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Abstract

During the pastdecade Space-bornénterferometricSyntheticAperture Radar(InSAR)
hasbeensuccessfullyusedto measuramillimeter- to meterlevel deformationon the sur
facedueto physicalprocessat depthincludingmagmaaccumulatiorandmigration, pres-
surization,andcrystallization. The INnSAR dataof deformationhave beenexplainedusing
varioussourcemodelsof simplegeometry

The INSAR datacontainthe effects of baseline topography deformation,and atmo-
sphere. The topographyeffect is removed using a Digital Elevation Model (DEM). At
SierraNegravolcanoin Isabelalsland, Galapagospoth high- andlow-resolutionDEMs
areavailable,andtheir meritsanddemeritsarecomplementaryo eachother We develop
an optimal algorithmto mege the two DEMSs to producea nev DEM thatis superiorto
bothof theoriginal DEMs. This DEM is usedfor INSAR processinghroughouthis work.

The magmachamberat SierraNegrais believedto beasill ata shallov depth. In or-
derto solve for the detailedgeometryof the sill, we develop a nev modelingtechnique.
Themethodusesa uniformly pressurizea@rackasaforwardfunctionin a stochastienver-
sionschemeof simulatedannealing.Binary parametershatrepresenthe locationsof the
crackelementsareoptimizedin thesimulatedannealing.This modelingapproaciprovides
physicallymoreplausibleandinternallymoreconsistentnodelthankinematicmodels.

2005eruptionat SierraNegraposesa greatchallengan forming interferogramsnside
the calderaof the volcano. An earthquak of Mw 5.4 occurred3 hoursprior to the onset
of the eruption,and the maximumsubsidencealuring the eruptionis about5.4 m at the
centerof the caldera. Due to this large and complex deformation,we were not able to
form anintra-calderanterferogramusingstandardnSAR processingoftware. Thus,we
develop a new interferogramformation algorithmthat involves more robust SAR image
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corggistrationandrangeoffsetimagesubtraction.The resultinginterferogramis usedfor
modelingthe 2005eruptionat SierraNegra.

The2005eruptionat SierraNegrawasmodeledusingInSAR andGPSdata. Themodel
consistof threemainparts:trapdoorfaulting,dike intrusion,andopening-closingf asill.
The depthandthe detailedgeometryof the sill wasestimatedrom anascendingandde-
scendingnterferogrampair beforethe eruption. The estimateddepthis 1.86km  0.13
km. The GPSdatawereusedto estimatepre-andpost-eruptrein ation, andthedeforma-
tion dueto thein ation wasremovedfrom the INSAR datain orderto effectively reduce
the temporalbaselineof the INSAR data. In the trapdoorfaulting model, the estimated
maximumslip ( 1.8 m) is at the bottomof the westernendof the fault system,andabout
1.5 m toward the surface,which matcheghe eld obsenrationverywell. The equivalent
momentmagnitudeof the total slip was estimatedo be Mw 5.7 whenthe shearmodu-
lusis 30 GPa. For shearmodulusof 10 GPa, it becomedMw 5.4, which is the moment
magnitudeof the earthquak thatoccurred3 hoursprior to the onsetof the eruption. The
dike modelshonvedaverageopeningof 1.7 m and“reversefaulting” averagedip slip of 1.6
m. The large dip slip is dueto the interactionwith the sill andthe free surface. The the
sill modelis the sumof two componentsinteractionwith the trapdoorfaulting eventand
uniformly depressurizedlosingduringthe eruption. Theinteractioncomponenshoveda
wedge-like openingdistribution closeto the fault systemandthe uniformly depressurized
sill accountedor the co-eruptve subsidenceTherepeatingcycle of trapdoorfaultingand
eruptioncanproducean accumulatedvedge-lite structureat depthaswell ason the sur
face.We believe thatthe surfaceexpressiorof this structurels shavn asthe characteristic
C-shapedainuougidgeinsidethe calderaof SierraNegra. The estimated/olumedecrease
atthessill was0.124km?3, andthe estimatedextrudedvolume (denserock equivalent)was
about0.120kmq. This similarity suggestshattheremaynot have beensubstantiahmount
of volatilesin the magmabeforethe eruption.
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Chapter 1
Intr oduction

During the pastdecade Space-bornénterferometricSyntheticAperture Radar(InSAR)
hasbeensuccessfullyusedto measuramillimeter- to meterlevel deformationon the sur
facedueto physicalprocessat depthincludingmagmaaccumulatiorandmigration, pres-
surization andcrystallization(Massonnegtal., 1995;Lu etal., 1997;Jonssoretal., 1999;
Pritchard and Simons$2002;Wrightetal., 2006;Wcksetal., 2006).

INSAR datahasbeenexplainedby varioussourcemodelsof simplegeometrysuchas
centerof dilation (Mogi, 1958), nite sphergMcTigue 1987),prolatespheroid Yangetal.,
1988), rectanguladislocation(Okadg 1992), angulardislocation(Yoffe, 1960; Thomas
1993),0r horizontalcircular crack(Fialko et al., 2001a).In somecasessimplegeometry
wasnot sufcient to t the data,anda combinationof the modelswasused(Fialko and
Simons2000;Lundgenetal., 2003). In someothercasesgdistributedsourceis used,as
sourceparameterseededvary within a sill (Amelunget al., 2000)or a dike (Fukushima
etal., 2005;Walter and Amelung 2006).

In this thesis,we demonstrate nev methodto estimatea detailedgeometryof uni-
formly pressurizedqor depressurizedgrackin a mechanicallyconsistentvay. The new
methodnvolvesbinaryparameterghatrepresenthelocationsof crackelement@andglobal
optimizationscheme.This methodis appliedto modelthe 2005eruptionat SierraNegra
volcanoin Isabelasland,Galapagos.

The 2005 eruptionat SierraNegra volcanoimposea challengein dataprocessingas
the 8-day co-eruptve subsidencenside the calderawas about5.4 m across4 km, too

1



2 CHAPTER1. INTRODUCTION

large to be imagedusing corventional INSAR processing. Moreover, the eruptionwas
precededoy a Mw 5.4 earthquak, which causeda complex deformationpattern,whose
spatialvariationwastoo large to be properlycapturedby standardnSAR software. This
thesisdescribes new algorithmto form interferogramsn the presencef suchlarge and
complex deformation.

In orderto produceinterferogramsof deformation,topographysignal hasto be re-
moved. This is usually doneusinga Digital Elevation Model (DEM). At SierraNegra,
both TopographicSyntheticApertureRadar(TOPSAR)DEM and ShuttleRadarTopog-
raphyMission (SRTM) DEM are available andtheir featuresare complementaryo each
other We meigethetwo DEMs usinga Prediction-ErrofFilter (PEF)to createanev DEM
thatis superiorto eitherof the original DEMs. The meiged DEM is usedfor the 2005
eruptionmodeling.

This DEM meging algorithmis describedat the beginning of the thesis,for the DEM
effect (i.e. the simulatedinterferogramof topography)is removed from the INSAR data
andemphasiss placedon deformationthroughthe restof the thesis. The nev modeling
techniquds explainedin the following chapterto provide the detailsof the modelingpro-
cesdeforewe applyit to the2005eruptionat SierraNegravolcano.Thenin thefollowing
chapterwe demonstratéhe new interferogramformation technique,asthe resultof the
chapterconstitutesa partof the datasectionof thefollowing chapterwherewe modelthe
eruption.

1.1 Contributions

1. Wedevelopanoptimalwayto mergehigh-andlow-resolutiondigital elevationmodel
(DEM) to producea DEM thatis both high resolutionandcomprehensie in cover-
age. Using this approachwe mege TOPSARand SRTM DEMs of SierraNegra
volcano.

2. We develop a new inversionalgorithmto estimatethe detailedgeometryof a pres-
surizedcrack. Thismethodwasthenappliedto SierraNegravolcanoto constrairthe
geometryof the magmachambeiof thevolcano.
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3. We develop a new algorithmto form interferogramsover regionsof very large and
complex deformatiorpatternsUsingthis new algorithm,we form the rst two inter-
ferogram=f the areainsidethe calderaof SierraNegra.

4. We estimatethe depthandthe geometryof a sill at SierraNegra rigorously using
both the ascendingand descendingnterferograms.We nd thatthe sill geometry
hassustainedts shapdor overadecade.

5. We estimatethe excessmagmapressurechangesf pre- and post-eruptre uplift at
SierraNegra and remove the deformationbefore and after the eruptionfrom the
INSAR data.

6. Wederivetheslip distributionof thetrapdoorfaultingeventthatoccurredhreehours
prior to the2005eruptionat SierraNegravolcano.

7. We estimatethe openingandthe slip of a dike planeat SierraNegra prior to and
duringthe2005eruption.

8. We modelinteractionbetweernthetrapdoorfaulting andthesill at SierraNegra. We
nd that INSAR datafavors wedge-lile openingdistribution of the sill, wherethe
maximumopeningof thesill is atthe bottomof thewesternpartof thefault system.

9. We estimatethe volume decreaseat the magmachamberandthe extrudedvolume
duringtheeruption.

1.2 ThesisRoadmap

Therearefour mainchaptersn thisthesis. Two of themareaboutdataprocessingChapter
3 andChapters) andtwo of themareaboutmodeling(Chapterd andChapter6). Chapter
3 throughChapter5 are supportingChapter6, wheredataand modelsare derived from
algorithmsandresultsfrom previouschapters.

ChapterB describesway to megehigh-andlow-resolutionDEMs. Whenanindepen-
dentlower-resolutionversionof the DEM is available,the performancef theinterpolation
canbeimproved. As a result,we canmege the two DEMs and producean outputDEM
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that is betterthan the two input DEMs. The meiged DEM is optimal in least-squars'
with two constraintof 1) valid areaof the high-resolutionDEM andprediction-errorl-
ter calculatedrom the high resolutionDEM, and?2) the low-resolutionDEM. Therelative
weight betweenthe two input DEMs canoptimally be determinedusingcross-alidation.
Thechaptershavs applicationto adigital elevationmodel(DEM) of SierraNegravolcano.
The outputDEM wasusedin Chapter5 andin Chapter6. The work of this chapterwas
publishedn thelEEE Transaction®n GeosciencandRemoteSensingn 2005(Yunetal.,
2005).

Chapter4 describesolutionsfor magmachambemgeometry In particularwe develop
a naw inversionalgorithmto estimatethe peripheryof any planarmagmabody underthe
assumptiorof constantydrostaticpressure.The algorithmusesthe simulatedannealing
optimizationandrequirea boundaryelementcalculationat eachiteration. The new algo-
rithm doesnotrequireasmoothingconstraint.Rathemwe usea crackmodelwith auniform
pressurédoundaryconditionto estimatethe geometryof a sill or dike. We applythe new
methodto INSAR dataacquiredover SierraNegravolcanoandcomparedur solutionwith
publishedmodelingresults.The new inversionmethodintroducedn this chaptemwassub-
sequentlyusedto modelthe 2005 eruptionat SierraNegravolcano(i.e. Chapter6). The
work of this chaptemvaspublishedn the Journalof VolcanologyandGeothermaResearch
in 2006(Yunetal., 2006).

Chapter5 introducesa nev methodthat can form interferogramsn regions of very
large and complex deformation. As a result,we wereableto describethe 2005 eruption
at SierraNegra usingInSAR data. Our solutionyields the internally consistenmodelas
describedn Chapter6, which otherwisewould not possibleto be done. The work of this
chapteiis in review for publicationin the GeophysicaResearch.ettersin 2007(Yunetal.,
in review).

In Chapter6 we estimategeophysicaparametersf i) the trapdoorfaulting eventthat
occurred3 hoursprior to the 2005eruptionat SierraNegra, ii) dike intrusionthatfed the
eruption,iii) sill closingduringthe eruption,andiv) theinteractionbetweerthe trapdoor
faulting andthe sill. For all of thesewe usedInSAR dataderived using the algorithm
describedn Chapter5. In orderto make the INSAR data,we usedthe TOPSAR-SRM
meged DEM producedusing the methoddescribedin Chapter3. Modeling was done
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usingthe algorithmdescribedn Chapter4. Thework of this chaptemwill be submittedto
theJournalof GeophysicaResearcln 2007.
Chapter7 providesthe ndings from this work andsummaryof this thesis.



Chapter 2

INSAR Background

In this chapterwe discussbrief backgroundinformation on Synthetic Aperture Radar
(SAR) andInterferometricSAR (INSAR). SinceInSAR emegedin 1970s(Richman Zisk
1972), the technologyhasbeenevolved. Zebler and Goldstein(1986) producedtopo-
graphic mappingusing a radar systemmountedon an aircraft. Since EuropeanSpace
Ageng (ESA) launchedERS-1satellitein 1991,InSAR applicationshave beenexpanded.
It was rst successfullyusedto studygrounddeformationdueto earthquak (Massonnet
etal., 1993)andvolcanicprocesgMassonnettal., 1995).Glaciermovementhasbecome
anotherinterestingapplicationof INSAR (Goldsteinet al., 1993). Hansseret al. (1999)
producedhigh-resolutionmapsof integratedatmospheriovater vapor using spaceborne
radarinterferometricdelay measurementsinSAR is even capableof capturingdynamic
water level topographyin wetland(Wdowinskiet al., 2004). Using INSAR Dixon et al.
(2006) constructecdh subsidencenap of New Orleansand relatedthe subsidenceo the
catastrophicooding by HurricaneKatrina.

2.1 SAR

Antennatheorytells usthatthe antennaadiationpattern(i.e. agraphicalrepresentatioof
the intensity of the radiationasa function of the anglefrom the perpendiculafine to the
antenngplane)in thefar eld canbeapproximatedo a Fouriertransformof the physical
shapeof theantennatself. Figure2.1lashovs anexampleof a rectangulaantennawhich

6
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is acommonshapeof a SAR antennaandits radiationpattern.

The 3-D shapeof the radiation patternis shavn in Figure 2.1b, which illustratesa
typicalimaginggeometryof aside-lookingimagingradar TherectangulaSAR antennas
loadedeitheronanaircraftor onasatellite.As the plattormmovesalongwith theantenna,
a streamof radarpulsesare transmittedfrom the antenna. The width of the mainlobe
of the radiationpatternde nes the beamwidthand the beamwidthde nes the footprint
(illuminatedareaontheground).Theplatform’s ight directionis calledazimuthdirection,
andthe transmissiordirectionof radiatedpulsesin the mainlobeis calledrange(or slant
range)irection. Thelengthof thefootprintperpendiculato theazimuthdirectionis called
swath,andtheangleof rangefrom verticalis calledlook angle.

Figure 2.2 shawvs the schematidmaging geometryof a real and a syntheticaperture
radar viewed in the directionof the large arrow at the lower right cornerof Figure2.1h
Considertwo treeson the groundslightly separatedn azimuthdirection. The resolution
in rangedirectionis determinedy the bandwidthof the transmittedpulse.In caseof real
apertureradar theresolutionin azimuthdirectionis controlledby the sizeof the footprint
in azimuthdirection. Whatever two objectson thegroundcloseenoughto beincludedin a
footprintarenotdistinguishabldrom eachother

The sizeof thefootprintin azimuthdirectionis a function of the lengthof the antenna
(the dimensionof the antennan azimuthdirection). Accordingto the Fourier transform
properties,the beamwidthin azimuthdirectionis inversely proportionalto the antenna
length. Thus,if onewish to acquirenarrover beamwidthto increasethe resolution,the
lengthof the antennashouldbeincreasedHowever, thereis a physicallimit onthelength
of theantenna.

SAR is analternatve solutionvia signalprocessindo increasehe azimuthresolution
withoutincreasinghelengthof theantennaln Figure2.2bthetwo treesarewell included
in onebeamwidthandbothtreesareilluminatedby mary pulsesasthe platform ies by.
However, thetreeon the left alwayshave smallerDopplershift thanthetreeon theright.
Becausef this property whenwe decorvolve the phasehistory of a pointtargetfrom the
data,we canacquire ne azimuthresolutionandresole the two trees. The longerphase
historywe have,thebettertheazimuthresolutionrbecomesThedataincludeapointtarget's
phasehistory aslong asthe point targetis illuminated. Thus,wider beamwidth(i.e. the
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Figure2.1: (a)thephysicalshapeof a SAR antennandits radiationpatternin thefar eld,
(b) commonimaginggeometryof a side-lookingimagingradar
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shorterantenna)will cause ner resolution. Onecanimagineanimaginaryreal aperture
antenngFigure 2.2c)thatis equialentto this synthesizecntenna.The word “synthetic
aperture’camefrom this property
Oncethe SAR processings implementeda SAR image,or a Single-LookComple

(SLC), is produced.SAR imagesare 2-D complex numberarrays. Thus,they have both
amplitudeandphasevaluesfor eachpixel. In Figure2.3,(b) is anexampleof anamplitude
imageof an SLC asa resultof SAR processingappliedto the raw data(a). Theimage
coversapartof Isabeldslandin Galapagosandtheblow-upimageof theblackbox showvs
thecalderaof SierraNegravolcano(c). All imagesarein radarcoordinatesystemn Figure
2.3.

2.2 InSAR

INSAR involvestwo or more SAR imagesof the sameareaacquiredeithersimultaneously
or separatelyn time. All deformationstudiesusethe latter case,which is calledrepeat
orbitinterferometryfor space-bornnSAR. Thesatellitepassedy oneplaceon Earthand
acquireghe rst scene After multiple of 35days(Envisat,ERS-1/2)or 24 days(Radarsat),
the satelliterevisits the sameareaand acquiresthe secondscene. Then SAR processing
produceswo SLCs. Figure 2.4ais the amplitudeimage previously shavn, andthe two
SLCsof theareaindicatedwith theblackbox areshavn in (b). By multiplying a comple
conjugateof SLC2to SLC1 pixel by pixel, we geta new complex image,whichis called
interferogram.The phaseof theinterferograms the phasedifferenceof thetwo SLCs.

In this examplethe rst SAR scenewasacquiredbeforethe 2005 eruptionof Sierra
Negra,andthe secondSAR scenewasacquiredafterthe eruption. The noisy o w pattern
goingfrom upperleft cornerto lower right is the lava o w duringthe eruption. The area
coveredwith lava completelychangedhe backscatteringsignalkeepsthe corresponding
pixelsof thetwo SLCsfrom being“coherent”.In this casetheareais calleddecorrelated.

The coherencef thetwo SLCs,whichis calledinterferometriccoherenceis a crucial
factorthat determineghe quality of interferograms.The degradein coherencas cause
notonly by the surfacedisturbingeventssuchaslava o w, but alsoby pixel misalignment
betweenthe two SLCs. The pixel misalignmentis often dueto the changeof imaging
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(a) Real Aperture Radar (b) Synthetic Aperture Radar

(c) Equivalent Real Aperture Radar

Figure2.2: (a) Realapertureantenna(b) syntheticapertureantennaand(c) animaginary
realapertureantenndhatis equivalentto the syntheticapertureantenna
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SAR processing
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Figure2.3: (a) raw datafrom Envisatsatellite,(b) amplitudeimageof a SLC, the outputof
SAR processing(c) SierraNegravolcanoshowvn in theamplitudeimage

(a) (b) Amplitude Phase

SLC1

SLC2

Interferogram

Figure2.4: (a) SAR amplitudeimageof SierraNegravolcano,(b) SLC pairandthecorre-
spondingnterogram.
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geometrytopographydeformationandatmospheridistortion. This misalignmenthasto
be x edbeforethetwo SLCsare“interfered”, andin factFigure2.4bwasthecase.

The procesf xing the misalignments called SAR imagecoragistration,andis il-
lustratedin Figure2.5. Considera pair of SAR amplitudeimages.The secondoneshows
distortionfrom the rst onefor somereason(a). Threetie pointsin bothimagesareindi-
catedwith color dots. How muchthe secondmagehasdeformedfrom the rst imageis
usuallycalculatedusingcross-correlatiof two subimage®f similar area.For example,
we slide the white box from the rst imageon the white box from the secondmage. As
aresultwe getthe a offsetvector Repeatedit mary locationsdistributedthroughoutthe
entireimage,the setof cross-correlationproducesa vector led. Therangeandazimuth
componentsf thevector eld arecalledrangeoffsetandazimuthoffsetimagerespectrely
(b).

Usually the rangeand azimuth offset estimatesare sparserthan the two amplitude
images,andinterpolatingsparseémageyields the offset elds at all locations. The full-
resolutionoffset elds arethenusedto resamplahe secondSLC, sothateachpixel in the
secondSLC matcheghe correspondingpixel in the rst SLC(c).

Figure2.6shavstheeffectof thecoragistration. Theregisteredandnon-registeredsec-
ondSLCsmaylook similar. Whenthey areusedto form interferogramhowever, thenoise
levels of eachindividual phasedifferenceestimatein both casesare quite different. The
interferogramfrom non-corgjisteredpair shaws a little hint of fringe pattern,but fringes
aremuchclearerin theinterferogranfrom coregisteredpair.

The phasdlifferencemapshavn in Figure2.6ccanbe decomposedhto the following
components.

Df = Df paset Dftopot Df geform+ Df atm+ Df noise (2.1)

where Df pase IS the phasedifferencedue to the baselinebetweentwo satellite positions
whenthe dataareacquired,Df yopo is dueto topography Df geform is dueto grounddefor
mation,Df 5m is dueto atmospheri@elay andDf pise IS dueto othersourcef decorrela-
tion, in uence of ionosphereandsystemnoise. In fact, which onesaresignalandwhich
onesarenoisedepend®n applications For crustaldeformatiorstudy only the Df geform IS
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Figure2.5: INSAR corgjistrationprocess(a) SAR amplitudeimagepair, (b) sparseoffset
vector eld, (c) resamplingof the secondmageto registerit to the rst image.Therange

andazimuthoffsetimagesare interpolated so the resamplingcan be donefor the dense
grid of theentireimage.
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Figure2.6: Theeffectof corggistration.(a) SLCsfor interferograms(b) aninterferometric
phasemapfrom SLC1andSLC2thatis notregisteredo SLC1,(c) aninterferometrigpghase
mapfrom SLC1landSLC2thatis registeredto SLC1.
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consideredh signalandthe othercomponentsiretreatedasnoise.

Whena satelliterevisits the sameareato acquirethe secondsceneijt is not possiblefor
it to follow exactly the sameorbit asthe rst pass.Thus,therealwaysis a nite baseline
betweenthe two satellite positions. Looking from a slightly differentpositionsnot only
causeghetwo sceneslightly differentin shapeput alsocauseshemto have systematic
phasdlifference.This effectis illustratedin Figure2.7a,a schematiégmaginggeometryof
space-borneepeatorbit interferometry The satelliteis ying into the gure andlooking
down to theright. Thenominaldimensionsaregivenfor currentlyoperatingC-bandsatel-
lites. Eachsolid black arcsrepresentsvavefrontat aninterval of half-wavelength.If the
two satellite positionsare exactly the same therewill be no fringesin the interferogram
dueto theimaginggeometry As the baseling(particularlythe baselineperpendiculato
therange)increasesnoreinterferometridringesappeain theinterferogramA schematic
versionof theinterferogramis shavn at the bottomof the gure. As we follow from one
interferencdine to anothey we accumulate2p of phasedifference. The baselineeffect,
Df pase Canberemovedusingpreciseorbit information.

If theareahasamountain(Figure2.7b),theintervalsof thefringeschangeaccordingo
thetopographyTopographyaffectstheinterferogramin thisway. Notethatthetopography
effect doesnot appeaiif the baselinds zero. The sensitvity of fringesto the topography
increasesvith increasingoaseline The topographyeffect, Df opo, Canberemovedusinga
DEM.

Suppose¢hatthebaselinas zero,or thebaselineandtopographyeffectsareall remaoved.
Thenconsidersubsidenc®f the groundsurfacecausinga constanslope(Figure2.7c). If
this event occursbetweenthe two momentsof dataacquisition,the interferogramwill
revealthe deformationasa constanphaseramp. Whenthe deformationcausegherange
to increasewith half the wavelengthof the transmittedsignal, the wave from the second
acquisitionhasto travel onewavelengthfarther resultingin 2p delayin phaseTherefore,

of = Py (2.2)

whereDf = f, fqisphasehangeandDr = r, rqisrangechangeNotethatwhenthere
is a phasedelaythe quantityf, f; is alwaysnegative. For example,the phasedelay of
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Df meanghatwhentherecordedsignalin the rst imageis exp[iwt], the recordedsignal
in the secondimageis exp[i(wt Df)]. Also notethat Equation2.2 holds not only for
deformationbut alsofor the rst two termsin Equation2.1.

The radarwave from satellitehasto propagatehroughthe atmospheref the Earth.
The spatialvariationof watervaporcontentin the atmospherépredominantlyin the tro-
posphererauseshe spatialvariationof phasedelay(Figure2.7d). Theatmospherieffect
canbe suppressetdy stackingmary interferogramsmultiple acquisitionInSAR suchas
PS-InSAR(Ferretti etal., 2001;Hooperetal., 2004)or small-baselinénSAR (Berardino
etal., 2002;Scxmidtand Burgmann 2003),modelingfrom independenbbsenationssuch
as Global PositioningSystem(GPS)data(Onn and Zebler, 2006), or ignoredwhenthe
studyareais dry or whenthe signal-to-noiseatiois high.

An examplephasedifferencemapdueto deformationis shovn in Figure2.8a,which
wasprocessedisingROI_PAC software(Roseretal., 2004). Thefringe patternshavs the
subsidenceluringthe 2005eruption. Onecolor cycle represents half-wavelengthrange
change,andfor C-banddatait is about2.8 cm. Insidethe calderais severely decorre-
lateddueto poor coragistrationandseverely aliaseddueto large deformation.A common
measureof the degreeof statisticalsimilarity of two SAR imagesis the interferometric
coherencéor correlation)de ned as

: _ - _
p=p 15C6>] . Jak=1C1kCou
I

b= — (23)
Ak=1C1kCp: A k=1 C2kCoik

wherer is theinterferometriccoherenceandcl andc2 arethetwo SLCswith * meaning
thecomplex conjugateandthesubscripk denoteghekth pixel of n neighboringpixelsav-

eraged Notethatthe ensembleveragesareapproximatedvith spatialaveragespbtained
overalimited areasurroundinghepixel of interest.Figure2.8bshovsthecoherencenap,
which shavstheseveredecorrelationnsidethe caldera By theway, dueto thelarge defor

mationthe estimateof coherenceés biasedandunderestimatethsidethe caldera. A better
estimateof the coherencensidethe calderais about0.3 on average. A methodto form

interferogramsnsidethe calderaandto getthe coherencestimatdas describedn Chapter
5in thisthesis.

In theinterferogranshowvn in Figure2.8a,the phasdlifferencecanonly bedetermined
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Figure 2.7: Schematidmaging geometryfor space-borneepeatorbit interferometryto
demonstratéheeffectof (a) baseline(b) topography(c) deformationand(d) atmosphere.
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() (b)

Figure2.8: (a) interferograndueto deformation(b) interferometriaccoherencenap.Once
colorcyclerepresent2.83cmof rangechangewhichis thesurfacedisplacemenprojected
ontothe satellites line-of-sightvector

modulo?2p. In orderto obtaina continuousphasedifferencemap, the differentialphase
betweerall neighboringpixelsis integratedover the interferogram.This processs called
phaseunwrapping. Oncephaseunwrappingis done,the unwrappednterferogrameeds
be transformedrom radarcoordinatesystem(i.e. range/azimuth)nto georeferencedo-
ordinatesystem(i.e. eitherlatitude/longitudeor UTM). This is the nal stepof INSAR
processingn mostcases.



Chapter 3

Merging Digital Elevation Models

As mentionedn Chapterl, topographycomponenheedseremovedfrom interferograms
in orderto obtainsurfacedeformationmaps.Most commonway to remove topographyis
to useDigital ElevationModel (DEM). Thus,having areliableDEM is crucialfor crustal
deformationstudy For our studyarea,SierraNegravolcanolocatedat the southernend
of Isabelalslandin the Galapagosarchipelagotwo different DEMs are available. One
is TopographicSyntheticApertureRadar(TOPSAR)DEM andthe otheris ShuttleRadar
TopographyMission(SRTM) DEM. Their meritsanddemeritsarecomplementaryo each
other Hencewe provide anoptimalmethodto meigethetwo DEM to produceanew DEM
thatis superiorto bothDEMs.

In practice high resolutionDEMs areoftenlimited in spatialcoveragethey alsomay
posses®thersystematiartifactswhencomparedo comprehenske low-resolutionmaps.
Herewe correctartifactsandinterpolateregionsof missingdatain TOPSARDEMSs using
alow-resolutionSRTM DEM. We usePE lIters tointerpolateand Il missingdatasothat
theinterpolatedegionshave thesamespectracontentasthevalid regionsof the TOPSAR
DEM. In addition,the SRTM DEM is usedas a constraintin the interpolation. Using
cross-alidationmethodswve obtaintheoptimalweightingfor thePE Iter andSRTM DEM
constraints.

19
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Table3.1: TOPSARmMissionvs. SRTM mission

Mission TOPSAR SRTM
Platform DC-8aircraft Spaceshuttle
Nominalaltitude 9km 233km
Swathwidth 10km 225km
Baseline 2.583m 60m
DEM resolution 10m 90m
DEM coord.system none Lat/Lon

3.1 Image Descriptions

INSAR is a powerful tool for generatingdigital elevation models(DEMs) (Zebler and
Goldstein 1986). The TOPSARandSRTM sensorsareprimary sourcedor the academic
communityfor DEMs derivedfrom single-pasaterferometriadata.Differencesn system
parametersuchas altitude and swath width (Table 3.1) resultin very different proper
tiesfor derved DEMSs. Speci cally, TOPSARDEMSs have betterresolution,while SRTM
DEMs have betteraccurag over largerareas. TOPSARcoverages oftenspatiallyincom-
plete.

3.1.1 TOPSARDEM

TOPSARDEMs areproducedrom cross-tracknterferometriadataacquiredwith NASA's
AIRSAR systemmountedon a DC-8aircraft. Althoughthe TOPSARDEMs have ahigher
resolutionthanotherexisting data,they sometimesuffer from artifactsand missingdata
dueto roll of theaircraft,layover, and ight planninglimitations. The DEMs derivedfrom
SRTM have lower resolution,but fewer artifactsand missingdatathan TOPSARDEMSs.
Thus,theformeroftenprovidesinformationin the missingregionsof thelatter.

We illustratejoint useof thesedatasetsusing DEMs acquiredover the Galapagods-
lands.Fig. 3.1shavsthe TOPSARDEM usedin thisstudy TheDEM coversSierraNegra
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volcanoon theislandof Isabela. RecentinSAR obsenationsreveal that the volcanohas
beendeformingrelatively rapidly (Amelunget al., 2000; Yun et al., 2006). INSAR analy-
sis oftenrequiresuseof a DEM to producea simulatedinterferogranrequiredto isolate
grounddeformation. The effect of artifact eliminationandinterpolationfor deformation
studieswill bediscussedaterin this chapter

The TOPSARDEMS have a pixel spacingof about10 m, sufcient for mostgeodetic
applicationsHowever, regionsof missingdataareoftenencounteredFig. 3.1),andsignif-
icantresidualartifactsarefound (Fig. 3.2). Theregionsof missingdataarecausedy lay-
over of thesteepvolcanoesandby ight planninglimitations. Artif actsarelarge-scaleand
systematiandmostlikely dueto uncompensaterbll of the DC-8 aircraft(Zebler etal.,
1992). Attemptsto compensatehis motion include modelsof piecavise linearimaging
geometry(Madsenret al., 1993)andestimatingimagingparametershat minimize the dif-
ferencebetweerthe TOPSARDEM andanindependenteferencdDEM (Kobayashetal.,
2000). We usea non-parameterizedirectapproachby subtractinghe differencebetween
the TOPSARandSRTM DEMs.

3.1.2 SRTM DEM

TherecentSRTM missionproducednearlyworldwide topographicdataat 90-m posting.
SRTM topographiaataarein factproducedat 30-mposting(1 arcsecond) however, high
resolutiondatasetsfor areasoutsideof the United Statesarenot availableto the public at
thistime. Only DEMs at 90-mposting(3 arcsecondgareavailablefor download.

For mary analyses,ner-scaleelevationdataarerequired.For example,atypical pixel
spacingin aspaceborn&AR imageis 20 m. If the SRTM DEMSs areusedfor topography
removal in spaceborn@nterferometrythe pixel spacingof the nal interferogramsvould
belimited by thetopographydatato atbest90 m. Despitethelower resolution the SRTM
DEM is usefulbecauset hasfewer motion-inducedartifactsthanthe TOPSARDEM. It
alsohasfewer dataholes.

The meritsand demeritsof the two DEMs arein mary wayscomplementaryo each
other Thus, a properdatafusion methodcan overcomethe shortcomingsof eachand
producea nev DEM that combinesthe strengthsof the two datasets: a DEM that has
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Figure 3.1: The original TOPSARDEM of SierraNegra volcanoin Galapagosislands
(insetfor location). The pixel spacingof theimageis 10 m. The boxed areasareusedfor
illustrationlaterin this paper Notethattherearea numberof regionsof missingdatawith
variousshapesndsizes.Artif actsarenotidenti able dueto thevariationin topography
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aresolutionof the TOPSARDEM andlarge-scalereliability of the SRTM DEM. In this
paper we presentan interpolationmethodthat usesboth TOPSARand SRTM DEMs as
constraints.

3.2 Image Registration

The original TOPSARDEM, while in ground-rangecoordinates,s not georeferenced.
Thus,we registerthe TOPSARDEM to the SRTM DEM, which is alreadyregisteredin
a latitude/longitudecoordinatesystem. The imageregistrationis carriedout betweenthe
DEM datasetsusinganafne transformation.Sscalingandrotationarethe two mostim-
portantcomponents.We nd thatthe skew componenis negligible in thesedata. Any
higherordertransformatiorbetweernthe two DEMs would alsobe of nggligible improve-
ment.Theaf ne transformatiorwe usedis asfollows,
R #' # " #
xS:abe+e (3.1)
Ys cd vy f
hX I hX I . . . .

where ¢ and yI aretie pointsin the SRTM and TOPSARDEM coordinatesystems
respectrely. Since[a b e] and[c d f] areestimatedseparatelyat least3 tie pointsare
requiredto uniquelydeterminethem. We picked 10 tie pointsfrom eachDEM basedon
topographideaturesandsolvedfor the six unknovnsin aleast-squaresense.

Giventhe six unknavns, we choosenewn georeferencedamplelocationsthatare uni-
formly spaced;every 9th sampIeIoHatiion corﬁespond$o the samplelocation of SRTM
DEM. Thosesamplelocationsform ;g ,and ﬁ is calculated.Then,the nearesfTOP-
SAR DEM valueis selectedandis putinto the correspondingnewv georeferencedample
location. Theintermediatevaluesare lled in from the TOPSARmapto producethe geo-
referenced. 0-mdataset.

It shouldbe notedthatit is not easyto determinethe tie pointsin DEM datasets.
Enhancingthe contrastof the DEMs facilitatedthe process.In general, ne registration
is importantfor correctly meiging differentdatasets. The two DEMs in this study have
differentpixel spacingslt is dif cult to pick tie pointswith higherprecisionthanthe pixel
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spacingof thecoarseimage.In our method however, the SRTM DEM, thecoarseimage,
is treatedasan averagedmageof the TOPSARDEM, the ner image. In our inversion,
only the 9-by-9averagedvaluesof the TOPSARDEM arecomparedwvith the pixel values
of the SRTM DEM. Thus,the ne registrationis lesscritical in this approachthanin the
casewherea one-to-onematchis required.

3.3 Artifact Elimination

Examinatiorof thegeoreferenceOPSARDEM (Fig. 3.2a)shavs motionartifactswhen
comparedto the SRTM DEM (Fig. 3.2b). The artifactsare not clearly discerniblein
Fig. 3.2abecauseheir magnitudeis smallin comparisorto the overall datavalues. The
artifactsareidenti ed by downsamplingheregisteredTOPSARDEM andsubtractinghe
SRTM DEM. Large scaleanomaliesthat periodically uctuate over an entire swath are
visible in Fig. 3.2c. The periodicpatternis mostlikely dueto uncompensatewbll of the
DC-8 aircraft. The spacebornéataarelesslikely to exhibit similar artifacts,becausehe
spacecrafts not greatlyaffectedby the atmosphereNote thatthe width of the anomalies
correspondo the width of a TOPSARswath. Because¢he SRTM swath is muchlarger
thanthat of the TOPSAR system(Table 3.1), a larger areais coveredunderconsistent
conditions reducingthe numberof paralleltracksrequiredto form anSRTM DEM.

The maximumamplitudeof the motion artifactsin our studyareais about20 meters.
This would resultin substantiakrrorsin mary analysesf not properlycorrected.For ex-
ample,if this TOPSARDEM is usedfor topographyreductionin repeat-passiSAR using
ERS-2datawith a perpendiculabaselineof about400 meters,the resultingdeformation
interferogramwould containonefringe (= 2.8 cm) of spurioussignal.

To remove theseartifactsfrom the TOPSARDEM, we upsamplehe differenceimage
with bilinear interpolationby a factorof nine sothatits pixel spacingmatcheshe TOP-
SAR DEM. Thedifferenceimageis subtractedrom the TOPSARDEM. This processs
describedvith a o w diagramin Fig. 3.3. Note thatthe lower branchundegoestwo low-
passlter operationsvhenaveragingandbilinearinterpolationareimplementedyhile the
upperbranchpreseresthehigh frequeng contentsof the TOPSARDEM. In thisway we
caneliminatethelarge-scalartifactswhile retainingdetailsin the TOPSARDEM.
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Figure3.2: (a) TOPSARDEM and(b) SRTM DEM. Thetick labelsare pixel numbers.
Note the differencein pixel spacingbetweenthe two DEMSs. (c) Artif actsobtainedby

subtractingthe SRTM DEM from the TOPSARDEM. The ight directionandthe radar
look directionof the aircraftassociatedvith the swath with the artifactareindicatedwith

along andshortarrovs respectrely. Notethatthe artifactsappeaiin oneentire TOPSAR
swath,while it is notasseriousin otherswaths.
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Figure3.3: The o w diagramof theartifactelimination.

3.4 Prediction-Error (PE) Filter

The next stepin the DEM processs to |l in missingdata. We usea predictionerror
(PE) lter operatingon the TOPSARDEM to Il thesegaps. The basicideaof the PE
Iter constraint(Claerbout 1992;Claerboutand Fome| 2002)is thatmissingdatacanbe
estimatedso that the restoreddatayield minimum enegy whenthe PE lter is applied.
The PE lter is derivedfrom training data,which is normally valid datasurroundingthe
missingregion. The PE lter is selectedso thatthe missingdataandthe valid datashare
approximatelythe samespectralcontent. Hence,we assumehat the spectralcontentof
the missingdatain the TOPSARDEM is similar to that of the regions with valid data

surroundinghemissingregions.

3.4.1 Designingthe lter

We generata PE lter suchthatit rejectsdatawith statisticsfoundin thevalid regionsof
the TOPSARDEM. Giventhis PE lter , we solve for datain the missingregionssuchthat
theinterpolatediatais alsobeemulli ed by thePE Iter . Thisconcepisiillustratedin Fig.
3.5.

ThePE lter, fpg, is foundby minimizing the following objectve function,
kfpe  Xek? (3.2)

wherexe Is the existing datafrom the TOPSARDEM, and representsornvolution. This
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expressiorcanberewrittenin alinearalgebraidorm usingthefollowing matrix operation,
kFpeXek?; (3.3)

or equialently
kX efpek® (3.4)

whereFpg and X arethe matrix representationsf fpg andxe for corvolution operation.
Thesematrix andvectorexpressiongreusedto indicatetheir linearrelationship.

3.4.2 1-Dexample

Theprocedureof acquiringthe PE Iter canbeexplainedwith 1-D example.Supposéhat
adataset,x = [x1;:::; %] (wheren  3)is given,andwe wantto computea PE Iter of
length3, fpe = [1 f; f2]. Thenwe form a systemof linearequationsasfollows.

2 3
X3 X2 X1 2 13
X4 X3 X2
) . . gflé 0 (3.5
: : f,
Xn Xnh 1 Xn 2
The rst elemenbf thePE Iter shouldbeequalto oneto avoid thetrivial solution,fpg= 0.

Note that{3.3) is the copvolution of Hie dataandthe PE lter. After simplealgebraand

X3 X2 X1
with d g;éandD g : : Zweget
Xn Xn 1 Xn 2
"#
f
D * d (3.6)
fa
andits normalequationbecomes
"#
fi 7. 1.7
= D'D "D'( d (3.7)
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Note that (3.7) minimizes(3.2) in a least-squaresense.This procedurecanbe extended
to 2-D problems,andmoredetailsare describedn Claerbout(1992)and Claerboutand
Fomel(2002).

3.4.3 The effectof the lter

Fig. 3.4 showvs the characteristicef the PE lter in the spatialandFourierdomains.Fig.
3.4ais the sampleDEM chosenfrom Fig. 3.1 (numberedbox 1) for demonstration.It
containsvarioustopographideaturesandhasawide rangeof spectracontent(Fig. 3.4d).
Fig. 3.4bis the5-by-5PE Iter dervedfrom 3.4aby solvingtheinverseproblemin (3.3).
Note that the rst threeelementsn the rst columnof the Iter coefcients are0 O 1.
Thisis the PE Iter' s uniqueconstraintthat ensureghe Itered outputto be white noise
(Claerbout 1992). In the Itered output(Fig. 3.4c)all the variationsin the DEM were
effectively suppressedThe size (order)of the PE Iter is basedon the compleity of the
spectrumof the DEM. In general,asthe spectrumbecomesnorecomple, a larger size
Iter is required.After testingvarioussizesof the Iter , we founda5-by-5sizeappropriate
for the DEM usedin our study Fig. 3.4dandFig. 3.4eshow the spectraof the DEM
andthe PE lIter respectirely. Theseillustratethe inverserelationshipof the PE lter to
the correspondindEM in the Fourierdomain,suchthattheir productis minimized(Fig.
3.4f). ThisPE lter constraingheinterpolateddatain the DEM to similar spectrakcontent
to the existing data.

All inverseproblemsin this studywere derived usingthe conjugategradientmethod,
whereforward and adjoint functional operatorsare usedinsteadof the explicit inverse
operatorgClaerbout 1992),saving computermemoryspace.

3.5 Inter polation

3.5.1 PE lter constraint

Oncethe PE lter is determinedwe next estimatethe missingpartsof theimage. As de-
pictedin Fig. 3.5, interpolationusingthe PE Iter requiresthatthe norm of the Itered



3.5. INTERPOLATION 29

Figure3.4: Theeffectof a PE lter. (a) original DEM, (b) a 2-D PE Iter foundfrom the
DEM, (c) DEM ltered with thePE lter (d), (e),and(f) arethe spectraof (a), (b), and(c)
respectiely plottedin dB. (a) and(c) aredravn with the samecolor scale.Notethatin (c)
thevariationof image(a) waseffectively suppressebly the Iter. The standardieviations
of (a)and(c) are27.6m and2.5m respecitiely.
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Figure3.5: Conceptof PE lter. ThePE lter is estimatedy solvinganinverseproblem
constrainedvith the remainingpart, andthe missingpartis estimatedy solving another
inverseproblemconstrainedvith the Iter. The e; ande, arewhite noisewith smallam-
plitude.

outputbe minimized. This procedurecanbe formulatedasan inversecomputatiormini-
mizing thefollowing objective function:

kaEXk2 (3-8)

whereFpg is the matrix representatioonf the PE Iter corvolution,andx representtheen-
tire datasetincludingtheknown andthe missingregions.In theinversionprocessve only
updatethe missingregion, without changingthe known region. This guaranteeseamless
interpolationacrosghe boundariebetweerthe known andmissingregions.

3.5.2 SRTM DEM constraint

As previously stated 90-m postingSRTM DEMs weregeneratedrom 30-m postingdata.
This downsamplingwas doneby calculating3 “looks” in both the eastingand northing
directions. In orderto usethe SRTM DEM asa constraintto interpolatethe TOPSAR
DEM, we positthe following relationshipbetweenthe two DEMs: eachpixel valuein a
90-mpostingSRTM DEM canbe considereagquialentto the averagedvalueof a 9-by-9
pixel window in a10-mpostingTOPSARDEM centeredat the correspondingpixel in the
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SRTM DEM.

Solutionusingthe constraintof the SRTM DEM to nd the missingdatapointsin the
TOPSARDEM canbeexpressedgsminimizing thefollowing objectie function:

ky Axmk? (3.9)

wherey is an SRTM DEM expressedas a vector that coversthe missingregions of the
TOPSARDEM, andA is anaveragingoperatorgenerating looks,andx, representshe
missingregionsof the TOPSARDEM.

3.5.3 Inversionwith two constraints

By combiningtwo constraintspnederivedfrom the statisticsof the PE Iter andonefrom
theSRTM DEM, we caninterpolatehemissingdataoptimally with respecto bothcriteria.
ThePE lter guaranteethattheinterpolateddatawill have the samespectralpropertiesas
theknown data.At thesametime the SRTM constraintforcestheinterpolatediatato have
averageheightnearthe correspondingRTM DEM. We formulatethe inverseproblemas
aminimizationof thefollowing objective function:

| 2kFpexmk®+ ky A xmk? (3.10)

wherel settherelative effect of eachcriterion. Here x, hasthe dimensionsof the TOP-
SAR DEM, while y hasthe dimensionf the SRTM DEM. If regionsof missingdataare
localizedin animage,entireimagedoesnot have to be usedfor generatinga PE Iter . We
implementinterpolationin subimages$o save time andcomputermemoryspace An exam-
ple of the suchsubimages shown in Fig. 3.6. Theimageis a partof Fig. 3.1 (humbered
box2). Fig. 3.6aand3.6bareexamplesof xe in (3.3) andy respecitiely.

Themultiplier I determinedherelatve weightof the two termsin the objectve func-
tion. As /| | ¥, thesolutionsatis esthe rst constraintonly, andif / = 0, the solution
satis esthesecondconstrainonly.
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Figure 3.6: Examplesubimagef (a) TOPSARDEM shawing regions of missingdata
(black),and(b) SRTM DEM of thesamearea.Thesesubimagesreengagedn oneimple-
mentationof theinterpolation.The grayscalas altitudein meters.



3.5. INTERPOLATION 33

Figure3.7: Cross-alidationsumof squaresThe minimumoccurswhen/ = 0:16.

3.5.4 Optimal weighting

We usedcross-alidationsumof squaregCVSS)(Wahba 1990)to determinehe optimal
weightsfor the two termsin (3.10). Considera modelxy, that minimizesthe following
guantity

I 2kFpexmk®+ ky® AW x Kk? (k= 1;::N) (3.11)

wherey(® and A arethey andthe A in (3.10) with the k-th elementandthe k-th row

omittedrespectrely, andN is thenumberof elementsn y thatfall into the missingregion.

Denotethis modelxﬂ? (1'). Thenwe computethe CVSSde ned asfollows,

1 2
S8 e Axin(l) (3.12)
1

cvsyl) =

ﬁ QJOZ

whereyy is the omitted elementfrom the vectory and A is the omittedrow vectorfrom
the matrix A whenthe xﬂ?(l ) wasestimated.Thus,Akx%‘)(l ) is the predictionbasedon
theotherN 1 obserations. Finally, we minimize CVSS/ ) with respecto / to obtain
theoptimalweight(Fig. 3.7).

In the caseof the exampleshown in Fig. 3.6, the minimum CVSSwas obtainedfor
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I = 0:16 (Fig. 3.7). Theeffectof varying/ is shavnin Fig. 3.8. It is apparen{seeFig.
3.8) thatthe optimal weightis a more“plausible” resultthan either of the end members,
preservingaspect®f both constraints.

In Fig. 3.8atheinterpolationusesonly the PE Iter constraint.Thisinterpolationdoes
not recover the continuity of the ridge runningacrossthe DEM in north-southdirection,
whichis obseredin the SRTM DEM (Fig. 3.6b). This follows from a PE Iter obtained
suchthatit eliminatesthe overall variationsin the image. The variationsincludenot only
theridgebut alsothe accurategopographyin the DEM.

The otherendmembeyFig. 3.8c,shows the resultfor applyingzeroweightto the PE
Iter constraint.SincetheaveragingoperatorA in (3.10)is appliedindependentlyor each
9 by 9 pixel group,it is equivalentto simply Iling theregionsof missingdatawith 9 by 9
identicalvaluesthatarethe sameasthe correspondinggRTM DEM (3.8aand3.8c).

3.5.5 Simulation of the interpolation

The quality of cross-alidationin this studyis itself validatedby simulatingthe interpo-
lation processwith known subimageshatdo not containmissingdata. For example,if a
known subimages selectedrom Fig. 3.1 (numberedoox 3), we canremove somedata
andapply our recovery algorithm. The subimages similar in topographideatureso the
areashavn in Fig. 3.6. The processs illustratedin Fig. 3.9. We introducea holein
3.9bandcalculatethe CVSS(Fig. 3.9d)for each/ rangingfrom 0 to 2. Thenwe usethe
estimated , which minimizesthe CVSS,for theinterpolationprocesgo obtaintheimage
in 3.9c. For eachvalueof | we alsocalculatethe RMS error betweernthe known andthe
interpolatedmages.The RMS erroris plottedagainst/ in Fig. 3.9e. The CVSSis mini-
mizedfor | = 0:062,while the RMS errorhasaminimumat/ = 0:065. This agreement
suggestghat minimizing the CVSSis a usefulmethodto balancethe constraints.Note
thattheminimumRMS errorin Fig. 3.9eis about5 meters.This valueis smallerthanthe
relative verticalheightaccurag of the SRTM DEM, whichis about10 meters.
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Figure3.8: Theresultsof interpolationappliedto DEMsin Fig. 3.6, with variousweights.
@Il ! ¥,(b)l =0:16,and(c) !/ = 0. Pro les alongA-A' areshown in theplot (d).



36 CHAPTER3. MERGING DIGITAL ELEVATION MODELS

Figure3.9: The quality of the CVSS, (a) a sampleimagethatdoesnot have a hole, (b) a
holewasmade,(c) interpolatedmagewith an optimalweight, (d) CVSSasa function of
I . TheCVSShasaminimumwhen/ = 0:062.(e) RMS errorbetweertrueimage(a) and
theinterpolatedmage(c). Theminimumoccurswhen/ = 0:065.
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3.6 Inter polation Results

The methodpresentedn the previous sectionwasappliedto the entireimageof Fig. 3.1.
The registeredTOPSARDEM containsmissingdatain regions of varioussizes. Small
subimagesvere extractedfrom the DEM. Eachsubimages interpolatedandthe results
arereinsertednto thelarge DEM. The locationsandsizesof the subimagesreindicated
with white boxesin Fig. 3.10a. Note the largestregion of missingdatain the middle
of the caldera. This region is not only a simple large gap but also a gap betweentwo
swaths.Theinterpolationis aniterative processand lls upregionsof missingdatastarting
from the boundary If valid dataalongthe boundary(boundarieof a swath for example)
containedgeeffects, error tendsto propagatethroughthe interpolationprocess. In this
case expandingthe region of missingdataby a few pixels beforeinterpolationproduces
betterresults. If thereis a large region of missingdata,the spectralcontentinformation
of valid datacanfadeout asthe interpolationproceedgoward the centerof the gap. In
this case sequentiallyapplyingtheinterpolationto partsof the gapis onesolution.Dueto
edgeeffectsalongthe boundaryof the large gap,the interpolationresultdoesnot produce
topographythat matchesthe surroundingterrainwell. Hence,we expandthe gapby 3
pixels to eliminateedgeeffects. We divided the gapinto multiple subimagesandeach
subimagevasinterpolatedndividually.

3.7 EffectonInSAR

Finally, we caninvestigatethe effect of the artifact elimination andthe interpolationon
simulatedinterferograms. It is often easierto seedifferencesin elevation in simulated
interferogramghanin corventionalcontourplots. In addition, simulatedinterferograms
provideameasuref how sensitve theinterferograrmis to thetopographyFig. 3.11showvs
georeferencedimulatednterferogramdgrom threeDEMS; theregisteredTOPSARDEM,
the TOPSARDEM after the artifact elimination,andthe TOPSARDEM after the inter-
polation. In all interferogramsa C-bandwavelengthis used,and we assumea 452 m
perpendiculabaselinebetweertwo satellitepositions.This perpendiculabaselinds real-
istic (Amelungetal., 2000). Thefringelinesin theinterferogramareapproximateljheight
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Figure3.10: Theoriginal TOPSARDEM (a) andthereconstructe@EM (b) afterinterpo-
lation with PE Iter andSRTM DEM constraintsThe gray scaleis altitudein metersand
the spatialextentis about12 km acrosgheimage.
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contourlines. Theinterval of thefringe linesis inverselyproportionatto the perpendicular
baseling(Zebler et al., 1997),andin this caseone color cycle of the fringesrepresents
about20 meters.Notein Fig. 3.11athatthefringe linesarediscontinuouscrosshelong
region of missingdatainsidethe caldera.This is dueto artifactsin the original TOPSAR
DEM. After eliminatingtheseartifactsthe discontinuitydisappeargFig. 3.11b). Finally
themissingdataregionsareinterpolatedn aseamlessnanner(Fig. 3.11c).

3.8 Conclusion

Theaircraftroll artifactsin the TOPSARDEM wereeliminatedby subtractinghe differ-
encebetweernthe TOPSARandSRTM DEMs. A 2-D PE lter dervedfrom the existing
dataandthe SRTM DEM for the sameregion are thenusedasinterpolationconstraints.
Solvingthe inverseproblemconstrainedvith boththe PE Iter andthe SRTM DEM pro-
ducesa high-qualityinterpolatedmapof elevation. Cross-alidationworks well to select
optimalconstraintweightingin theinversion.This objectve criterionresultsin lessbiased
interpolationand guaranteeshe best t to the SRTM DEM. The quality of mary other
TOPSARDEMSs canbeimprovedsimilarly. Thenew DEM createdn this chaptelis used
in Chapter5 andChapter6 of this dissertation.In Chapter4 we provide a new inversion
methodto modelthe detailedgeometryof uniformly pressurizedrackconstrainedy In-
SAR obsenations. The SRTM DEM is usedin the chapterfor simplicity, asthe chapter
concerngnoreaboutmodelingalgorithm.
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Figure3.11: Simulatednterferogramgrom (a) the original registeredTOPSARDEM, (b)
the DEM afterthe artifactwasremoved, and(c) the DEM interpolatedwith PE Iter and
the SRTM DEM. All theinterferogramsveresimulatedwith the C-bandwavelength(5.6
cm) anda perpendiculabaselineof 452 m. Thus,onecolor cycle represent20 m height
difference.



Chapter 4

Constraints on Magma Chamber
Geometry at Sierra Negra Volcano,
Galapagos

The previous chapterprovided an algorithmto improve the quality of data(i.e. INnSAR
data). This chapterdescribesa new algoritm to explain the datain a mechanicallycon-
sistentway. In this chapterwe investigatethe problem of estimatingmagmachamber
geometryusingInSAR obsenationsof SierraNegravolcano,Galapagos.Ascendingand
descendingnterferogramsare combinedto determineverticalandonehorizontalcompo-
nentof displacementTheratio of maximumhorizontalto verticaldisplacemensuggests
sill-lik e source.Sphericalor stock-like bodiesareinconsistentvith the data. We estimate
the geometryof the sill assuminga horizontal,uniformly pressurizearackwith unknovn
peripheryanddepth. Thesill is discretizednto small elementghat eitheropen,andare
subjectedo the pressurdoundarycondition,or remainclosed.We nd thebest- tting sill
to belocatedbeneatiSierraNegra's inner calderaat a depthof about2 km. Usingbound-
ary elementcalculationswve shav thatany magmachambemwith a at top coincidentwith
thesill model ts thedataequallywell. Thedataareinsensitve to the sidesandbottomof
themagmachamber

41
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Figure4.1: Shadedelief topographionap of Galapagodslands. The studyareais indi-
catedwith ablackbox, which includesthe calderaof SierraNegravolcano.

4.1 Intr oduction

Six volcanoesn the westernGalapagosslandsof Fernandinandlsabela(Fig. 4.1) have
beenactively deformingsince1992 (Amelunget al., 2000). Among theseSierraNegra
is by far the mostvoluminousand hasbeenone of the mostactive. It hasexperienced
11 historical eruptions,including mostrecentlythe 0.9 km? eruptionon the north ank
of the volcanoin 1979 (Reynoldset al., 1995). SierraNegra's shallov caldera(110m in
maximumdepth)is the largestby areain the westernGalpagog59.8km?) (Munro and
Rowland 1996). The calderais characterizedy a C-shapedinuousidge,composeaf a
complec setof normallyfaultedblockswith steep(60 - 90 ) outwarddippingfaultscarps
(Reynoldsetal., 1995).

Thecenterof SierraNegra's calderauplifted from 1992to 1997,causinganearvertical
line-of-sight (LOS) displacemenbf about1.6 metersin INSAR obsenations (Amelung
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et al.,, 2000). Therapidin ation was followed by trapdoorfaulting sometimein 1997-
1998, which occurredalong the pre-&isting fault systeminside the south moat of the
caldera.This eventwasdiscoveredusingInSAR obsenations(Amelungetal., 2000). The
faultingwasalsocon rmed by eld studyandrangeoffsetmeasurementaith maximum
obsenredslip of aboutl.5 meters(Jonssoretal., 2005). After thetrapdoorfaultingevent,
SierraNegraresumeduplift from Septembed998to March 1999with a maximumLOS
displacemenof 30 cm. This uplift eventwassuccessfullymodeledasa sill with spatially
varying openingdistribution by Amelunget al. (2000). A GPSnetwork on SierraNegra
shavedthatsubsidencanitiatedsometimebetweerlate2000andearly2001,atratesof up
to 9 cm/yr (Geistetal., in review 2004).

In this chapter we analyzelnSAR dataacquiredover SierraNegra, incorporatinga
rigorousinvestigationof the geometryof the putatve magmabody. While we referto the
deformatiorsourceasamagmabody, it mayincludeahydrothermatomponentAlthough
thesill modelof Amelungetal. (2000) ts theobsenrationswell, it is non-uniqueprimarily
becausef the nearverticalone-dimensionadensitvity of thedata(Dieterich and Dedker,
1975; Fialko et al., 2001c). Given vertical and horizontaldisplacementlata, however, it
is possibleto distinguishsills from sphericalchambersor stocks(Fialko et al., 2001a).
Herewe rst constrainthe shapeof the magmachamberby reconstructingvertical and
horizontalcomponent®f the surfacedisplacementisingtwo interferogramspnefrom an
ascendingrbit andthe otherfrom a descendin@rbit. This approachs similar to that of
Fialko et al. (2001b)but doesnot requirecalculationof azimuthoffsetsbecauseve need
only two components$o constrainthe shape.

Amelunget al. (2000)allow the sill openingto vary spatiallyto t the data,but they
did notimposeary additionalphysicalconstrainton the shape.We explore belov a new
inversionapproachjn which the deformationsourceis restrictedto be a uniformly pres-
surizedsill whoseplan outline is unknonvn, appropriateor a magmaticintrusion. In this
casethe geometryof the sill andthe magmapressurearethe unknavns. Comparedo the
previouskinematicmodel(Amelungetal., 2000),in which sill openingis constraineanly
by a Laplaciansmoothingconstraint,our new approachdramaticallyreduceshe number
of degreesof freedomin theinversion.

An approachwith a pressuréooundaryconditionis advantageouvecause¢he magma
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pressureds directly relevantto uid processesn the magmachamber In particular the
total magmapressurepn, is the sumof the excessmagmapressureDp andthe lithostatic
pressurep,

Pm= Dp+ pi: (4.1)

We estimateDp from the INSAR data. However, it shouldbe notedthatthe estimatedp
represent®nly the changen pressuraduring the time periodof the INSAR obsenrations.
Assumingalithostaticstressstate,p. = r gd, wherer isthedensityof overlyingrock,d is
thedepthof themagmabody, measuredrom thecalderaoor. Sincethemagmachambeirs
knownto belocatednsidethe at calderaof SierraNegraatshallav depth(Amelungetal.,
2000),we simplify the problemandassumenelastichalf-spaceignoringtopographically
inducedstressegPinel and Jaupart, 2003). Given the excessmagmapressurewe can
calculatethestressn theneighborhooaf thesill usingthepressurasboundarycondition.
Knowledgeof thestresseld allowsusto considercrackinitiation andpropagatiorcriteria,
sincecracksmay propagateat roughly constanfpressure Moreover, by calculatingstress
elds aroundthe magmachambercausedy magmapressurizationywe shouldbe ableto
predictthe directionof crackpropagationandthusthe evolution of the system.Overall,
thenew methodrelatesto physicalpropertiesof the magmaitself, andwill betterdescribe
the mechanicainteractionof the magmaintrusionwith the surroundingock.

Later in this paperwe nd thateven with both vertical and horizontaldisplacement
dataat the Earth's surfacewe cannotuniquelydeterminethe shapeof thelower partof the
magmachamber We usethe boundaryelementtechniqueto explore the rangeof models
consistentvith theInSAR data providing clearerconstraint®nmagmachambegeometry

4.2 Shapeof the Magma Chamber

Non-uniquenessf the shapeof subsurbcemagmachamberge.g. Dieterich and Dedker,
1975; Fialko et al., 2001c)is greatlyreducedf both verticaland horizontaldeformation
dataare available (Fialko et al., 2001a). Sills producelittle horizontaldisplacementel-
ative to the peakuplift, ascomparedo equi-dimensionamagmabodieswhich generate
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more horizontaldeformation. Sinceimaging radarsatellitesare side-looking,interfero-
gramsrecordhorizontaldeformationaswell asverticaldeformation.Usingdatafrom both
ascendinganddescendingrbits, it is possibleto determinethe vertical displacemenand
onecomponendf horizontaldisplacement.

Satellitescanacquiredatawhenthey passfrom southto north (ascendingyandfrom
north to south(descending).Datafrom ascendingand descendingrbits have different
imaging geometry(look direction), providing two linearly independent.OS measure-
ments. In principle, we can calculatethe 3-D displacementeld, usingdatafrom both
ascendingand descendingrbits (Fialko et al., 2001b), by solving for threeorthogonal
componentof the surfacedisplacementeld from the two LOS displacementsindalso
the interferogramazimuth offsets, which are acquiredby cross-correlatingwo ampli-
tudeimages. However, in the caseof SierraNegrafor the time periodwhenthe ascend-
ing/descendingair is available,the maximumhorizontalsurfacedisplacemenis lessthan
10 cm. The accurag of the azimuthoffsetsis about12.5cm, if we assumehatwe can
measurgixel offsetslocally betweerntwo imagesto 1/32 of a pixel (Jonssoretal., 2002).
Hence,the signal-to-noiseatio is not sufcient for the azimuthoffsetsto be meaningful,
and we cannotfully reconstructthe 3-D displacementeld. Consequentlythe vertical
componentndonly onehorizontalcomponentanbe determinedIn the caseof volcano
deformation,assumingnearcircular symmetryallows the one componentof horizontal
displacemento be considerecsaradialcomponentThisis adequatesincewe only need
verticalandradialcomponentso reducethe non-uniquenessf the shapeof magmacham-
bers.

The ERS-2datawe usedareshown in Table4.1. Fig. 4.2 shovs a mapview of the
ascendingand descendingorbits and the idealized surface displacementvectorsdue to
volcanodeformation.Usingthe samenotationasFialko etal. (2001b),theLOS vectorcan
be expressedn termsof displacementd);, as:

dos = [Unsinf  Ugcosf ]sinl + Uycosl ; (4.2)

wheref is theazimuthof the satelliteheadingvector(positive clockwisefrom the North),
and/ istheradarincidenceangle.Sincetheorbitinclinationof theERS-2satelliteis 98.5 ,
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Table4.1: InterferogramdJsedin This Study

Orbitdirection  Scenel Scene T B-
Ascending 1998/10/31 1999/02/13 3.5months 152m
Descending  1998/11/05 1999/02/18 3.5months 448m
Ascending 1998/09/26 1999/03/20 6months  50m

which is the anglebetweenthe headingvector of the ascendingsatelliteand the easting
vectorat the equatoythe LOS displacementelds containhorizontalcomponentshatare
off by 8.5 from eastingor westingvectors. Thus,the f 's for ascendinganddescending
orbitsare-8.5 and188.5 respectrely. We approximatéhesevaluesto 0 and180 . With
thisapproximationEq. 4.2reduceso,

dios = Uesinl + Uycosl ; (4.3)

wherethe minussign is for datafrom ascendingorbit andthe plus signis for datafrom
descendingrbit. Sincetherearetwo unknavnsandtwo equationsve cansolvefor U, and
Ue. We verify theaccurag of this approximatiorby reconstructinghe verticalandradial
componentgrom a well known circularly symmetricdeformationsource.Fig. 4.3 shows
the true vertical and radial componentsiue to the Mogi point source(Mogi, 1958) and
thereconstructedomponentsgerivedfrom simulatednterferogramgrom ascendingand
descendingrbits usingthe ERS-2satellite’s actualorbit inclination. The interferograms
weretransformednto verticalandeastingcomponentsThe approximation-induceedrror
is aboutl%in this case.

Theactualascendinganddescendingnterferograms&ndthereconstructederticaland
horizontalcomponentareshovn in Fig. 4.4. Theinterferogramsvereprocessedsingthe
Jet PropulsionLaboratory/Caltechiepeatorbit interferometrypackageROI_PAC. A 90-
meterpostingDigital ElevationModel (DEM) from the ShuttleRadarTopographyMission
(SRTM) wasusedto subtracthetopographicsignal.

Fig. 4.5shavsthepro les of verticalandeastcomponentgalongA-A' in Fig. 4.4d.The
line A-A" waschosersothatit is parallelto E-W axis andincludesthe maximumvertical
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ground deformation

A

Figure4.2: Map view of ascendinganddescendingrbit imaginggeometryandidealized
surfacedisplacemenof volcanodeformation.The opentriangleindicatesthe centerof the

volcano

Figure4.3: Circularly symmetricdeformatiorsourcevasusedo estimatehesatelliteorbit
inclinationinducederror Theverticalandradialcomponenarereconstructedh thesame
way asthe datawasanalyzed.The x-axis is the distancenormalizedby the depthof the
sourceandthey-axisis displacemenhormalizedby the maximumvertical displacement.
In the caseof circularsymmetry the maximumerrordueto the orbit inclinationnot being

90 is about1%.
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Figure 4.4: Interferogramdrom ascendinga) and descendingb) orbits with temporal
baseline®f 1998/10/31 1999/02/13and1998/11/05 1999/02/1&espectrely. Onecolor
cycle represent® cm changeof rangein LOS directionof satellite. Interferometricdis-
placementsanbeseparatethto vertical(c) andhorizontal(d) componentsisingtheimag-
ing geometrie®f thetwo orbits.
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Figure4.5: Pro les of verticalandeastcomponenbf surfacedeformationalongA-A' in
Fig. 4.4d. Five linesareaveragedo producea smoothplot, andvaluesarenormalizedby
themaximumverticalcomponent.

displacementThe ratio of the maximumhorizontalto maximumvertical displacements
about0.3, consistentvith a sill, but inconsistentvith a sphericalMogi) sourcefor which
theratiois about0.4 (Fialko etal., 2001a).Thus,this obsenationsupportgheideathatthe
magmareservir beneattSierraNegrais asill, or asill-lik e body.

4.3 Estimation of Best- tting Sill Geometry

We determinedhe sill geometryusinga 3-D boundaryelementmethodplus a non-linear
inversionschemeln thisapproachthe geometryof thesill is describedy its peripheryor
fracturetip-line andits depth.We usedthe sameSAR scene$1998/09/26and1999/03/20)
that Amelunget al. (2000) usedto form an interferogram ratherthanthe ascendingand
descendingpair usedin the previous section(Table 4.1), to facilitate comparisorof our
resultswith the kinematicmodelof Amelungetal. (2000). The deformationpatternin the
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previoussection(Fig. 4.4a)is similarin shapeo theinterferogranusedfor modeling(Fig.

4.4b) but smallerin amplitude. We comparedhe two interferogramdyy scalingthe one
for inversion(s;) to t theonein the previoussection(sy). To do this we estimatea scale
factora andphaseoffsetb minimizing,

minjiy  (ax+ bz (4.4)

Fig. 4.6 shows thatthe surfacedeformationis nearlyidenticalandimplies thatthe defor
mationsourcesn thetwo time periodssharethe samegeometry Thus,the only difference
betweerthe two time periodsshouldbe the magnitudeof the excessmagmapressureFor
thisreasonwe cannow modelthedeformatiorsourceusingthethird interferogram(Table
4.1),startingfrom theresultof the previoussectionithatis, thedeformatiorsources asill.

4.3.1 Forward Modeling

We assumehatuniform pressureactseverywhereon the surfaceof the sill, with no shear
traction. A uniform pressureboundaryconditionis physically more reasonablg¢han a
kinematicdisplacemenboundarycondition, becauseSierraNegra commonlyeruptsiow
viscositybasalticmagmawhich shouldbe closeto hydrostatigoressuresquilibrium.

We divide the crackinto elementghat either openedor remainedclosedin orderto
determinethe sill geometry The uniform pressuréboundaryconditionis enforcedon all
openelements.Variouscombinationf openandclosedelementsareselectedo form a
sill. Oncea candidatesill peripherydepth,anduniform pressureareselectedthe opening
distribution of the entiressill is uniquely determinedby a boundaryelementcalculation.
This reduceghe numberof degreesof freedomof the boundaryalueproblemrelative to
thekinematicinversion.

In orderto usetheboundaryalueproblemasthe forwardfunctionin aninversion,we
introducea setof binary parametershat describewhethereachelementin a grid is open
or closed.Fig. 4.7 shawvs a simpleexampleof a modelgrid. A valueof zeroata grid cell
meanghatthesill elemenis closed(i.e. nota partof thesill) anda“one” meanghatthe
sill elementis open. Only the openelementsare subjectto the uniform internalpressure
condition.Determiningthegeometryof thesill is equivalentto determiningheappropriate
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Figure4.6: Least-squaresting results.(a) Interferogranfor thetime periodof 1998/10/31
- 1999/02/13(b) Scaledversionof thetheinterferogranfor 1998/09/26- 1999/03/20(c)
Residual.(d) Pro les through(a) and(b). The bluesolid line is the S-N pro le of (a),and
theredsolid line is the W-E pro le of (a). The blackdashedines arethe corresponding
pro les of (b). Onecolorcycle in theinterferogramsandresidualrepresent® cm of LOS
displacement.
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Figure4.7: Simpleexampleof modelgrid that shavs four opensill elements.The upper
right cornersill elementwill openwidestunderuniform pressure.

combinationof zerosandones.

We choosedepth,excessmagmapressureandonecombinationof the binary parame-
ters. Thesesufce to determinethe openingdistribution in the entiremodelgrid uniquely
usinga 3-D boundaryelementcalculation. Surfacedeformationis thenderived from the
sill openingusing Greens functionsintegratedover a rectangulaelementin anisotropic
homogeneousnearelastichalf-spacde.g.Okadg 1992). Thesheamodulusof theelastic
half-spacevasassumedo be 30 GPa,and0.25wasassumedor Poissorsratio. Sincethe
INSAR dataaresensitve only to theratio of the excessmagmapressurdo the sheamod-
ulus, decreasinghe shearmodulusby a factorof 3, would decreasehe estimatedexcess
magmapressurdy thesamefactor

4.3.2 Nonlinear Inversion

Oncethe forward methodologyis de ned, we can proceedto selectthe best-t model
throughinversion.Thegoalhereis to estimatehebest- tting sill geometryexcessmagma
pressureand depth. The binary natureof the crack openingmalkesthe problemhighly
nonlinear In thiscasethemis t or objectve functionis notquadraticthuscornvergenceo
the globalminimumis not guaranteedMoreover, binary parameterarediscreteandthus
not differentiable. Thereforea gradient-basethversionschemeis not possible. As our
modelgrid sizeis 16 by 18, the numberof possiblecombinationof the binary parameters
is 2288 Becausét is notfeasibleto testall possibilities we employedsimulatedannealing,
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astochastimonlinearinversionschemgMetropolisetal., 1953).

Simulatedannealingwas proven to corverge with anin nite numberof iterationsat
a constantmetaphoricalfemperaturgparametef(Rothman 1986). The cooling schedule
is importantasit determinesvhetherthe global minimum canbe achieved or not, andit
alsoaffectsthe speedodf corvergence.We usea simulatedannealingcode(Cervellietal.,
2001)thatappliesBasuandFrazertype rapid determinatiorof critical temperatur¢Basu
and Frazer, 1990). For samplingat eachtemperaturenve usethe heatbath algorithm,
whereoneparameters perturbecdat oneiterationwhile the othersare x ed. Thecodewas
modi ed to accommodatéhebinaryparameters.

The datavectorin our inversionis the obsened LOS displacementsl|,s. The size
of the original INSAR dataset (16384 pixels) wasreducedto 674 pointsusing quadtree
partitioning(Jonssoretal., 2002)to make the problemmanageableThe modelvectorm
containghe setof binaryparameterandthe excessmagmapressurép. Thus,

dios = 9g(m) + € (4.5)

where e is dataerror plus errorsin the forward model, and the function g includesthe
dislocationmodelandthe LOS projectionof the suriacedisplacement.We adoptanL
objectve function,

F=jd g(m)j2: (4.6)

The otherdislocationmodelparametersvere x edin the sill plane. The depthof the sill
wasestimatedy examiningthe residualpatternaswell asthe L2-norm of the residualat
depthsrangingfrom 1 km to 3 km in 200m depthincrements.

Solutionswith isolatedindividual openelementgequirephysicallyunrealisticmagma
pressurdhundredsof MPa). In orderto precludethis from our models,we put an upper
boundon the excessmagmapressure.If a certainchoiceof geometryyields a magma
pressurdghatis greaterthanthe upperbound,thenthe candidategeometryis rejected.

We usedphysicalreasoningo derive aninitial valuefor theupperboundon meltpres-
sure. Fig. 4.8 shawvs a simpli ed vertical cross-sectiorrontainingthe magmachamber
Assumingthe magmapressurds at equilibrium at depthD, the pressuran the magma
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chambermy, propagatedhroughthe melt columncanbewritten as,
Pm = rsgD rmg(h+ D d) (4.7)

wherer sis thedensityof solidrock,andr n, is themeltdensity Theexcessmagmapressure
canthenbe calculatedoy subtractinghelithostaticpressurelueto the overloadingrock:

Dp = pm rsgd: (4.8)

For example,if wetakers= 2:9gcm 2 (Hill andZuccag 1987),r m= 2:6gcm 3 (Savaye,
1984),h = 2.4km, D = 37 km, andd = 2 km, we computean excessmagmapressureof
7.6 MPa. Heretheh wasderivedfrom thedifferencebetweerthealtitudeof SierraNegra's
calderaandthe averagealtitude of a circular region about100 km in radius,centeredat
SierraNegra. Thethicknessf thelithosphereD wascalculatedusingthethermaldiffusiv-
ity k = 1mm?s 1 (Turcotteand Schubert 2002)andthe ageof the lithospheret = 8 Myr
(Sallaresand Charvis 2003)in thefollowing equation(Turcotteand Scubert 2002),

D= 2:32p kt: (4.9)

Startingfrom theinitial valueof excesamagmapressureseveralchoicesf theupperbound
on excessmagmapressureveretestedfor eachdepth,andwe selectedhe onethat pro-
ducedreasonableonnectvity andthebestt.

Fig. 4.9 shows the interferogramusedfor modelingin this part of the studyandthe
best- t modelderivedfrom simulatedannealing An upperboundof 5 MPawasplacedon
theexcessmagmapressure.

Althoughdisconnecte@dndisolatedopenelementsvereeffectively suppressetly the
upperbound,a few isolatedsegmentsremained.Eliminating thesedid not changethe t
to thedatasigni cantly becausé¢he isolatedseggmentsopenvery little giventhe estimated
excessmagmapressure. The best- tting model after removing the isolatedsegmentsis
shavnin Fig. 4.10b,in comparisorto Amelungetal’s best- tting kinematicmodel(Fig.
4.10a).Notethatthe estimatedsill is restrictedto theinnercalderaandis boundedoy the
sinuousidge. Thedepthandexcessmagmapressurareestimatedas1.9km and4.5MPa
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Figure4.8: Schematicrertical sectionof thelithosphere.

respectrely. The colorsof the sill elementsrepresenthe inferred openingdistribution,
with themaximumbeing0.5m. Thetotal volumechangds calculatedas6.7 million cubic
meters.If we attributethisvolumechangeo magman ux, theaveragemagmalling rate
is aboutl.1million cubicmeterspermonthfor thetime period1998/09/260 1999/03/20.
The overall distribution of estimatedsill openingis in good agreementvith Amelung et
al!skinematicmodelasexpected.

Using the best- t modelthe effect of asymmetricdeformationsourceon the method
describedn section2 is simulated.Notein Fig. 4.4 thatneitherthe vertical nor the east-
ing componentre perfectlysymmetric,implying a lack of symmetryin the deformation
source.n orderto checktheeffect of thisasymmetrywe implementeda simulationwhich
reconstructetheeastcomponenof displacementor differentorientationof thedeforma-
tion sourceg(Fig. 4.11). We rotatedthebest- t model,andreconstructetheeastcomponent
from therotatedmodels.This gure shavs how far the modelis from circular symmetry
Speci cally, eachsub gure demonstratethe symmetryaboutN-S axisthroughthe center
of theimage.Notethata60 modelrotationshowvsthe bestsymmetryaboutN-S axis,im-
plying thatthe deformationsourcehasanaxisof symmetrywhosestrike is about60 from
thenorth. This axisof symmetrycanalsobe seenn theverticalcomponen{Fig. 4.4c).
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Figure4.9: Obsenred interferogram(a) and simulatedinterferogram(b) from the best- t
model(d). Theresidual(c) betweerthedataandthe modelshawvs differencesmallerthan
2.5cm, half themagnitudeof onecolor cyclein (a) and(b).
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Figure4.10: (a) Best- t modelof Amelungetal. usingasill modelwith spatiallyvarying
openingdistribution. (b) Best- t modelwith uniform pressurdoundarycondition. Depth
wasestimatedas1.9km in bothcases.

4.4 Discussion

In this sectionwe further explore the non-uniquenessf the shapeof the magmachamber
Althoughanequi-dimensionamagmachambeior stockwasrejectedpreviously, our anal-
ysisdoesnot prove thatthe sourceof deformationis a thin sill. If theradiusof thesill is
large comparedo the depth,the surfacedeformationis dominatedoy displacemenof the
sill' s uppersurface. We thus suspecthat surfacedeformationwould be insensitve to the
sidesandbottomof thechamber

We test this using a boundaryelementcode, Poly3D (Thomas 1993). The Poly3D
superposethe solutionfor an angulardislocation(Yoffe, 1960; Comninouand Dundurs,
1975) to calculatethe displacementsstrains,and stressesnducedin an elasticwhole-
or half-spaceby planarpolygonalelementsof displacementliscontinuityand boundary
elementmethod. Fig. 4.12 shavs the geometryof a at-topped diapir usedin this test.
Thedepthto thetopis 1.9 km, andtheradiusof thetop is 3 km, resemblinghe estimated
geometryof thesill at SierraNegra. The sidesof thediapir aredippinginwardatanangle
of 45 . Thelower partof thediapir hasahole,whoseradiusis 600m. Thisis doneto avoid
numericalinstability dueto rotationof the inner region with respecto the outerregion.
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Figure4.11: Asymmetrytestusingthebest- t modelin Fig. 4.10b Thecontourinesshowv
theexpectedobsenableeastvard deformation.The contourlabelsrepresenits magnitude
normalizedby the maximumvertical deformation. The best- t model was rotatedfrom
0 to 150 in 30 increments.q is the angleof counterclockwiseotation. At eachangle
two interferogramdrom ascendingand descendingorbit were simulated,andthey were
transformednto eastcomponentasdescribedn section2.
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Figure4.12:(a) A at-toppeddiapirwith its sidesdipping45 . Thedepthto thetop of the
diapiris 1.9 km, andthe radiusof the top of the diapiris 3 km. (b) Surfacedeformation
dueto thediapiranda sill whosegeometryis the sameasthetop of thediapir. Theline of

obsenation pointsis locatedon the surfaceof the half-spacestartingfrom directly above

the centerof thediapir. Thex-axisis the distancenormalizedby the depth,andthey-axis
is displacemenhormalizedby the maximumverticaldisplacement.

The surfacedeformations comparedo the surfacedeformationdueto a circulardisk or a
sill. Thegeometryof thesill is simply thetop partof thediapir. FromFig. 4.12it is clear
that at-toppeddiapirsproducealmostidenticalsurfacedeformatiorto sills, aslong asthe
depthis small comparedo the radius. Thus, while we have greatly narraved the class
of viable magmachambershapesthe deformationdataalonecannotuniquelyresole this
guestion.

To differentiatebetweerthetwo modelswe considethermalinteractionof theintruded
magmabodywith the hostrock. If we considera singleintrusionevent,thetime required
for completesolidi cation of thesill canbeeasilycalculated TurcotteandScubert 2002).
For example,a newly intrudedsill that hasa uniform thicknessof 0.5 m and an initial
temperaturealifferenceof 1000K betweerthe magmaandthe hostrock would completely
solidify in about8 hours. The samesill thatintrudesinto alreadyheatedhostrock, having
an initial temperaturaifferenceof 500 K, would requireabout16 hoursto completely
solidify.

The uplift obsenedat SierraNegraby INSAR datasince1992hasshavn a consistent
spatialpatternfor severalyearsexceptwhentherewastrapdoorfaulting. In particular the
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patternprior to and after the trapdoorfaulting was very similar (Amelunget al., 2000).
Thereforejt is unlikely thathumeroughin sills intrudedandsolidi ed duringthistime pe-
riod. If separatssills intrudedandsolidi ed, therewould be no particularreasorthatthey
would eachproducethe samesurfacedeformationpattern. Instead,it is morelikely that
a thicker continuouslyliquid magmachamberexperiencedpressurancreasesor equva-
lently volumeincreaseswhich in turn producedthe surfacedeformation.If this wasthe
casewe cancorverselycalculatethe minimum thicknessof the magmachamberffor it to
have remainediquid over the time periodof obsenation. Taking the obsenation period
equalto 7 years,the thicknessof the sill at the beginning of the obsenation period must
have beenatleastabout40 m.

Anotherway to distinguishbetweendifferentmagmachambergeometriesis to con-
siderthe perturbationn the stresseld dueto magmaticntrusions.Althoughthe surface
displacementelds dueto asill andadiapirarenotdistinguishablethe stresselds gener
atedby thetwo differentmagmabodiesaredifferent. The stressstateis dif cult to measure
directly. However, theorientationof ssure eruptionsonthe ank of SierraNegrais anim-
portantclueto the stresseld, sincedikesandsills areknown to propagateerpendicular
to the leastcompressionaprincipal stress.InterestinglyChadwid and Dieterich (1995),
who comparedstresdirectionswith the orientationf dikeson SierraNegra,favor a at-
toppeddiapir, equivalentto one of the modelswe nd to be consistentwith the INSAR
data.

4.5 Conclusions

We have narraved the classof candidatenodelsconsistenwith the INSAR obsenations
of SierraNegra. We have shavn the datarequirea at-topped magmabody at a depth
of about2 km restrictedto the inner caldera. Deformationdataalone, however, cannot
uniquely determinethe geometryof the sidesor feederconduit— both a diapir anda sill
with uniform internal pressureprovide reasonablets to the data. The INSAR datado
constrainthelateralgeometryof the magmachambeto a high resolution.

We solvedfor theshapeof thesill, or equialentlythe at top of thediapir. A physically
reasonableniform pressurdooundaryconditionwasusedin theinversion. The estimated
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sill openingwassimilarto thatestimatedy Amelungetal. (2000).Fitting thedataequally
well with reducechumberof degreesof freedomsuggestshatthe physicalconstraintused
in this study was reasonable.It gives physicalinsight to conditionsin and aroundthe
magmachamberThe estimatedxcessnagmapressureanbeusedto infer thestresseld
in the surroundingrock. This will be usefulfor estimatingthe crack propagatiorcriteria
andpredictingthedirectionof crackpropagationywhich mayleadto aneruption.

Thetechniquehatusesdatafrom ascendingnddescendin@rbitsto resohetheshape
of magmachambersanbe appliedto ary type of deformationsourceparticularlythose
with radialsymmetry The binary-parametenversionschemeusedto resol\e the detailed
geometryof the sill canbe appliedto any type of uniform pressureplanardeformation
source.

This new algorithmexplainedin this chapteris appliedin Chapter6 to modelthe 2005
eruptionat SierraNegra volcano. The eruptioncausechugesubsidencehatis predom-
inantly due to a uniformly depressurizeanagmachamber Our new modeling method
successfullyaccountfor the detailedgeometrythatinvolved the eruptionandthe excess
pressurehangeatthe magmachamberBy theway, the hugesubsidenceuringthe erup-
tion imposeda greatchallengdan forming aninterferogranof the event. We werenot able
to form aninterferogramthat spansthe eruptionusing standardnSAR software. Hence
we deveolpedanew interferogranforming algorithmin the presencef largedeformation,
whichwill bediscussedh the next chapter



Chapter 5

Interfer ogram Formation in the
Presenceof Lar ge Deformation

In this chapterwe provide a new interferogramforming algorithmwhenthe groundde-
formationis large andcomplex. The resultsof this chapterbecomethe startingpoint of

Chapter6. SierraNegravolcanoeruptedfrom October22 to October30 in 2005. During

the9 daysof eruptionthecenterof SierraNegra's calderasubsidedbouts.4meters.Three
hoursprior to theonsetof theeruption,anearthquak (Mw 5.4) occurrednearthecaldera.
Becaus®f thelargeandcomplex phaseggradientdueto thehugesubsidencandtheearth-
quale,it is dif cult to form aninterferogramnsidethecalderahatspangheeruption.The
deformationis so large andspatially variablethatthe approximationsisedin existing In-

SAR software(ROI, ROI_PAC, DORIS,GAMMA) cannotproperlycorggisterSAR image
pairsspanninghe eruption. We have developedherea two-stepalgorithmthat canform
intra-calderanterferogramdrom thesedata. The rst stepinvolvesa “rubbersheeting”
SAR imagecoraistration.In the secondstepwe userangeoffsetestimatego mitigatethe
steepphasegradient.Usingthis new algorithm,we retrieve aninterferogramwith the best

coverageto dateinsidethe calderaof SierraNegra.

62
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5.1 Intr oduction

The phasedifferencebetweentwo SAR imagesis directly proportionalto rangechange,
andit dependnimaginggeometrytopographydeformationandatmosphericelay A

critical stepin INSAR processings SAR imagecoraistration. In orderto form a high-

guality interferogram SAR imagecorgistrationis requiredto sub-pixel accurag. Thisis

usuallyimplementedy cross-correlatingmallblocksof oneSAR image(heredenotedhe
“slave” image)with the other SAR image(“master’image). Repeatedht mary locations
distributedthroughoutheentireimage thesetof cross-correlationsroducesrangeoffset
andanazimuthoffsetimage.Interpolatingsparsemageusinga polynomialsurfacemodel
(Equation5.1)yieldstheregistrationparameteratall locations.

Py = A oy (5.1)
i+j n

Herex andy arethe locationsof eachpixel, i and j are non-ngatie integer expo-
nents,and ¢y is a constantfor eachx' andy! combination. For example, ROI_PAC uses
a quadraticpolynomial(i.e. n= 2), while DORISandGAMMA canaccomodateip to a
4th orderpolynomial. Oncethebest- t polynomialsurfaceis determinedthe slave image
is corgyisteredby resamplingt to the mastenmagecoordinates However, for the Sierra
Negradatathe4th orderpolynomialis notsufciently spatiallyvariableto properlyregister
theimagesandthusthe offset elds of SARimageshatspanthe eruptioncouldnot t by
asimplepolynomial.

This is due to complex deformation. The eruptionwas precededby an earthquak
somavherenearits caldera.The magnitudeof the earthquak wasMw 5.4, large enough
to producesigni cant amountof surfacedeformationassuminghatthe depthof the earth-
gualeis similarto thatof the previousearthquaks(Amelungetal., 2000;Chadwidk etal.,
2006),whereabout0.8to 1.2 m of line-of-sightdisplacemenivasmeasuredby examining
therangeoffset. Moreover, the eruptionoccurredthrougha ssure alongthe northernrim
of caldera.Thus,therewasalsodeformationassociatedvith the dike intrusion. The total
deformationis the sumof all theseevents.

Without exception,all the interferogramshat spanthe eruptionfailedto show fringes
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insidethe calderawhenprocessedvith polynomialregistrationalgorithms. A typical in-
terferogranmbeforeunwrappings shovnin Figure5.1, producedusingGAMMA software.
Hencewe developeda new approacho achiere INSAR corggistrationthatis morerobust
than the corventionalmethodsfor large and comple< deformation. This new algorithm
consistof two distinctsteps:1) rubbersheetingcorayistration,and2) rangeoffsetfringe
subtraction.The rst stepis to corayistera slave single-lookcomplex (SLC) imageto a
masterSLC, andthe secondstepis for mitigatingthe steepphasegradientdueto thelarge
deformation.

5.2 Rangeand Azimuth Offset

Rubbersheetingcoraistrationis a non-parameterizethethodas opposedo the polyno-
mial t of standardinSAR software, where handful numberof polynomial coefcients
explain entireoffset eld. Considera slaveimageprintedon arubbersheetandoverlayit
with a mastenmage. Thendistortthe slave imageto matchthe featuresn the mastenm-
age.Thisis the conceptof rubbersheeting.In our application,we userangeandazimuth
offsetsto getthedistortioninformation.

We usesquaresubimageblocksto cross-correlatéwo single-lookSAR amplitudeim-
ages.Thesizeof theblocksaffectstheaccurag andtheresolutionof the cross-correlation
results.Increasingheblock sizeincreasesheaccurag while reducingtheresolution.We

nd that32-by-32pixel blocksproducea goodresult. For this studywe form the densest
possibleoffsetvector eld by implementingthe cross-correlatiorat every single pixel in
theimage,aswe wantto seetheeffectof smoothing.For practicalpurposeonecanproduce
asparsepffset eld by evaluatingevery 8 pixelsor every 16 pixels.

Figure5.2 shawvs a singlelook rangeandazimuthoffsetimagein theradarcoordinate
system.We work with singlelook imagesin radarcoordinateshroughthe phaseunwrap-
ping step,in orderto minimizetherisk of spatialaliasingdueto thelargedeformation.The
elongatectircularmapcompassn Figure5.2agivesa senseof whattransformatiorwould
maptheimagesontothe georeferencettame.

Therangeandazimuthoffsetimagesarenoisy, andthey shav acharacteristicross-hair
artifact pattern(Figure5.2). Bright scatterersendto dominatethe offsetresultsfor every
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Figure5.1: Co-eruptve interferogranprocessetty GAMMA softwareusingEnvisatdata
(beamlS 5, track376,051016- 051120).
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Figure5.2: (a) Amplitude, (b) Rangeoffset, (c) Azimuth offsetin radarcoordinatesystem.
NotethattheletterN is upsidedown andthe circularmapcompasss enlongatedo showv

how featuredook differentcomparedo georeferenceftame. Theblow-upsof blackboxed

portionin (a)-(c)areshavnin (d)-(f). Thesmallportionof thebrightsinuousidgeof Sierra
Negrais shavn in (d), andits effect on offsetimagesareshavn in (e) and(f), in whichthe
color-saturatedoxesare32-pixel wide, the sizeof the cross-correlatiomlock
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Figure5.3: Cumulatve historgram of (a) rangeand (b) azimuthoffset valuesinside the
caldera

block in which they areincluded. In Figure5.2eandf, the sizeof the cross-haipatterns
is aboutthe size of the cross-correlatioolock. We apply a Gaussiarsmoothing lter to
suppresshehigh-frequenyg noise, which will bedescribedaterin this paper

5.3 UnbiasedMasking of Noise

Beforesmoothingheoffsetimageswe maskoutnoise-dominanareaswhereoffsetvalues
areunrealisticallysmall or large. Determiningthe boundaryof the maskis not a trivial
task,becauseoherencenformationis not readily availabledueto the large andcomple
deformationWe nd thatthecumulatvedistributionfunction(cdf) of offsetvaluesprovide
aclearguidefor masking.Figure5.3shavsthe cumulatve histogramof (a) rangeand(b)
azimuthoffsetinsidethe caldera.The slopeof the cdf in the noisy areass muchsmaller
thanthatfor valid areas We usepiecaviselinear tting (redlines)to thecdf; thethresholds
for maskingaregivenby theintersection®f the tting lines.
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5.4 Smoothingfor Resampling

Oncethe noisy areasare masled, we smooththe offset elds by Itering. We testeda
moving average lter, a median Iter, and a Gaussiarsmoothing Iter. We found that
a Gaussiarsmoothing Iter producedinterferogramswith the highestcorrelation. Our
Gaussiarsmoothinglter is circularandwith width s. Theradiusof the lter wasalways
setas2:634s, wherethe elevationof the kernelatits edgebecomesmallerthan1/32,the
nominaltheoreticalaccurag of cross-correlationvith 32 x 32 pixel block.

In orderto determinethe optimal size of the Iter (or interpolationkernel),we calcu-
late the meanof the interferometriccoherenceafter resampling. Estimatingthe accurate
coherenceés challengingvhensteepandcomplex phasegradientsarepresent.

When calculatingcoherencewe correctthe deformationphase(becauseve consider
this assignal,not noise)with alow-passversionof our nal unwrappednterferogramas
follows.

r=g j8R-1CikCoye (5.2)
8= 1 CLikCpi 8 k= 1 C2kCoi

wherer is theinterferometriccoherenceandcl andc2 arethetwo SLCswith * meaning
the complex conjugate andthe subscriptk denoteshe kth pixel of n neighboringpixels
averagedandf is the smoothedunwrappednterferogramphase. We smooththe inter-

ferogramby applyinga circular Gaussianlter , whoses andmaximumradiusareboth4

pixelsto roughlymatchthe sizeof the subimagg8 x 8 pixels)overwhich we calculatethe
coherenceThis methodof calculatingthe coherences similarto Zebler and Chen(2005)
in thatit correctsthe phaseby subtractinghe low frequeng component.Note, however,

thatthis methoddoesnot overestimatehetrue coherence.

Figure5.4shaovsthemeancoherencglotsasafunctionof thesmoothingparametes .
We calculatehemeancoherencéor apoorly coherentarea(calderajandahighly coherent
area(north ank). We nd thatthe coregistrationbasedon rubbersheetingnterpolation
is robust for a wide rangeof s. As s variesfrom O to 10 pixels, the meancoherence
increasesapidly from 0.329to 0.454for calderaandfrom 0.555to 0.809for north ank.
After hitting the maxima(s = 10 pixelsfor calderaands = 7 pixelsfor north ank), the
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Figure5.4: Meancoherencatcalderaandnorth ank asafunctionof Gaussiarsmoothing
parameters. Note thatthe rangeof coherencevariationis very small. The maximum
occursat(a) s = 10pixelsand(b) s = 7 pixels.

meancoherenceloesnot vary signi cantly. Notethatthe Gaussiarsmoothingkernelwith
s = 10pixelsandradius= 26.34pixelsis anefcient lter sizethatreducegshecross-hair
artifactsof 32 x 32 pixels. Usinga circular median Iter , the maximummeancoherence
occurswhentheradiusis 16 pixels,whichis againof comparablesizeto a 32 x 32 block.

5.5 Resampling

Most SAR dataare nearcritically sampledin both the rangeand azimuthdirections. In

otherwords,the samplingfrequenciesreslightly greaterthantwice the signalbandwidth
in bothdirections.Thus,sinc-typeinterpolationis usefulfor SAR imageregistration. We
usea raisedcosine(RC) interpolationkernelsuggestedy Cho et al. (2005), which is a
sinc-typeinterpolationbut hassmallerphaseerror dueto resamplingthanthe plain sinc
interpolation. They combineda sincwith araisedcosinefunctionusedin digital commu-
nicationsthe 2-D versionimpulseresponse(x;y) of whichis written as

cogapx)cog bpy)

Xy
(1 4a2x®)(1 4b2y?) )

rec{ —; =
(L L

i(xy) = sindx;y) (5.3)
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Figure5.5: Coherencéiistogramfor (a),(c)calderabeforeandafter corggistrationrespec-
tively, and(b),(d) north ank beforeandafter coregistrationrespectrely. (b) and(d) are
for s = 10pixels.
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wheresind x;y) meanssingx)sindy), L is thekernelsize,anda andb areroll-off factors
with a value between0 and1. Whena andb = 0, Equation(5.3) becomesa 2-D sinc
interpolator As a andb grow larger, the interferometricphaseerror becomedarger, but
the sidelobesof i(x;y) are suppressedielaxing the effect of the nite kernelsize. The
optimumvaluesof a andb thatsatisfythe Nyquistcriterion canbe calculatedasfollows
(Choetal., 2005).

a=1 —=1 — 54
for Cy (54)
Ba 1

b=1 =1 — 55
fsa Ca (53)

wherec; andc, areoversamplingactors(i.e. samplingfrequeng divided by bandwidth)
in rangeandazimuthrespectrely. In this studyc, = 1:2005andc; = 1:1588wereused.
Prior to the resamplingwe estimateand subtractthe carrierphasebothin rangeandaz-
imuthdirection. Thisis to ensurghatdominantenegy is notlostduringresamplingyhich
is alow-passlter . After resamplingwe addthe estimatectarrierphasebackto thedata.
This step nishes therubbersheetingcoregistration. Theresultof the corggistrationis
shavn in Figure5.4. Coherences improvedwithin the coregisteredimagebothin poorly
cohrerentrea(calderayandhighly coherentareagnorth ank).

5.6 RangeOffsetasa Proxy for Interfer ogram Phase

All phasaunwrappingalgorithmsarebasedn theassumptiorthattheinputinterferogram
phaseis not aliasedmostof the time. This assumptiordoesnot hold in regionsof large
deformation Aliasing canbereducedy subtractinganestimateof theinterferogranphase
beforeunwrapping.Whenthereis no independeninformationon the roughshapeof the
deformationtherangeoffsetimagecanbe usedto constructhe estimatednterferogram.
A rangeoffset eld includesthesamenformationasaninterferogramAmelungetal.,
2000; Jonssoret al., 2005), exceptthatit hasa differentnoisecharacteand magnitude.
Bamler(2000)derivedthe standardieviation of the estimatecamplitudeoffsetasfollows
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for homogeneou§.e. featurelessimagepatches.
r—»p _——
3 1 r? 3y

Sampofset = N pr (5.6)

wherer is the coherencef theinterferometricdatapair, andN is the numberof samples
in the cross-correlatiorblock, and ¢ is the oversamplingfactor of the data. Using the
oversamplingactorsusedfor resamplingandthe pixel spacinggrange= 7.8 m, azimuth=
3.23m) in our study we plot therangeandazimuthoffseterrorin Figure5.6.

Note thatthe plot shavs the lower bound,asin reality featuressuchastopographyin
imageswill causemorenoise(Figure5.2e,f). Neverthelessthis analysisshavs that the
rangeoffsetis usefulfor mitigating the steepphasegradient. Within the coherenceange
of our study(around0.4)thelevel of noisefrom therangeoffsetis smallenoughto beused
asaproxy for interferogranphase.

We smooththe rangeoffsetimagewith a Gaussiarsmoothingkernelof s = 50 pixels
andr = 132pixels. Thesmoothedangeoffsetis subtractedrom the interferogranbefore
phaseunwrappingand later addedback, after unwrapping. When smoothingthe range
offset, one shouldkeeptwo thingsin mind. First, all the naturalfeaturesincluding de-
formationin asingle-lookinterferogramareelongatedn the azimuthdirection. Thus,the
shapeof theinterpolationkernelshouldalsobeelongatedy thesameactor Alternatively,
onecantake looksin azimuthto make square-piel image,andapply anequidimensional
smoothingkernel,andthenstretchthe resultbackto the single-lookcoordinate.Usually
thelatterapproachwill bemoreef cient.

Secondgdeformationsignalsin interferogramsareprojectionsof 3-D surfacedisplace-
mentvector eld onto a slantline of sight. Therefore,the fringe patternsarein general
slightly skewed to one side, dependingon the look angleof the radar Cornvolving the
skewed signalwith a large symmetricsmoothingkernelcanmodify the overall skewness,
andthis canresultin apoor t of the rangeoffsetto the interferogram.The distortionin
theskewnesscanalsobecausedy errorsin therangeoffsetthatwerenot properlymasked
outin the rst step. In this studywe wereableto identify a small faint concentricpeak
signalatthe centerof calderain theinterferogranmbeforesubtractinghe rangeoffset,and
we simply shift (about40 pixelstowardanincreasingangedirection)the smoothedange
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offsetto matchthe peakof therangeoffsetwith the obsernedpeak.

Figure5.6 shaws the effect of rangeoffset subtraction.The single-lookinterferogram
of deformation(Figure 5.6a)is the resultof rubbersheetingcoregistration. Despitethe
improvedcoherencethe fringesarestill notvisible dueto the large phasegradient.In the
blow-up of thewhite box (Figure5.6b)themaximumsubsidences shovnin theupperright
corner The fringe rate becomesigherandhigher gettingcloseto the critical sampling
ratein azimuthdirection. This problemis moreseverein rangedirectionandthe fringes
becomeyuickly aliasedowardtheleft. WhentherangeoffsetwassubtracteqFigure5.6c)
theobseredfringe ratewasmuchlower.

Theoverallimprovementduringthe procesof the new algorithmis illustratedin Fig-
ure 5.6. The theoreticallimit on the maximumdetectabladisplacemengradientcanbe
expressedasfollowing (MassonneandFeigl, 1998).

dy = ZI_D (5.7)
wheredy is the maximumdetectabledisplacemengradient,and/ is the wavelengthof
radarpulse,andD is the pixel spacing. For Envisat ASAR (C-band)strip modeimage
with nominalpixel spacingof 20 m, dy is aboutl:4 10 3. For realdatathatsuffer from
decorrelatior{Zebler and Villasenor, 1992)dy becomesmallerasa funcitonof interfero-
metric coherenceBasedon simulatedandreal data,Baran et al. (2005)derveda bound
on whetheror not an interferogramcan be formed (seeFigure 5.6). The 2005 eruption
at SierraNegrafalls into the lled dotindicatedin the gure. Therubbersheetingcorey-
istrationincreaseghe coherencgA) andthe rangeoffst subtractiondecreasethe phase
gradient(B), shifting the 2005eruptionat SierraNegrainto the hollow dot, wherewe can
apply phaseunwrappingandsuccessfullyform aninterferogram.

SNAPHU (Chenand Zebler, 2001)wasusedfor phaseunwrapping.Figure5.6 shovs
the nal interferogramwith fairly goodcoverageinsidethe caldera. The eastermpart of
the calderawascompletelydecorrelatediueto thelava o w during the eruption,andthe
westernpart of the calderawas decorrelategpossiblydueto the earthquak occurred3
hoursprior to the eruption.
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Figure5.6: (a) Deformationinterferogramafter the rubbersheetingSAR coregistration.
(b) Blow-up of thewhite boxin (a). Fringeratebecomesighercloseto critical sampling
ratein azimuthdirection. In rangedirectionthe fringe ratequickly becomesliased.After
subtractingherangeoffsetfrom theinterferogramthefringe ratebecomesnuchlower(c)
, andphaseunwrappingoecomegpossiblefor muchlargerarea.
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Figure5.9: Final resultinterferogramirom the sameSAR imagesusedto produceFigure
5.1. Onecolorfringe representd5 cm of rangechange.
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5.7 Conclusion

Usingarubbersheetingcoraggistrationschemewe wereableto improve theinterferomet-
ric coherencénsidethe calderafor INSAR datathatspanthe 2005eruptionat SierraNegra
Volcano, Galapagos. Basedon the smoothedrangeand azimuth offset images,resam-
pling wasdonewith araisedcosineinterpolationkernel. We subtracteagvensmootheand
slightly shiftedversionof the rangeoffsetfrom the interferogranof the coregisteredpair.
Thesestepsenabledusto form ausefulinterferogramnsidethe calderaof thevolcano(see
Figure5.6. Thefringe on the south ank is from separateegular process.The interfer
ogramforming algorithmdevelopedin this chapters usedin the nex chapterto produce
moreinterferogramsndbetterconstrainthe eruptionevent.



Chapter 6

2005Eruption at Sierra Negra Volcano
Unveiled by INSAR Obselrvations

All thepreviouschaptersupportthis nal chapter Chapter3 producesa DEM thatis used
to removetopographyifrom theinterferogramspanninghe 2005eruption.We producethe
interferogramsaisinga new algorithmintroducedn Chapter5. Thenwe modeltheInNSAR
datausing our new algorithmdescribedn Chapter4. Thus, this chapterappliesall the
novel techniqueso explainthe eruptioneventat SierraNegra.
SierraNegravolcanoeruptedfrom October22 to October30 in 2005. During the 9

daysof theeruption,thecenterof SierraNegra's calderasubsidedabout5.4 meters.Three
hoursprior to theonsetof theeruption,anearthquak (Mw 5.4) occurredsomeavherenear
the caldera. We analyzeherea pair of interferometricsyntheticapertureradar (InSAR)
imagesfrom ascendinganddescendingrbits of the Envisat satelitethattemporallyspan
theeruption.Theinterferogramplustheazimuthoffsetimagefrom theascendingpair are
usedto modeltheeuption.The datadisplayseveraldifferenteventsoverlappedn time and
spacepre-eruptve deformationtrapdoorfaulting,dike intrusionanderuption,co-eruptve
subsidenceand post-eruptie uplift. The pre- and post-eruptre uplift is modeledusing
the INSAR dataplus GPSobsenrations. The faulting, dike intrusion,and subsidencare
modeledusinga combinationof displacemenanduniform pressuréboundaryconditions.
We estimatethat the pre- and post-eruptre pressurizatiomate of a sill-lik e magmabody
are29 MPalyear(23 daysaverage)and79 MPa/year(21 daysaverageyespectrely.

78
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In the trapdoorfaulting model, the estimatednaximumslip ( 1.8 m) is at the bottom
of thewesternendof the fault systemandaboutl.5m towardthe surface, which matches
the eld obsenationvery well. The equivalentmomentmagnitudeof the total slip was
estimatedo be Mw 5.7 whenthe sheamodulusis 30 GPa. For shearmodulusof 10 GPa,
it becomedw 5.4, whichis themomenimagnitudeof theearthquakthatoccurred3 hours
prior to the onsetof the eruption. The dike modelshaved averageopeningof 1.7 m and
“reversefaulting” averagedip slip of 1.6 m. Thelargedip slip is dueto theinteractionwith
thesill andthefreesurface. Thethesill modelis the sumof two componentsinteraction
with the trapdoorfaulting eventanduniformly depressurizedlosingduring the eruption.
The interactioncomponentshoved a wedge-like openingdistribution closeto the fault
systemandthe uniformly depressurizedill accountedor the co-eruptve subsidenceWe

nd signi cant interactionbetweenthe trapdoorfaulting andthe sill; Whenthe faulting
occurredthesill underwent sudderstresgerturbationwhich causedanunevenopening
andclosingof thesill accompaniedby horizontalmagmatransport.This effect combined
with the co-eruptve uniform depressurizatioprovidesanopening-closingnapwith about
-8.8m of maximumsill closing.

The repeatingcycle of trapdoorfaulting and eruption can producean accumulated
wedge-lile structureat depthaswell ason the surface. We believe that the surfaceex-
pressionof this structureis shavn asthe characteristicC-shapedinuousridge insidethe
calderaof SierraNegra. The estimated/olumedecreasef thesill was0.124km3, andthe
estimatedextrudedvolume (denserock equivalent)wasabout0.120km?2. This similarity
suggestshattheremay not have beensubstantiabmountof volatilesin the magmabefore
theeruption.

6.1 Intr oduction

SierraNegra is an active basalticshield volcanolocatedat the southernend of Isabela
Islandin theGalapagosrchipelagdFigure4.1). Thevolcanohasexperienced 2 historical
eruptions;the mostrecentoneoccurredin 2005. The penultimateeruptionprior to 2005
occurredn 1979.Thateruptionproducedava through ssuresonthenorthern ank close
to the caldera,with an eruptedlava volume of almost0.9 km? (Reynoldset al., 1995).
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SincelnSAR obsenationsbeganin 1992,the centerof the volcanohaduplifted nearly5
m precedingthe 2005 eruption. The sourceof uplift hasbeensuccessfullynodeledasa
sill locatedat a depthof about2 km (Amelunget al., 2000; Yun et al., 2006). The uplift
wasaccompaniedby trapdoorfaulting events,two of which wereobsenedin INSAR data
andmodeledby Amelunget al. (2000)and Chadwidk et al. (2006). The trapdoorfaulting
is believedto be nearvertical dip-slip inducedby pressurizatiorf the underlyingmagma
body Theexcesspressuratthe magmabody causeshe overlying crustto hingeupward
likeatrapdoor

Figure6.1shavsthelavacoveraggdisplayedhroughsurfacetemperaturepf theerup-
tion asmeasuredby the ASTER (AdvancedSpaceborn@hermalEmissionandRe ection
Radiometeryensorying onboardNASA's TerrasatelliteonNovember2, 2005 threedays
afterthe eruptionended.The image,drapedon an SRTM DEM, clearly shawvs the extent
of theeruptedava o w, which lled thelowest,easterrpartof the caldera.The extentof
initial ssure is indicatedin red subparalleko the northernrim of caldera(Geistetal., in
press).

SierraNegra'swide (7 10:5km) andshallonv (100m in depth)calderacontainsachar
acteristicC-shapedsinuousridge, composedf a complex setof normally faultedblocks
with steep(60 - 90 ) outward dipping fault scarps(Reynoldset al., 1995). This sinuous
ridge is believed to have formed by repeatedrapdoorfaulting events. Recenttrapdoor
faulting occurredalongthe southernpart of the scarpssometimein 1997-1998 Amelung
etal., 2000)andon 16 April 2005 (Chadwidk et al., 2006). Chadwickand Geistfound a
freshfault scarp(delineatedwith red curvesif Figure6.1) alongthe southwestermpart of
thesinuousridgeduringtheir eld trip in June2006,andthe measuredlip at SpotA was
from 1.4to 1.5m. Geistandothershadanothereld trip in January2007andmeasurec
slip of 1.5m at SpotB (Geist,pers.comm.).

The InSAR datausedin this studyspanthe 2005eruption,including deformationdue
to pre-eruptve uplift, trapdoorfaulting, dike intrusionthat fed the eruption,co-eruptve
subsidenceand post-eruptie uplift. Theseseriesof eventsareillustratedin Figure 6.2,
whereschematiwerticalsectionsareshavn in chronologicabrder Laterin this paperthe
deformationdueto pre-eruptve uplift (a) andthe post-eruptre uplift (d) is eliminatedfrom
INSAR datausingGPSdata.



6.1. INTRODUCTION 81

Figure6.1: Surfacetemperaturémagetakenatnighton November2, 2005by ASTERsen-
soronboardNASA s Terrasatellite. Theimageis georeferencednddrapedon the shaded
reliefimagefrom the SRTM DEM (Farr andKobrick, 2000). Six continuousGPSstations
weredeployedinsidethecalderaatthetime of theeruption.GV04, GV05,andGV06 were
usedfor INSAR dataadjustmentThe C-shapedinuousidgeinsidethewesterrsideof the
calderais clearly shavn. The outersidesof the ridge are composedf fault scarps.The
southermpartof the scarpswhich arelessclear extendjustbelov the GVO6 station.
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Figure6.2: Schematicvertical crosssectionalongthe line C-C' in Figure6.1. (a) pre-
eruptivein ation, (b) trapdoorfaulting,(c) dike intrusionandthe ssure eruption,(d) post-
eruptvein ation.

6.2 Data

For this studywe usebothInSAR andGP Sdatafor modeling. TheInSAR dataarederived
from the Europeansatellite Envisat; detailson the scenesare summarizedn Table 6.1,
whereDT is temporalbaselineor time span,andB-, is perpendiculabaseline.The rst
two interferogram$preceddhe eruptionandyield a modelof the detailedgeometryof the
pressurizeanagmachamber The lasttwo interferogramspanthe eruptionandareused
to modelthefaultingandco-eruptve events.

Due to the complex and large deformationof the faulting and the eruption, it was
dif cult to form the co-eruptve interferograms.Using existing standardsoftware (ROI,
ROI_PAC, DORIS, and GAMMA) we were not ableto obtaininterferometricfringesin
the calderawheredisplacemengradientsveremostsevere. Instead we developeda new
algorithm,asdescribedn Chapters, to form the interferograms.The new algorithmap-
pliesrubbersheetingmagecoragistrationto improve interferometriccoherencandrange
offsetsubtractiorto mitigatethe steepphasegradient.

Six continuousGP Sstationsoperatecat the time of the earthquak anderuption(see
Figure6.1). Unfortunatelyhowever, severalhoursprior to theearthquak the GPSnetwork
failed dueto the lossof the main computercollectingthe GPSdataandwasnot restored
until 24 October2005(Geistetal., in press).Thus,it is notpossibleo retrieve thetemporal
evolution of the deformationandto separatehe effectsof faulting, dike intrusion,andco-
eruptve subsidenceAlthough the GPSdataarenot availableduring the faulting andthe
initial stageof the eruption,they do yield the pre-andpost-eruptre uplift, which we can
eliminatefrom theinterferogranobsenations.
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Table6.1: InterferogramdJsedin This Study

Beam Orbitdirection TrackNo.  Scenel Scene DT B-
1S2 Ascending 61 2005/05/07 2005/07/16 70days 118m
1S2 Descending 140 2005/05/12 2005/07/21 70days -76m
IS5 Ascending 376 2005/10/16 2005/11/20 35days 100m
1S2 Descending 140 2005/09/29 2005/11/03 35days 433m

6.3 Magma Chamber Geometry

Oneremarkabldeatureof the uplift at SierraNegrais that the extent and patternof de-
formationhasbeensurprisinglyconsistenfor a long periodof time. Figure6.3 demon-
stratesthis consisteng as shovn in several interferogramsacquiredbetween1992 and
2006. Given that the uplift at SierraNegra hasbeensuccessfullyexplainedwith a sill
model,it is likely thatthesill at SierraNegrais reasonablyhick andthermallystable.The
patternof uplift remainedmainly unchange@venafterthe 2005eruption.

Basednthisobsenation,weassumehatthemagmachambegeometrydid notchange
prior to or during the eruption. We furtherassumehatthe hostrock canbe modeledasa
homogeneousinear elastichalf space,andwalls of the magmachambersubjectto uni-
form magmapressureWe usea pair of ascendin@anddescendingnterferogramscquired
beforethe eruption(Figure6.3e,f)to solve for the magmachambergeometry Thesetwo
interferogramavere formed using ROI_PAC software (Rosenet al., 2004). Topographic
phasevasremovedusingadigital elevationmodel(DEM) createdby merging Topographic
SyntheticApertureRadanfTOPSAR,Zebler andGoldstein(1986))DEM andSRTM DEM
(Yunetal., 2005),asdescribedn Chapter3.

6.3.1 Depth

In orderto describehe geometryof the magmachambeionemustspecifylocation,depth,
shapesize,andexcesspressureSincetherearestrongtrade-ofs betweerdepth,size,and
theexcesspressurewe rst estimatethe a posterioridistributionsof the highly correlated
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(@) (b)

D 1992/07 - 197/10 A 1998/09 - 199/03
Jonsson, 2002 Jonsson, 2002
(9 (d)
A 2004/05 - 2004/09 A 2005/12 - 2006/01
(e) ()
A 20®/05/07 -2006/07/16 D 2006/05/12 -2005/07/21

Figure6.3: Interferogramg$rom 1992to 2006(a-d). TheletterA andD represenascending
anddescendingrbit. Notethata-carebeforethe eruptionandd is afterthe eruption.For
modelingthe pressuresourcegeometrya pair of ascendinganddescendingnterferograms
(e,f) areused.Onecolor cycle representd cm of LOS displacemenin a, b, e, andf, and
2.83cmof LOS displacemenin ¢ andd.
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parametersvith a simplemodel. For this purposewe usea pressurizedhorizontalcircu-
lar crack (Fialko et al., 2001a)to producesimulatedsurfacedisplacementelds. In the
inversionwe form thefollowing quadraticform:

Q=(d diog" d dios) (6.1)

whered is the computedand vectorizedLOS displacementand d_os is the vectorized
obsered LOS displacementand is the datavariance-cwariancematrix, andthe scalar
Qs theL-2 normof themis t weightedby the inverseof the variance-ceariancematrix.
The variance-cwariancematrix is de ned using an exponentiall-D covariancefunction
with a varianceof 40 mm? andfalls to 1/e of the varianceat a distanceof 2 km (Jonsson
2002;Wrightetal., 2004).

Ratherthan minimizing Q to getthe best- t model, we adoptMarkov Chain Monte
Carlo sampling,where currentsampling(and associatechorm Q;) dependsonly on the
previous sample(andassociateshorm Q; 1), with the Metropolisrule (Metropolisetal.,
1953; Tarantola, 2004; Hooper, 2006). Figure 6.4 shaws the reduceddataset and its
variance-cgariancematrix. VariousInSAR datareductionschemesave beenproposed
for geophysicainversion(Jonsson2002;Simonsktal., 2002;Lohmanand Simons2005),
all of whichareadaptveto data.Consideringhegeometryof thehorizontalcircularcrack,
thereduceddatashownn in Figure6.4 mimic thedataresolution-basedpproactof Lohman
and Simong(2005),which is an optimal schemdor linear leastsquaregproblems.When
multiple interferogramsareusedfor inversion, xing the datapointlocationsfor all inter-
ferogramamakestheinversionrun faster

Theresultingposteriordistributionsfor the circularcrackparameterareshovn in Fig-
ure 6.5. Although depth,radius,excesspressurere highly correlatedo oneanothey the
depthis relatively well de ned at 1.86km  0.13 km, which is the maximumlik elihood
solution. This depthwill be x edin thefollowing step,wherewe estimatehe shapeof the
sill.
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Figure 6.4: (a) Reduceddatapoints and (b) Datavariance-ceariancematrix. The rst
block in the matrix is for the ascendingnterferogramandthe secondblock is for the de-
scendingnterferogram.

6.3.2 Sill Geometry

Fromthe fringe patternof the interferogramsat SierraNegra, we know thatthe sill is not
circularly symmetric. For this reasorwe solve for the detailedgeometryof the sill using
the binary parameteinversionintroducedby Yun et al. (2006). The binary parametein-
versionassumes uniform pressurensidethe crackandestimateshebest- t combination
of thebinaryparameterghatrepresenton/off” crackelements:on” or“1” meanghatthe
elements open(i.e. partof the crack)andis subjectto the uniform pressureand“off” or
“0” meanghatthe elementremainsclosedandnot a partof the crack. The best- t com-
binationof the binary parameterss searchedvith simulatedannealingmethodgqCervelli
etal., 2001)thatappliesBasuandFrazertype rapid determinatiorof the critical temper
ature(Basuand Frazer, 1990). The elementghat are opende ne the shapeof the sill.
Figure 6.6 shaws the best- t model. Note that the boundaryof the sill is surroundedy
the C-shapedsinuousridge on the westandsouth. Fit to the INSAR datafor this modelis
shavn in Figure6.7. Figure6.7a,barethe sameasFigure6.3e,fbut in unwrappedorm.
The best- t sill modelexplainsabout99% of datavariance.We x this sill geometryfor
the subsequennodelingprocedure.
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Figure6.5: Jointa posterioriprobability densityfor the penry-shapedcrack parameters.
Theredlines are 95% con denceintervals. Note that depth,radius,andexcesspressure
are highly correlatedto eachother The depthof 1.86 km is the maximum ik elihood
solution. Thecolor plotsrepresenthe densitycloudsof acceptedamplesveightedby the
likelihood
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Figure6.6: Best- t sill geometry Notethatthe sill is boundedoy the C-shapedsinuous
ridge.

6.4 Datafor Eruption Modeling

As mentionedpreviously, forming aninterferogranthatspanshe eruptionwaschalleng-
ing becaus®f the complex andlarge deformationcausedy the faultingandthe eruption.

Usingour new algorithmexplainedin Chaptel5, we form two interferogram$rom ascend-
ing anddescendingrbits. In Chapters, phaseunwrappingwasdoneusingan algorithm

calledSNAPHU, a maximuma posterioriprobability estimationapproach(Chenand Ze-

bker, 2001).

SNAPHU caneasilybecustomizedvith anumberof controllingparameterslts mask-
ing function automaticallycreatesa numberof separatdut internally consistentoherent
patchesThisis usefulfor noisydata,wherecoherenpatchesrefoundasisolatedislands
in a "seaof decorrelation”. However, one shouldbe carefulwith the maskingfunction,
asthe shapeanddistribution of the resultingmaskcanlook quite differentdependingon
one's choice of maskingparameters.Becauseof this feature, SNAPHU's resultcan be
subjectve to users preferenceespeciallywhenthedatais noisyandthe shapegxtent,and
connectvity of coherenpatchesarecritical.

Thisis thecasdn the2005eruptionat SierraNegra: thedatais noisyinsidethecaldera,
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Figure 6.7: (a) Ascendinginterferogram,(b) Descendingnterferogram,(c) Ascending
residual,(d) Descendingesidual.(e)-(h)arethepro les of dataandpredictiongwhichare
notshowvn) alongtheN-SandE-W linesin (a).
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Figure 6.8: (a) Ascendinginterferogramfrom beamIS5 (incidenseangle= 37.6 ), (b)
Descendingnterferogramfrom beamIS2 (incidenceangle= 23.0 ), (c) Azimuth offset
from theascendindgsAR imagepair. Onecolor cycle in bothinterferogramsepresent20
cmof LOS displacementTheinterferogramsrecomposeaf severalisolatedpatchesin
eachof which phasas internally consistenandcontinuous.

andwe wantto be carefulwith ary discontinuityin the region, aswe do not know the ex-
tent of surface-breakingaulting beforewe processhe data. For this reason,we usea
residue-cutphase-unwrappinglgorithm (Goldsteinet al., 1988). The residue-cutalgo-
rithm requiresmultiple runsfor noisy data,aswe have to manuallyprovide seedocation
for eachcoherentpatch. Figure 6.8 shaws the resultinginterferograms. The ascending
interferogram(a) is composef 22 separat@atchesandthe descendingnterferogram(b)
has7 separatgatches.

Thefringesonthesouthernank in theinterferogramsarefrom independentlatapro-
cessingSierraNegra'ssouthernank is heavily vegetatecandusuallyheavily decorrelated
aswell. However, the hugesubsidenceausedy the 2005eruptionincreasedhe signal-
to-noiseratioonthesouthernank andprovideda hint of fringesin theinterfelgrambefore
unwrappingseeFigure5.1). We useROI_PAC software,applyinganadaptve power spec-
trum lter (Goldsteinand\Werner, 1998)twice to enhancehenarronv-bandsignal(the hint
of fringes)againstthe broad-bandoise(vegetation-inducedlecorrelation).The azimuth
offset(Figure6.8) is from anascendingSAR imagepair thatwasusedto produceFigure
6.8a.
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6.4.1 Data Weights

We calculateuncertaintieof the interferogramsandazimuthoffsetin orderto determine
theweightson eachdatatype for inversion. Assumingthatwe canusespatialaveragesas
aproxy for ensembleaveragesye take a squaresub-imageof eachdataandcalculatethe
standarddeviation of the pixel valuesin the sub-imagesFigure 6.9 shavs the procedure
to calculatetheuncertaintiesThere(a) and(d) arethewrappednterferogramandazimuth
offsetimagein radarcoordinatesThe datauncertaintyshouldbe calculatedn radarcoor
dinatesbecausegeocodingnvolvesinterpolationwhichis alow-passlter thatsuppresses
the datanoise. For the samereasonthe uncertaintyshouldbe calculatedbeforeapplying
ary lter suchaspower-spectrumlter (Goldsteinetal., 1988),acommonlyused lter be-
fore phaseunwrappingn INSAR dataprocessingwhich enhancethedominantfrequeng
contenttherebybiasingthe uncertainty

For noisy data,for exampleinside the calderaof SierraNegra, phaseunwrappingis
dif cult without applyingsucha Iter. Thus,we calculatethe uncertaintyfrom wrapped
interferogramsThechallengenow is to avoid crossing2p jumps,asthe phaseof wrapped
interferogramss the 2p modulo of the continuousphase.If the jump is includedin the
sub-imageover which we calculatethe standarddeviation, the standarddeviation will be
overestimated.Unfortunately inside the calderathe wrappedinterferogramis saturated
with fringes. One cansubtracta smoothedversionof rangeoffsetto mitigate the phase
gradientin the wrappedinterferogramasin Chapter5. However, the problemis thatthe
smoothedangeoffsetsubtractiorproduceganunwrappablénterferogramyhichstill con-
tainsmary fringes.

To better atten the wrappedinterferogramwe usea two-stepkinematicinversionto
producea modelthat ts the dataextremelywell, althoughthe modeldoesnot have ary
physicalmeaning.Usingtheinterferogranproducedvith amethoddescribedn Chaptel5,
we rst estimatehebest- t distributedsill modelatadepthof 2 km andauniformgrid size
of 500 m. The associateanodelpredictionis thentransformecdnto radarcoordinateand
subtractedrom theinterferogramo form residual. Thenwe t theresidualwith another
sill modelat a depthof 300 m andwith a ner grid sizeof 300 m. Theresidualsdrom the
secondstepareshovnin (c) and(d) of Figure6.9. Notethatonecolor cyclerepresent2.83



92 CHAPTERG6. 2005ERUPTIONAT SIERRANEGRA

cmin all theinterferogramsn Figure6.9. With this attened interferogram(Figure6.9c),
it is now possibleto avoid the 2p jumpsandestimatehe uncertaintyof theinterferogram.
We appliedthe same attening to the azimuthoffsetimagein orderto estimateherelative
weightcorrectly

We take sub-image®f 1) insidethe caldera,2) lessnoisy northern ank, and3) com-
pletely noisy areafrom Figure6.9c. The locationsof the sub-imagesre carefully chosen
sothey do not containthe 2p jump fringe. The sizeof the sub-imagds increasedrom 2
to 100pixels,andfor eachstepwe remove arny remainingphasegradientandcalculatethe
standarddeviation of the pixel valuesof the sub-image.The resultsare shavn in Figure
6.9e,wherestandarddeviationsof Box 1 (insidethe caldera)andBox 2 (northern ank)
convergeto 0.65cmand0.15cm respectrely. Theincreasan Box 1 plot around70to 80
pixelsis dueto theinclusionof a 2p jump thatis shovn in Figure6.9c. The black boxes
shavnin theimagearel00 100pixelsbig, andtheboxeswasenlagedstartingfrom their
upperleft corner

Box 3 is chosenn a completelydecorrelatedor random)area,wherewe know what
valuethe standarddeviation shouldcorverge to. For a completelydecorrelatedarea,the
phasebehaeslike a randomvariablewith a uniform distribution. The varianceof the
randomvariableX thatis uniformly distributedin the interval [a; b] canbe calculatedas
follows.

Sincethemeanof X is (a+ b)=2,

2

Zy
! dx

a+b
VARX]= b aa « 2

Lety=x (a+ b)=2,

Z _
1 (b a)=2 (b a)2
VARX]= —— dy=

RX] b a @®a= 12

The phasen Box 3 is uniformly distributedin theinterval [-f, f]. Thus,its standard
deviation of thephasess becomes
p (P 6.2)

Sf= —P——
f 12
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Corvertingthis to rangechangewe get

2p | [
= p__: _p__ 63
124p 4 3 63)

wheres, is the uncertaintyin rangechange(or line-of-sightdisplacement} is the wave-

Sy

lengthof the radarsignal. SubstitutingEnvisat's wavelength,s, becomesabout0.8 cm.
ThereforeFigure6.9esuggestshatsub-imageof atleast20 20to30 30 pixelsshould
beusedto estimatehe uncertaintyof interferograms.

The samelocationsarechosenn azimuthoffsetandtheir standarcdeviationsare cal-
culated(Figure6.9). By comparingrigure6.9eandFigure6.9f, we geta constantelative
weightof 35 (35for interferogramsnd1l for azimuthoffset),whichis usedfor thefollow-
ing eruptionmodeling.We nd thatbothinsidethe calderaandthenorthern ank givethe
similar ratio.

6.4.2 Removing Pre-and Post-eruptive Deformation

Theearthquak andthe eruptionoccurredwithin an8 daytime window, whereagheshort-
esttemporabaselineof theinterferogranfrom ErvisatASAR stripmodeis 35days.Since
thetime spanof thedatais muchlargerthantheeventperiod,we needto remove thedefor
mationbeforeandaftertheeruptionfrom theInSAR data,sothey containonly deformation
dueto the eventsduringthese8 days. To do this, we utilize continuousGPSdatathatare
availableuntil severalhoursbeforethe earthquak andfrom a few daysafter the onsetof
theeruption.

Figure 6.10 shavs a schematiglot of the uplift and subsidencef the centerof the
caldera.Exceptfor the eightdaysof the eruption,the calderaoor uplifted monotonically
duringthis period. Note thatbothascendinganddescendingnterferogramspannot only
theeruptionbut alsoincludedeformationoccurringbeforeandafterthe eruption.

In alinearelasticproblem,the magnitudeof surfacedisplacementiueto a pressurized
crackis proportionalo theexcessressuren thecrack. Usingthis property we constructl
linearsetof equationgo solvefor theexcespressurencreasdeforeandaftertheeruption.
First, we de ne a compositebaselinevectord in Equation6.4, which consistsof east,
north, and up componentf the baselineGV04-GV05, GV04-GV06,and GV05-GV06
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Figure6.9: (a) wrappednterferogramin radarcoordinate(b) azimuthoffsetin radarcoor
dinate,(c) residualbetween’extreme”kinematicmodelpredictionandthe interferogram,
(d) azimuthoffsetresidualfor the samemodel,(e) Uncertaintyplot for the interferogram,
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Figure6.10: Schemati@lot of uplift andsubsidencef thecenterof SierraNegra'scaldera.

(seeFigure 6.1). Thenwe constructthe G matrix that mapsthe excesspressureo the
displacementat GV04, GV05,andGV06 asin thefollowing equation,

3 2 3
X4 Xg Ug
d=§ X4 XGZ; § u52= GDp (6.4)
X5 Xg Ug

wherex; andu; arethe positionandthedisplacementectorsrespectiely at stationi. The
G matrix is constructedy applyinga unit excesspressureandby solvingfor the opening
distribution in the best- t crackmodel(i.e. Figure6.6) usingboundaryelementmethod,
andby calculatingthesurfacedisplacementith Greensfunctionfor elastichalf-spacelue
to rectanguladislocation(Okadg 1992)of all theelementshowvnin Figure6.6. Usingthe
following differencingoperatoy D, we relatethe compositebaselinevectorto the surface
displacementFinally, if we know the compositebaselinevectorat timet; andt,, we can
estimateheexcesspressurehangeduringthetimet, t1 (Equation6.7).
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2 3
I 1 O

p=§1 o 14 ©5)
o 1 |

d, dy, = DG(Dpy, ) (6.6)

wherel andO are 3-by-3identity matrix andzeromatrix respectrely, andDpy, ¢, is the

excesspressurechangeduring thetime t;  t;. In this study we want to estimateand

subtractthe effect of pre- and post-eruptre excesspressurechangefrom both ascending
anddescendingnterferogramsin particular we usethefollowing formulae,

dags O2go+ d3zsa d3o3 DG(Dp29s 289+ Dp324 303) (6.7)

dogs do72+ d3p7 O30z = DG(Dp2gs 272+ Dp3o7 303) (6.8)

wherethe rst expressionis for ascendingnterferogramand the secondfor descending
interferogram and subscriptgepresentlaysof the yearindicatedin the GPStime series
(Figure 6.11). The left-handsidesare readily available from GPSdata. Oncewe esti-
mateDp in theright-handside,we imposethe excesspressurehangeon thesill geometry
estimatedin Section6.3.2 and calculatethe predictedsurface deformationin an elastic
half-spaceThen,thedisplacementeld is projectedontothe LOS directionsof ascending
anddescendingpeamsandalongtrack directionof theascendingrbit. Finally, thesepro-
jectionsare subtractedrom ascendingand descendingnterferogramsandfrom azimuth
offset. After this adjustmenthe interferogramsandazimuthdatarepresenthe narrover
time spanof from 10/22to 10/30.

The excesspressurencreasdhataccountdor the pre-andpost-eruptre uplift during
thetime spanof theascendingnterferograms estimatedas4.31MPa, andfor descending
interferogramas3.06 MPa. Theeffect of theseexcesspressurencreasas shovn in Figure
6.12,wheresignis ipped for easiemperceptiorof theamountof displacementhatshould
beadded.Thesesimulatednterferogram&andazimuthoffsetareaddedo the original data
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Figure6.11: GPStime seriesprocessedby CharlesMeertensand DennisGeist. The tick
markson the x-axis correspondo theverticallinesin Figure6.10.
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Figure6.12: Simulated(a) ascendingnterferogramand(b) descendingnterferogramand
(c) azimuthoffset,whichareto beaddedo theoriginaldata(Figure6.8)in orderto account
for pre-andpost-eruptrein ation.

(Figure6.8).

6.5 Eruption Modeling

Theadjustednterferogramsndazimuthoffsetcontainghreemajorevents:trapdoorfault-
ing, dike intrusion, and co-eruptve subsidencalueto closing of the sill. The trapdoor
faulting may have triggeredthe dike intrusion (Geistet al., in press),which thenfed the
eruption.All theseeventsarecon ned within the calderaandwithin the rst severalhours
of thetime spanof theadjusteddata.We do not have thetemporalresolutionof the events.
However, with their separationin spaceand simple boundaryconditions,we constructa
physicallyplausiblemodelof theeventsthat ts thedata.

6.5.1 Prior Information

Two surfaceconstraintsare usedfor this study The eruptionstartedasa curtainof re
througha 2 km-long ssure insidethe northernrim of the caldera(Geistet al., in press).
This obsenation, indicatedwith a redline in Figure 6.13, constrainghe location of the
dike on thefree surfaceof anelastichalf-spacen our model. We assumehatthefaulting
occurredsomavherealongthe C-shapedsinuousridge. The sinuousridge is composed
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Figure6.13: Prior informationfor eruptionmodeling. (a) Map view of the surfacecon-
straint, whereeruption ssure is indicatedwith a red line andthe the fault traceon the
surface,dravn in black, goesalongthe C-shapedinuousridge. (b) 3-D perspectie view
of themodelgeometry

of acomplec setof normally faultedblockswith steep(60 - 90 ) outward dipping fault
scarps(Reynoldset al., 1995). This characteristidcopographysuggestshatthe ridge has
formedby repeatedaulting events,two of which werediscoveredby INSAR obsenations
(Amelungetal., 2000;Jbnssoretal., 2005;Chadwidk etal., 2006).

6.5.2 Wedge-like Sill

Surfacedeformationdue to the faulting and the dike intrusionis swampedby the large
co-eruptve subsidenceThus,it is worth looking atthe residualafter subtractinghe effect
of the best- t subsidence-onlynodel. Giventhatwe x the geometryof thesill, thisis a
linearinverseproblemwith only oneparameterthe excesspressureto be estimated.The
best- t subsidence-onlynodel (Figure 6.14) requiresan excesspressurechangeof -41.7
MPa. As we includefaulting anddike intrusionin the following sectionsthe estimated
excesspressurehangeat the sill will change.At this stagewe inspectin the patternof
the residual,which is shovn in Figure 6.15. The residualsfor the interferogramsshav
nearconstant-slop@haseaampover large areainsidethe caldera.This suggestshatthere
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Figure 6.14: Best-t sill-only modelfor the adjusteddata. Associatedexcesspressure
changses -41.7MPa, with hostrock's shearmodulusof 30 GPa.

may be a wedge-lile structureat depthperhapsvherethesill is located. Thus,we intro-
duceanadditionalcomponentf deformatiomnot modeledby uniform pressurealrop. The
interpretatiorof this additionalcomponentill be discussedaterin this chapter

6.5.3 Trapdoor Faulting

Trapdoorfaulting eventsat SierraNegra have beenpreviously modeledoncewith anout-

ward dipping high-anglenormal fault (Amelunget al., 2000) and once with an inward
dipping high-anglereversefault (Chadwidk etal., 2006). The nearvertical fault geometry
is alsosupportedy the estimatedsill peripherythatis collocatedwith the sinuousridgein

amapview (Figure6.6). In this study for simplicity, we assumevertical fault planesand
allow only dip-slip on eachelement At thenorthernandsoutherredgeof thefaultsystem,
theslip is constrainedo be zero. Along the top edgeof thefault planeswherethey break
the surface,zerodisplacemengradientboundaryconditionis appliedto accommodata
stress-freenterface. Inner fault elementsare subjectto Laplaciansmoothing.At the bot-
tom of the fault planes the dip-slipsare matchedo the openingat thetip of thesill (see
Figure6.2b). This conditionis furtherexplainedlaterin this chapter
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Figure6.15: Residualdetweerdataandmodelpredictionfor (a) ascendingnterferogram,
(b) descendingnterferogram,and (c) azimuthoffset due to the best- t sill-only model
(Figure6.14). Onecolor fringe represent20 cm LOS displacemenin (a) and(b). The
nearconstant-slopghaseramp over large areainside the calderasuggestsa ramp-like
featureatdepth.

Ourbest- t faultslip modelis shavnin Figure6.16. Themodelis estimatedgsimultane-
ouslywith dike intrusionandsill closing. Previoustrapdoorfaultinghasbeenconcentrated
alongthe southerrpartof the fault systemwhereaghis eventis moreconcentrateélong
the westernpart of the fault system. The maximumslip of about1.8 m is locatedat the
bottomof thewestern-mostault planesandthe amountof slip becomegraduallysmaller
alongthe bottomof the fault planestowardsthe north. The estimatedslip toward the sur
faceatthewesternendof thefault systemis aboutl1.5m. This matchesery well with the

eld measuremerdt SpotB (1.5m) by Geistandothers(Geist,pers.comm.). At SpotA
themodelslightly underestimatethe eld measuremer(tl.4- 1.5m).

The seismicmomentof this fault modelis about4:32 10?4 dyne-cmwhich is equiv-
alentto momentmagnitudeMw 5.7. Accordingto the Harvard CMT catalog,the moment
magnitudeof the earthquak several hoursprior to the onsetof the eruptionwasMw 5.4
(equivalentto seismicmomentof 1:41 10?4 dyne-cm). This may suggesthat substan-
tial amountof theslip occurredaseismicallyNote, however, thatwe assumehatthe shear
modulusof thehostrockis 30 GPa. If thesheamodulusis 10 GPa,themomentmagnitude
of themodelbecomedviw 5.4 andmatcheghe obsenation.
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Figure6.16: Best- t fault modelestimatedsimultaneouslywith dike andsill models,(a)
with the sameview asin the inset,and(b) whenthe modelis rotated130 counterclock-
wise. Theinsetshownsthelocationof thefault.
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6.5.4 DikeIntrusion

We assumehat the dike propagationinitiated closeto the northernedgeof the sill and
daylightedwherethe ssure wasobsenred. As in the caseof faultingwe take the simplest
planarpath betweenthe startingandthe endingpositions. Unlike faulting, however, we
estimateall threecomponent®f displacementiscontinuityin eachelement. This is to

accommodatelips that releaseary pre-«isting ambientshearstressespressurizedill-

inducedshearstressesshearstresseslueto an interactionbetweenthe dike andthe free
surface,and nally shearstresseslueto theslip ontheneighboringrault system.

Figure6.18shaws the best- t dike modelestimatedsimultaneouslywith faulting and
sill closing. Thecolorindicatesheamountof openingandthearrovs shov the magnitude
anddirectionof the slip alongthe dike planeon eachelement.Easterrandwesternedges
of the dike areclampedandalongthe top edgedisplacemengradientsareencouragedo
bezero.Innerdike elementsaresubjectto Laplaciansmoothing At the bottomedgeof the
dike we try two differentboundaryconditions:(a) zerodisplacemengradient,and(b) an
adaptve boundaryconditionthat matcheghe vertical component®f the slip vectorswith
theopeningsatthe northernedgeof thesill.

A possiblescenariothat may explain the two best- t modelsis illustratedin Figure
6.17. The scenariostartswith a pressurizedgill thatinducesa dike propagation(Johnson
and Pollard, 1973; Pollard and Johnson 1973). Oncethe dike opensup, the interaction
betweenthe sill andthe dike may favor a “reversefaulting” alongthe dike plane,given
the high-angledike geometry(b). As thedike getscloserto the surfaceit startsfeelingthe
existenceof the free surface,creatingshearstress.This shearstressavors more“reverse
faulting” onthe dike plane. Oncethe dike leadsto an eruption,thessill getsdepressurized
andstartsclosing,resultingin “normalfaulting”. Accordingly, theamountof slip becomes
smallerat the bottom of the dike, asthe sill closesand pulls down the bottom edgeof
the dike (c). In otherwords, the “reversefaulting” is partially negatedby the “normal
faulting”. Notethatthe faulting at the dike is reversibleprocessaslong asthe magmain
thedike remaindiquid.

Geodeticdataare sensitve only to the nal stateof the dike at the momentit solidi-
es. Thus,dependingon how quickly the dike solidi es, oneshouldcarefully choosethe



104 CHAPTERG6. 2005ERUPTIONAT SIERRANEGRA

(@) (b) (c)

Tt

Figure6.17: Schematioserticalcrosssectionasin Figure6.2. (a) pressurizedaill afterthe
trapdoorfaulting, (b) dike intrusionaccompaniedvith “reversefaulting”, (c) co-eruptve
subsidencaccompaniedavith “normalfaulting”.

boundaryconditionsin the model. Up until the onsetof the eruptionthe dike experiences
the “reversefaulting”. Oncethe eruptioninitiates andthe sill startsto close,a “normal
faulting” begins on the dike plane,reducingthe amountof slip dueto the “reversefault-

ing”.

Oncethe dike startssolidifying, the wall of the frozen part of the dike doesnot slip
arny more. If the dike freezesquickly and coalescesnto a few conduitsearly during the
eruption,one can considerthe dike andthe sill decoupledvhenmodeling(Delane and
Pollard, 1981). If thedike solidi es slowly andthesill pulls the hangingwall down until
theendof the eruption,the dike andthesill arefully coupledandshouldbetreatedsoin a
model.Figure6.18aandFigure6.18brepresenthesedecoupledandcoupledendmember
modelsrespectrely. Geistetal. (in press)obseredthatthe curtain-of- re coalescednto
asingleventby day4, andon day 6 of the eruptionthe easternmostentreopenedWhen
the ssure becamasinglevent,atleastpartof thedike solidi ed.

TheRMS errorsfor eachdatain thetwo casesresummarizedn Table6.2. Thedecou-
pled modelhasa slightly better t to the descendingnterferogramwhereaghe coupled
model ts the azimuthoffsetslightly better Giventhatthe uncertaintiesn the interfero-
gramsand azimuthoffset are about0.65 cm and 22 cm respectiely, we cannotsay one
modelis favoredagainsthe otherbasedon the data tting. The aforementionedeld ob-
senationsby Geistet al. (in press)suggesthatthe modelshouldbe somevherebetween
the two endmembers.Especiallyat the bottom of the dike, however, it is likely thatthe
openingwassustainedor alongtime, perhapsloseto the endthe eruption. Thus,model
(b) seemso bephysicallymoreplausiblethanmodel(a). In model(b), the maximumdike
openingis about3.6 m andthe averageopeningis aboutl.7 m.



6.5. ERUPTION MODELING 105

Table6.2: RMS errorsof two casesn Figure6.18

Data Dike-sill decoupled Dike-sill coupled
Ascendingnterferogram 5.15cm 5.17cm
Descendingnterferogram 4.58cm 4.68cm
Azimuth offset 81.69cm 81.40cm

Thus,if the dike solidi ed quickly afterthe onsetof the eruption,it musthave frozen
with substantialip-slip at the bottomof the dike (Figure 6.18a),dueto the shearstress
releaseln this casethesill doesnot mechanicallyinteractdirectly with the dike any more,
andbasicallythey aredecoupledHowever, if thelavain thedike sustainedts liquid phase
for alongerperiodof time, it mayhave beensubjecto thesill closingperhapsdargeenough
to negatethe initial slip andevenreversethe senseof motion. Whenthe shallov part of
thedike solidi es rst, theeffect of thesill attheinitial stage(i.e. thereversefaulting)is
recordedandfrozenalongwith the shallov partof the dike. By the time the deepermart
of the dike solidi es the sill hasclosedsubstantiallypulling the hangingwall of the dike
backtowardthesill andclosingthe dike at the bottom (Figure6.18b). The slight closing
atthebottomof thedike in Figure6.18bmaybe dueto the poorresolutionof the modelat
theboundaryof thedike andthesill. For example,eachelemenbf thesill hasa dimension
of 500 m by 500 m, andits displacementiscontinuityis calculatedat the centerof the
elementwheretheamountof closingis alreadyafew meters.This valueis matchedo the
displacemendliscontinuityatthe dike.

6.5.5 Fault-Sill Interaction

As previously mentionedthe datahint at a rampor wedge-like structureat depth. Thus,
we separatehe sill modelinto two componentsa uniformly depressurizedill (i.e. crack
solution)andasill thatcanfreely openor closewith asmoothingconstrain{i.e. kinematic
solution). Thesetwo sill modelssharethe samedepthandthe samedetailedgeometry(i.e.
Figure6.14). Openingdistributionsof the two modelsare simultaneoushestimatedwith
faultinganddike intrusionmodels,andthe sumof the openingqor closings)from thetwo
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Figure6.18: Best- t dike modelsestimatedsimultaneouslywith fault andsill models,(a)
whendisplacementsf dike andsill arenot coupledand (b) they arecoupled. Theinset
shaovsthelocationof thedike.
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modelsconstitutethe nal openingdistribution of the sill. Here we discussthe second
componentthe kinematicsolution.

TheLaplaciansmoothings appliedto innerelementof the sill andthe zerodisplace-
mentdiscontinuitygradientconditionis appliedattheedgeelementsin addition,we apply
aphysicalboundaryconditionalongthe edgeof thesill thatis closeto the bottomedgeof
thefault. We assumehatthe bottomof thefaultsystemis justtouchingthe edgeof thesill,
which is plausiblefor a pressure-inducettapdoorfaulting. Whenthe faulting happens,
the shearstressdrop on the fault planeinducesnormalstressdrop on the wall of thesill,
redistributing the openingsat the sill. In orderto avoid large singularitiesat the edgeof
thesill, or equvalentlyto avoid materialgapat depth,theslip distribution at the bottomof
the fault systemis matchedwith the openingsalongthe correspondingedgeof thesill as
illustratedin Figure6.2h

Theinversionresultsareshown in Figure6.19. There,(a) is the uniformly depressur
ized sill model,and (b) is the kinematicmodelof the sill coupledwith the fault andthe
dike. Thekinematicmodelsuggestsheinteractionbetweerthefaultandthesill. Theeast-
ernpartof thesill shovsastrongcontractioror closing,whereaghewestermpartshavsan
openingalongthe edge.We believe thatthis anomalyshows the effect of magmatransport
towardthefaultplanewhena sudderopeningwasforcedon thewesternendof thesill due
to the faulting event. The trapdoorfaulting occursnearlyinstantaneouslgomparedo the
magmain ux. Hencethe existing magmain the chamberhasto move in responseo the
pressurgradientcausedy thefaultingevent(Figure6.20). By superposinghe uniformly
depressurizedhodelandthe kinematicmodelof thesill, we cancreatea compositeopen-
ing/closingsill model(Figure6.21). The maximumclosingof the compositesill modelis
about8.9m, andthetotal volumedecreasat thesill is about0.124km3.

The residualsbetweenthe best- t modelpredictionandthe dataareshowvn in Figure
6.22. Themodelis composedf the trapdoorfaulting, dike intrusion,andthe composite
sill, all of which are coupledandsimultaneouslyestimated.A few fringesshown in (a)
may be dueto the simpli ed faultanddike geometryor dippingof thefault planes.About
94% of datavariances explainedby the best- t model.
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Figure6.19: (a) Best- t uniformly depressurizedill model,and(b) best- t kinematicsill
model(opening) whichis the effet of interactionof sill with faultinganddike intrusion.
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Figure6.20: (a) pressurizedill (b) magmaransporin thesill dueto thetrapdoorfaulting
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Figure6.21: Best- t compositesill model(uniformly depressurizedill + kinematicopen-
ing dueto fault-sill anddike-sill interaction.

Figure6.22: Residualbetweenthe best- t modelpredictionandthe datafor (a) ascend-
ing interferogram{(b) descendingnterferogramand(c) azimuthoffset. Onecolor fringe
represent20 cm of LOS displacemenin (a) and(b).
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6.6 Extruded Volume

The estimatedvolume decreasat the sill during the eruptionwas about0.124km3. We
comparethis with extrudedvolume estimatedby simulatingthe lava coverageusing a
TOPSAR-SRM memged DEM. We pour lava inside the calderaandlet it o w to reach
the lowestelevation. Practicallythis was donesimply by subtractinga presetelevation
from the DEM andde ne thenegative areaas” ooded”. Thenwe calculatethe volumeof
the ooded area.

We choosel5 elevationsfrom 900 m to 950 m with a uniform intenal. For each
elevation of the at lava surface,the ooded areaandthe associated/olume s plotted
(Figure 6.23). This ood chartwas comparedwith the real lava coverageobsened by
ASTER sensomountedon NASA's Terrasatellite(Figure6.1), which shavs the surface
temperature Note that the mostsimilar patternof the ooded areacanbe found around
0.141km3. Assuminganaverageporosityof lava pile of 15%,we estimatethe denserock
equivalentvolume of extrudedlava as0.120km3. This roughly matchesthe estimated
volumedecreasef thesill (0.124km?3), implying thattheremay not have beensubstantial
amountof volatilesin the magmachambereforethe eruption,but enoughto make 15%
porosity The estimatedvolumeincreaseof the dike intrusionis about7.8 million cubic
metersnagligible comparedo thevolumelossof thesill andtheextrudedvolume.In case
of the ood modelwith 0.141km? of extrudedvolume theaveragdavadepthis about11.4
m andthe maximumdepthis about44.9m.

This simpli ed ood modeldoesnot considerthe strengthof lava thatresists o wing.
For example,the extentof reallava o w alongthe southernrmoat(the valley betweerthe
southernpart of the fault scarpandthe southerncalderarim) is aboutl km shorterthan
the extent of the simulatedlava coverage. Another sourceof error is the subsidencef
the caldera oor, which is not includedin the DEM. Neverthelessthe overall similarity
betweenthe obserned andsimulated ood patternsndicatesthatthis simple ood model
mayprovidea rst-order estimateontheextrudedvolume,especiallywhenthelava o w is
restrictedoy a con ning topographysuchasthe calderarim.
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Figure6.23: Lava coveragesimulationusingDEM.
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6.7 Conclusions

2005eruptionas SierraNegra volcanounderwenttomplex andlarge deformationdueto
atrapdoorfaulting eventthat precededhe eruptionby 3 hours,dike intrusionthatfed the
eruption,andthe hugeco-eruptve subsidenceBy usinga newvly developedalgorithm,we
wereableto form oneascendingnterferogramandonedescendingnterferogranthatspan
the eruption. Azimuth offsetimagewasformedfrom ascendingSAR imagepair. These
datawere adjustedusing GPSdata,so the dataspanonly the eruptionperiodbut not the
pre-andpost-eruptre uplifting period. Thenthe adjusteddatawereusedfor modelingthe
faultingevent,dike intrusion,andthesill closingsimultaneously

The trapdoorfaulting event and the dike intrusion were modeledwith kinematicdis-
tributeddislocationmodels.The estimatedseismicmomentof thefaultingevent(Mw 5.7)
suggestghat a substantiabmountof slip occurredaseismically Most of the slips were
concentrateadlong the westernpart of the fault system. The averagedike openingwas
estimatedasabout1l.7 m. The dike musthave undegonelarge dip-slip dueto the pres-
surizedsill andthe interactionwith the free surface. However, while the dike contained
liquid magmatheinitial slip seemedo benegatedmostlyatdepthby theclosingsill. This
suggestshatlower partof the dike musthave remainediquid atleastduringthe 8 daysof
theeruption.

The peripheryof the sill was estimatedndependentlyusinga pre-eruptve uplift in-
teferograms.The depthof the sill wasestimatedas1.86km  0.13km, andthe best- t
sill peripherymodelexplainedabout99%of the datavarianceof interferogramseforethe
eruption. The x ed geometryof the sill enabledusto parameterizéhe sill with only one
parametenf excessmagmapressure.We estimategeophysicaparameter®f threema-
jor events: faulting, dike intrusion,andsill closing. A kinematicsill modelis usedalong
with auniformly depressurizedill. Thekinematicsill modelwasmechanicallycoupledat
its edgewith the fault systemandthe dike plane. We believe thatthe estimatedpening-
closingdistribution of the kinematicsill modelshawv the changan openingdistribution of
thesill dueto thetrapdoorfaulting.

By superposinghe kinematicsill modelandthe uniformly depressurizedill, we pro-
duceda compositesill model,whosevolumedecreasevasestimatedasabout0.124km3.
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This volumelossroughly matchesour estimateof the extrudedvolume, which was cal-
cultedby DEM analysis. The best- t modelof trapdoorfaulting, dike intrusion,andsill
opening-closingexplain about94% of the geodetiadata.



Chapter 7
ThesisFindings and Conclusions

In this work we usedSpace-bornénterferometricSyntheticApertureRadar(InSAR) to
estimategeophysicaparameter®f the 2005 eruptionat SierraNegra volcanoin Isabela
Island,GalapagosIn orderto achiese this goal,we developedthreemainnovel algorithms
to implementdataprocessing@andmodeling.

First, we producedhe bestquality DEM to dateof SierraNegravolcanoby memging
a high-resolutionTOPSARDEM and a low-resolutionSRTM DEM. The pixel spacing
of TOPSARDEM is 10 m, but it hassomeartifactsand mary “data holes”. The pixel
spacingof the SRTM DEM is 90 m, but it hasfewer holesandhasmore comprehensie
coverageandreliabledatavalues.We megedthe two DEMs by solving aninverseprob-
lem constrainedwvith a Prediction-Errorlter andthe SRTM DEM. The pixel spacingof
the meiged DEM is 10 m, it doesnot have a hole, andits datavalueshave reliability of
SRTM DEM (Yun et al., 2005). We usedthis DEM to subtracttopographyeffect from
interferogramshatspanthe 2005eruptionat SierraNEgra.

Secondye developedanew inversionalgorithmto solve for thedetailedgeometryof a
uniformly pressurizedrack. Usingthisinversionwe canproducea mechanicallyplausible
andinternally consistenttrackmodelthat ts InSAR obsenations. We also constrained
the geometryof the magmachamberat SierraNegra. Using a ascendinganddescending
interferogrampair, we shaved that the magmachamberat SierraNegrahada at top.
However, the vertical extentof the magmachambeicannotbe well constrainedy surface
displacementThermalanalysissuggestedhat the thicknessof the magmachamberis at
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least40 m (Yunetal., 2006).

Third, we developeda new interferogranforming algorithm,whichis usefulwhenthe
deformationis large and complex. Using the algorithm we were able to produceintra-
calderanterferogramshatspanthe 2005eruptionat SierraNegra,which wasnot possible
with existingstandardnSAR software. The2005eruptionat SierraNegracausedbouts.4
metersubsidecandwasprecededy aMw 5.4 earthquak. Thesewo eventscausectom-
plex andsteepdisplacemengradientswhich madeSAR imagecorgyistrationand phase
unwrappingvery dif cult. The new algorithminvolves a rubbersheetingcoregistration
andrangeoffsetimagesubtractiorto solve this problem(Yun etal., in review). Theoutput
interferogramsvereusedto modelSierraNegra's 2055eruption.

The 2005 eruptionat SierraNegra was modeledusing INSAR and GPSdata. The
modelconsistof threemain parts: trapdoorfaulting, dike intrusion,andopening-closing
of asill. Thedepthandthe detailedgeometryof the sill wasestimatedrom anascending
anddescendingnterferogrampair beforethe eruption. The estimateddepthwas1.86km

0.13km. The GPSdatawere usedto estimatepre- and post-eruptre in ation, andthe
deformationdueto the in ation was subtractedrom InSAR datain orderto effectively
reducethetemporalbaselineof the INSAR data.

In the trapdoorfaulting model,the maximumslip ( 1.8 m) occurredalongthe western
andbottomendof thefaultsystem.Theslip becomesboutl.5mtowardthesurface which
matcheghe eld obserationverywell. Theequivalentmomentmagnitudeof thetotalslip
wasestimatedo be Mw 5.7 whenthe shearmodulusis 30 GPa. For sheamodulusof 10
GPa, it becomesviw 5.4, whichis the momentmagnitudeof the earthquak thatoccurred
3 hoursprior to theonsetof theeruption.Thedike modelshovedaverageopeningof 1.7m
and“reversefaulting” averagedip slip of 1.6 m. Thelargedip slip is dueto theinteraction
with thesill andthefreesurface.

Thethesill modelis the sumof two componentsa uniformly depressurizedill anda
kinematicsolutionof openingsat thesill. The uniformly depressurizedill accountedor
the co-eruptve subsidenceThe kinematicmodelshoved a wedge-like openingdistribu-
tion, andthis suggestedhe interactionof the trapdoorfaultingandthesill. Therepeating
cycle of trapdoorfaulting anderuptioncanproducean accumulatedvedge-lile structure
atdepthaswell asonthesurface.We believe thatthe surfaceexpressiorof this structures
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shawvn asthe characteristi€C-shapedinuousidgeinsidethe calderaof SierraNegra. The
estimatedvolume decreasat the sill was0.124km?3, andthe estimatedxtrudedvolume
(denserock equivalent)wasabout0.120km?3. This similarity suggestshattheremay not
have beensubstantiahmountof volatilesin the magmabeforethe eruption.
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