionof this magmachambemwith the magma
chamberof nearbyAxial volcanois evident,confirming previousgeochemicaandgeological
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studiesthatarguedagainstmixing betweenthe two. Thelack of connectivityimplies thatmagma
transportthoughthe uppermostmantleandlower crustarevery highly focusedinto narrow(<5-10
km) conduits.

3. Severalother small low velocity zonesare possibly outlier magmachambersfrom Axial. Two
otherlow-velocity zonesoccurin the shallowcrustnearAxial volcano,oneabout10 km north of
the calderaon the North Rift, andthe otherabout10 km southof the calderabut displacedo the
westof the SouthRift (West2001)(figure 2B). They appeamunconnectedio the main Axial magma
chamberandmight possiblyrepresensmallaccumulation®f melt left over from pastlateraldiking
events.

4. Strong thickening of the crust beneath Axial volcano.The crustthickensfrom about6 km far
from Axial to 8 km nearAxial to 11 km beneattthe summit(West2001). The long-wavelength6-8
km thickeningis consistenwith predictionsbasedon gravity data(Hooft & Detrick 1995).The
shorterwavelength8-11 km thickening,which createsa threekm thick crustalroot beneattthe
volcano,is not predictedto havean observablegravity signature A sharp,normalMoho boundary
is detectedat the baseof the crust(including at the baseof the root).

ProposedResearch

At presenttheintegrationthis new understandingf the magmaticstructureof Axial volcanowith other
geophysicablatahasbeenlargely qualitative,which is ironic giventhatthey providea very quantitative
anddetaileddescriptionof the subsurfacel thereforeproposeto developa hierarchyof quantitativemodels
of the regionthat makequantitativepredictionsaboutthe stateof stresshatcanbe comparedwith
seismicityandgeodeticdata. Thereleaseof pressurevithin a magmachamberduring aneruptioncauses
changesn the stateof stresswithin the surroundingrock (andhencepossibility to a changen seismicity),
geodeticdisplacment®f the oceanfloor (e.g.subsidencandtilt), andchangesn the pressuren
neighboring unconnecteanagmaticsystemsThesemodelswill both predicttheseeffectsandassesfiow
the uncertaintyin the underlyingtomograhicmodel effectsthesepredictions.l expectthatthe very large
lateralgradientsn materialpropertieswill havea major effecton the stresdfield, andwill give riseto
phenomenoithatwould not be accuratelymodeledwith the simplehomogeneoubalfspacenodelsthatare
sometimesisedin connectionwith volcanos.

A threedimensionaimodelof a volcanicsystem especiallyonebasedon a tomographianversion
containingthousand®f parametersgouldin principle be very complicated. We cannaturallyask,first
which featuredn the modelarecritical for predictinga given phenomenonandsecondwhetherthese
predictionare sensitiveto errorsthatarisebecausef noiseor poorresolutionin thetomography.

We will addresghefirst issue— the effect of modelcomplexity- by developinga hierarchyof modelsthat
incorporatehavedifferentdegreef complexity.

Phase0. One-dimensionaimodelsbasedon a homogeneoukalfspaceapproximatiorwith very simplified
point andplanarpressuresourcesepresentinghe magmachamberandridge segmentstespectively(Mogi
1958). Thesearethe “control” modelsto which more complicatednodelscanbe comparedSeveral
featuresof the Axial tomographianodelsuggesthatthis controlmodelwill proveinadequategspeciallyin
explaining“nearfield” observationsln particular,the shapeof the magmachambeiis quite complicated.
It hasa mid crustalextensiorno the southwes{Fig 2C), a wide deepcrustalbase(Fig 2D, Fig 5) anda
shallowring dike structure(Fig. 1B).

Phasel. A quasistatic3D elasticmodelusingthe cavity assumptionHerethe crustis modeledasa
heterogenouslasticsolid containingirregularly-shapeccompressibldluid-filled cavitieswhoseshapes



inferredfrom the tomographiomodel.Both magmachambersanddikescanbe modeledwith suchcavities.
Platetectonicextensionabktresscanalsobeimposedover the whole regionasa boundarycondition. The
key limitation of this modelis thatit doesnot allow stressrelaxationdueto the finite viscosity of boththe
hot crustalmaterialandof the magmaitself.

Consequentallythis modelonly canbe applicableto time scalesthatare shortcomparedo the relaxation
time of the crustasa whole (decadedo centuriesput long comparedo the viscousrelaxationtime of the
magma(minutesto hours).It will thusbe usefulfor examiningprocesseshatoccur,say,in the daysto
yearsfollowing anderuption,a time periodfor which manyobservationsareavailable(discussedurther
below).

We will usetheinexpensivecommerciallyavailableBeasy analysiscode(seehttp://www.beasy.comior
thesePhasel stresscalculationsBeasyis basedon a boundaryelementmethod.The earthis dividedinto
manysmall regionsdelimited by surfacesxcomposedf triangular(or quadilateralfaces.Eachregionmust
be homogenoushut adjacentegionscanhavearbitrarily properties Thesesurfacescanbe shapedo match
seafloor bathymetry the depthsto elasticmoduli interfaceginferedfrom isovelocity surfaceswith the
tomograhicmodel)andthe surfaceof the magmachambersStressanddisplcaementanbe calculatedooth
on the surfaceitself andat selectedoointsin the interior of the regions.This codehasprovenreliablefor a
variety of stressanalysesn a geophysicatontext(e.g.tenBrink et al. 1996 (seeour figure 3),
Gudmundssoet al. 1997). Its statusasa “well-tested”codewill alsobeimportantin the contextof the
erroranalysisdiscussedelow.

We havesomeexperiencewith Beasyat LDEO datingfrom the mid andlate 1990's,whenseveralof our
studentge.g.D. Bohensteil)usedit for crustalstressmodeling.However,we will be requestingundsfor
renewingour softwarelicense,which expiredin 2001.

Phase2: Viscoelasticmodeling. Magmaticevents suchasdike emplacement;auseanimmediateelastic
responsen the stresdield followed by a slowerchangeasviscousrelaxationtakesplacein regions(such
asthe lower crust)thatarehot enoughto creep.This effect hasbeenobservedn Iceland,wherecreepis
still going on decadesfterthe Krafla rifting episodeof 1976-84. Modeling of the Icelandmeasurements
havebeenusedto determinethe viscousstructureof the crustthere(Pollitz and Sacks'1996, Foulgerat al.
1996).

We will useJishuDeng'sFEVER (Fine Elementcodefor Visco-ElasticRheology)softwarefor the
viscoelastiomodeling.This codehasbeenusedsuccessfullyto modelstressen southernCalifornia(e.g.
Dengetal., GRL 26,32093212,1999). Dr. Denghasgraciouslyprovidedusfull accesgo the code,and
hasagreedo informally collaboratewith usin its use. The codeusesa Maxwell solid representatiof
rheology,andsolvesfor stresse®n anirregularfinite-elementgrid.

Thereasorfor employingboth elasticandviscoelastianodelsis thatwhile the later bettercaptureghe
overall physicsof the deformationprocessit is alsorequiresknowledgeof viscosity,a ratherpoorly
determinedoroperty. Comparisondetweerthe modelswill help usto identify conditionswhich require
the morecomplicatedanalysis. Furthermoresomeof the error sensitivity analysisthatwe will perform
requirenumerousunsof the modelingcode. As quaststaticcalculationsaremuchfasterthanviscoelastic
ones,thereis a practicaladvantagef beingableto makeuseof themwhenevelpossible.

Analysis of Error. Ourgoalis to be ableto makequantitativegeophysicapredictionsandto have
someway of assessingheir uncertainty.Threetype of errorareimportant: 1. Errorsintroducedfrom
scalingfrom compressionabelocity — the parametederivedfrom the tomographianodel— andthe elastic
moduli andviscosityusedin the modeling;2. Errorsassociateavith the reparameterizatioof the three
dimesionalmodelfrom the linear tetrahedrakplinesrepresentatiomsedin thetomographyto different
parameterizationgsedby the stressanalysiscode3. Errorsassociatedvith errorsin thetomography,
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which include shortwavelengthoiseresultingfrom overfitting the underlyingtraveltimedataandfrom
thelimited resolution of the experiment. We briefly describethe role of each:

Scalingerrors. In orderto scalecompressionaelocity into elasticmoduli, one needsestimatef the
densityandPoisson'satio (or alternatively,the shearvelocity). Datafor the subsolidugpartof the crust,
which constitutedy far the largestpart of the Axial model,is pretty good.Densityscaleswell with
compressionalelocity. Hooft and Detrick (1993),for instance successfullyemploya simplelinear
relationship Empirical studiesin Iceland— which is similar in genesigo Axial volcano- indicate
considerableiniformity of Poissorratio, with a valueof about0.27 (Staplesetal. 1997),evenquite deepin
the crustandcloseto volcanicsystems. Datafor fully liquid basaltmeltsarealsoavailable(e.g.see
Decker's 1975bibliography).Their densityis well-determinedand, beingliquids, they supportno shear
stressesPhysicalpropertiegespeciallythe Poissonratio) at nearsolidustemperaturesyhereshearwave
velocitiesbeginto fall, arelesspreciselyknown. Herethe effect of temperature@andmelt fractionarevery
important.While the variationof Poisson'sation (or shearvelocity) with temperatureandmelt studyhas
receivedconsiderablattention(e.g.Satoet al. 1988,Faul et al. 1994),its functionalrelationshipstill has
considerableincertainty Hencewe believethatthe greateserrorin scalingarelikely to be associatedvith
the modelingof the nearmoltenandpartiall-molten materialnearandwithin the magmachambers.

Estimatesof viscosityarenecessaryor the viscoelastiomodeling. Numerousstudiesof the viscosity of
magmaareavailable(e.g.Wright et al. 1976).0Our knowlegdeof the viscositystructureof subsolidus
basalticcrustcomesfrom both geodeticobservationge.g. Pollitz and Sacks'1996.work in Iceland)and
throughlaboratorymeasurementsf rheologicparametersKirby's (1987)nonlinearstressstrainlaw has
formedthe basisfor numerousnumericalmodelsof crustaldeformation,including at mid-oceanridges(e.g.
Chené& Morgan,1990,ChenandPhippsMorgan,1996). Oneextractsan effectiveviscosityfrom it by
stipulatinga strainrateanda temperature.Of thetwo, temperatures by far the mostproblematicalsince
thereareno direct measurementsf the thermalstructureof the crustat Axial. Someinformationaboutthe
temperaturestructurecanbe gainedthroughthermalmodeling(e.g.Henstocket al. 1991, PhippsMorgan
andChen1993,CochranandBuck, 2001).Westet al. (2001) assemble thermalmodelfor Axial using
the surfaceof the magmachamberasa proxy for solidusisothermalsurfacewith the temperureelsewhere
constrainedy Henstocketal.'s(1991)model. This methodprovidesa reasonabl@xtimateof the spatical
variationof temperaturebut onewith considerablaincertainties.

Parameterization errors. ThetomographidmagingwasperformedusingMenke's(2002)raytrace3d
code.The compressionalelocity is representedn a tetrahedrabrid, anda linearfunction is usedto
interpolatewithin eachtetrahedron.Althoughtetrahedrabrids canin generalbe quite “disorganized” this
onewasnot. Thenodeswerearrangedn a seriesof fairly smoothlycurvedsurfaceghat paralleledthe
overallbathymetryof the region. The surfacesarenot isovelocity, but far from the magmachamberghey
arenearlyso. Successiv@epthsurfaceshadnodesat the samehorizontalpositions,sothatthey also
formedsix-facedpolyhedra. This regularity simplifies the regriddingprocess. The key issueis not the
arrangemenof nodes but ratherthe type of interpolationusedbetweenBoth the Beasyand FEVER codes
canhandlethe tomography'atternof nodes but they useddifferentinterpolationschemes.Beasy
requireseachpolyhedronto be homogeneoud-EVER'sis a polynomialrepresentationThus somesort of
regriddingis necessaryo makethe differentrepresentationas similar aspossibleandin particularto
preservespatialgradientsn physicalparameters.

The Phasel elasticmodelngrequiresan additionalchoiceassociatedvith the cavity model. Whatis in
reality a continouslyvaryingrheologywith stiff/cold andsoft/hotregionsmustbe recastinto distinctelastic
andinvicid fluid parts.

Tomography Errors. All attemptsat geophysicalnversion,including the Axial tomography suffer
from the well-known tradingoff of varianceandresolution. All attemptso improveresolution,soasto be



ableto detectsmall featureswithin the earth,inevitably increasethe varianceof the results. In seismic
tomographythis usuallytranslatesnto smallwavelength‘chatter” in the velocity imagesthatis relatedto
“overfitting” the traveltimedata. Similarly, all attemptso reducethe level of noiseinevitably decrease¢he
resolutionof theimage. Furthermorethe resolutionis typically quite variablespatially, beingpoorin parts
of the model(e.g.the bottom)thatareundersampledby seismicrays.

However,not all velocity errorswill effectthe elasticmodelingequally. Mid crustalvelicity variationof a
few percent- oftenthe objectof interestto tomographers- will not causemorethananinsignificant few
percenterror of errorin the calculatedstresseslt is the tomography'sbility to definethe major elasticand
viscoelastideatureghatis atissue.Theseincludethe bottomof the uppercrust,the surfaceof the magma
chambersaandthe depthat which viscosity rapidly decreasesOur feelingis thatthe long-wavelength(<5
km) variationsin thicknessof the uppercrustis well-determinedoy the tomographyat leastin the central
regionof the model,nearthe magmachambers.Someof the shorterwavelengthvariationis probably
noise.We will needto asses#s effecton the surfacestresdfield. Our feelingis alsothatthe locationof
the edgesof the mid-crustalpart of the magmachambersarewell determinedsincethey aredefinedby
sharpjumpsin the traveltimecurve. The thicknessof the transitionzonefrom fully solid to fully molten,
however,is probablypoorly determinedWestet al. (2001)derivedan estimateof Axial melt fraction (Fig
2D) usinga combinationof thermalmodelsandtomographyfollowing a methodologysimilar to the one
usedby Dunnetal. (2000)andCanalest al. (2000). Theyfind relatively low meltfractions(< 5%) in the
outerpartof the magmachamberwhich imply thattheseregionsmay be ableto supportshearstresses.

Errorsin the tomographyof the velocity structureof the interior of the magmachambersanderrorsin the
scalingbetweenvelocity andelasticandviscouspropertiesare conceptuallydistinct. But in practicethey
areinterchangeablesincethey occurin the samespatiallocation. They canbe lumpedinto the statement
thatthe structureof the interior of the magmachamberss very uncertain. The error analysisneedsbroadly
to addresghe effect of this uncertaintyon predictionsof stresses.

As notedabove tomographyhasvery little input on the depthdependencef viscosity,exceptto identify
regionsthatare partially moltenandthuspresumablyery invicid. Inferencesaboutthe viscositystructure
arethereforederivedmainly from thermalmodeling(which hasits own errors).

Assessingerror.  Our approachs to first identify a seriesof 'geophysicabbservablesandthento
estimatetheir error by Monte-Carlo simulation. Geophysicabbservablesvould includethe stressColumb
failure function (Dengand Sykes,1997),vertical uplift, horizontalextensiongtc. at placeswhereseismic
and/orgeodeticmeasurementareavailable(or likely to be madein the nearfuture). By Monte-Carlo
simulation,we meanthatwe would run throughthe completesequencef tomographidnversion,scaling,
reparameterizatioandelastic(or viscoelastic)calculationmultiple times,in sucha way to assesshe effect
of the varioustypesof uncertaintieon the observablegi.e. build histogramsof probabllerangesof values).
At first glancethis might seema ratherbruteforce technique(and| supposet is), but on the otherhand
thereis considerableegperiencen the EarthquakeHazardcommunity(with which | havesomecontact)for
usingexactlythis techniqueto assessincertaintiesn hazardprobabilities(e.g.Field andJacob,1993). We
briefly describesachrelevantstep.

Tomography. We planto usethe raytrace3ccodeto re-invert the West(2001)traveltimedatafor a
variety of different pointson the tradeoff curveof resolutionandvariance. As this choiceis controlledby
justoneor two parametersandsincea eachinversiontakesbut a few hourson a fastworkstation,we can
easilypreparea suite of O(100)models.

Scaling.We will conducta literaturesurveyto assesshe amountof variationin scalinglaws. Viscosity
is likely to be the parametewith the largestuncertainty asit is largely dependentiponassumptiongbout
the thermalstructureof the region. We planto usesomesimple 2-d thermalmodelsto makeestimatesof



the probablerangeof variability of crustaltemperature.

Parameterization. We will first performsomeinitial testsusingthe Beasycodeto quantifty what
magnitudeandwavelengthof parameterizatioerrorsarelikely to havea significanteffecton predictions
of the geophysicabbservables We will the developoneor moreautomatedegriddingstrategieshattake
the scaledtomographianodelandproducean input modelfile compatiblewith Beasy'sequirementhat
modelelementde homogrenous.Onereasonablestrategyis a threedimensionaknalogof replacinga
linear gradientwith a seriesof piecewideconstantfunctions(or “steps”): we would first determine
isovelocitysurfaceswithin thetomographianodel,andthenchooseelementsvhosesurfacescoincidewith
them.We would thengenerateseveralparameterizationwith different stepssizes. We needto pay
particularattentionto uncertaintiesntroducedby the descriptionof the magmachambers.We planto
assesshe differencesbetweerseveral‘end-membemodels”,including magmachamberswith a sharp
solid/fluid boundary with transitionzonesof variousthicknessandwith finite shearmodulusthroughout.

Reparameterizatiofor the FEVER codeis believedto be lessof a problem,sincethe underlying
interpolationschemas more compatiblewith raytrace3d's.

Modeling of GeophysicalPhenomenon

Seismicity.We will examinehow the deflationof oneof the magmachambersbringsregionsof the
surroundingrock closerto (or fartherfrom) brittle failure (asmight be quantifiedby a Columbfailure
criterion). Becausef the irregularshapeof the magmachamberwe expectthe stresspatternto
significantly departfrom the ideal axiaksymmetriccase We will comparethesepredictionswith the
observedoatternof seismicityfollowing the 1993and1998eruptions(which werewell-monitored,both by
hyroacoustianeangDziak et al. 1995,Dziaket al. 1999;Dziak & Fox 1999)andby temporaryOBS
deploymentgSohnet al. 1999). ThesesesimicitypatternshaveseveralunusualfeaturesFor instancejn
theyearfollowing the 1998eruption,anareaabout5-10 km eastof the Axial calderawasunusually
seismicallyactive (Sohnet al. 1999)(figure 4A). While this regionis well eastof the actualeruption,our
modelshowsit to be underlainby a deepextensionof the Axial magmachamber.Thusdeflationof the
magmachambercould possiblyleadto loading of this region.

Tidal Loading. Examinehow oceantidal loading effectsstressesbovemagmachamberMaya Tolstoy,
atthe 1999 RIDGE workshopin Seattle presentediatathat demonstratedhat the rate of occurrenceof
both small, shallowearthquakeandharmonictremorbeneaththe Axial calderais modulatedoy the ocean
tidal cycle. The harmonictremorhasa semidiurnalperiod,andis probablyhydrothermalwatermoving
throughcracks),ascontrastedo magmaticin nature.The rateof seismictyis highestat the timesof lowest
oceantides. The underlyingreasorfor this modulationis not fully understoodlt may be relatedto the
decreasén confining pressuravhenthe weight of the wateris decreasedThe largedifferencein the
complianceof the magmachamberandthe surroundingrock may concentratestressaroundthe edgesof
the caldera.Flucuationan porepressureandin the permeabilityof the uppermostrust(throughchangesn
normalstressacrosgoint surfacesmay alsoplay arole. Tolstoy et al. (1998)alsopresentecvidencefrom
oceanbottomtiltmetersthat the overall magnitudeof the deformationassociateavith tidesis muchlarger,
by a factor of 4, thanwhatwould be expectedrom a halfspacemodel (figure 4C), suggestinghatthe very
compressiblenaterialin the magmachambemight be amplifying the tidal signal.We will modelthis
"flexure" of the magmachambedid andquantitativelyassessvhetherit canexplainthesediverse
phenomena.

Subsidenceand Tilting. We will examinehow the deflationof one of the magmachambersand
diking leadsto subsidencetilting anddisplacemenof the seafloor. Two importantusesof geodetic
measurementareto determinethe netvolumelossafteraneruption(i.e. estimatethe eruption'ssize)and
to measureany wideningof therift zonesthatmay haveoccurred(i.e. estimateplatetectonicspreading).
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We will addresghreeissueskFirst, we will first assessvhetherthe 3D modelprovidessignificant
improvementbverthe simple"point sourcein a homogenousalfspace'modelsthat havebeenapplied
elsewherde.g.Linde et al. 1993).The very significantcomplexityin the Axial regionsuggest$o usthatit
will. Secondwe will examinethe currentlyavailabletilt (Andersonet al. 1995;Tolstoy et al. 1998),
subsidencelata(Fox 1990;Fox 1993; Fox 1999)andextension(Chadwicket al. 1999)dataare consistent
with the model. Thetilt dataarefairly limited in scope with tilt beinglimited to 9-weeksdatafrom an
arrayof 5 seafloor instrumentsoperatediuring 1994 (a volcanicallyquiescenperiodduringwhich tides
werethe major signal). The subsidencelata,measuredising pressuresensorsieployedaroundthe caldera,
aremorevoluminousandincludethe very interestingcalderasubsidencéhat occurredduring the 1998
eruption.The extensometedata(figure 4B) includesa very interestingshorteningof the northrift of Axial
duringthe 1998eruption.This is a regionthat doesnot containlargeaccumulation®f magma,sothe
shorteningprobablyrepresentsin elasticresponséo the deflationof the neighboringAxial magma
chambemuring the eruption.Chadwichet al. 1999 arguethat both the extensionandthe subsidenceanbe
explainedby a Mogi-type model. However,they mustplacethe Mogi pressuresourceat a depthof 3.8
km, atleast0.7 km shallowerthancenterof the magmachamberasdeterminedoy the tomography(> 4.5
km, seeFig 5). This discrepancyllustratesthe needto reconcilethe whole rangeof Axial measurements
(includingthe tomography)n the contextof a singlemodel.

Interactions betweenmagma chambers.Examinewhetherstressinteractionbetweerthe Axial and
Coaxialmagmaticsystemscanplausibly effectthe timing of their eruptions.The Coaxialmagmachamber
is aboutl5 km from oneat Axial, andonly about8 km from the axis of the Axial Volcano'sNorth Rift
Zone.Onemight expectsomedegreeof interactionbetweerthe two. Unfortunately the historicalrecordof
eruptionsis not long enoughto defineany sortof eruptionrecurrencdime, andsoto interpretthe 7 year
interval betweenthe 1993 Coaxialand 1998 Axial eruptions.On the otherhand,the southwardpropagation
of the 1998dike is consistentvith the 1993dike havingdecreasetensionalstresseslongthe North Rift
Zone,thushavingmadenorthwarddiking lesslikely. Our long-termgoal hereis to developmethodology
thatwill allow the stateof stressof the volcanoto be trackedover the courseof manyeruptioncycles,and
be usedto assesshe likelihood of future eruptionsin variouspartsof the volcanicsystem.Suchtracking of
stressevolutionhasprovedpossiblein southernCalifornia(Dengé& Sykes,1997)and Turkey (Parsonset
al. 2000)

Benefits Of The ProposedResearch

This researclseekgo build uponthe detailedstructuralinformationof the volcanic systemprovidedby a
3D tomographiccompressionarelocity modelby usingthe modelto predictgeodeticstresseand
displacementsThe studyregion,Axial volcanoandits immediatevicinity, is onethat hasattractedntense
interestover the years,andwhich showsprospectof continuingobservatione.g.the Neptuneprojectfor a
permanenfiber-optic telemetereabservatoryhttp://www.neptune.washington.edu¥jany differenttypes
of geophysicatlataareavailablenow, with featureshat cannotbe explainedby modelsthatignorethe
stronglateralgradientan materialpropertiesrelatedto the presencef magmaat shallowdepths.
Furthermoremoredataarelikely to becomeavailablein the future. This projecttakesaninitial step
towardsbuilding anintegratedmodel of the volcano,onethathasthe prospectof allowing a wide variety
of datato be modeled;oneconsistenwith the long-term goal of trackingthe evolutionof the volcanoover
its nextseveraleruptivecycles.

ManagementPlan

| (Menke)will beresponsibldor thetimely completionof the project.l, assistedby a GRA, will perform
theresearch.

| am arguablymostwell-known for my work in tomographyandseismicimaging. As this currentproposal



alsoreliesheavily uponelasticandviscoelastianodeling,| would like to briefly mentionthatl have
considerablexperiencen thatareaaswell, thoughlessthanin tomographyandassociateavith fewer
publications. My mostrecentwork is my paper,with Dave Sparkson crustalaccretionin Iceland(Menke
andSparks,1995),which describesa viscousflow / melt extractionmodel. The calculationswere,of
course performedusing Spark'sconvectioncode,but | wasvery involvedin them. My textbook,
Geophysicallheory,with Dallas Abbott (Menke and Abbott, 1989)containschapterson static stress
analysisandviscousdeformationwhich | wrote. And finally, backin the heydayof platebending
modeling,l did somework on thin plateflexure (Menke,1981).

Timetable
This researchs expectedo takeoneyear.
Disseminationof Results

| will maintainarchivesof dataandpreliminaryresultson myl web site (asl now do for previousstudies,
seehttp://www.ldeo.columbia.edu/user/menkevill makethe final RAYTRACE3D, BEASY andFEVER
modelsfreely available,sothat otherscanusethem.| will presentresultsat scientific nationalmeetings,
suchasthe Fall AGU, andmakea bestfaith effort to publishthemrapidly in peerreviewedjournals.



