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INVESTIGATIONS UNDERTAKEN

Theprimarygoalof this projectis to synthesizehedeformatiorfield in northernCalifornia,with
emphasion the populatedSanFranciscaBay region. We arecombiningGlobal PositioningSys-
tem (GPS),Geodolitetrilateration,and very-long-baselinenterferometryobsenationscollected
primarily from U. S. GeologicalSuney (USGS)andStanfordUniversityfield campaignsandthe
Bay Area Reggional Deformation(BARD) permanentGPSnetwork in northernCalifornia. Com-
bining thesedatawill enableus to clarify the ratesof interseismicstrain accumulationon the
principal Bay areafaults: the SanAndreas,Hayward, and Calaverasfaults, andtheir extensions
north of the SanFranciscoBay. We are also analyzingdeformationfollowing major northern
California earthquaks,including the 1906 SanFranciscoand 1989 Loma Prietaearthquaks,to
betterunderstangostseismiaelaxationand stresstransfer Finally, time-dependeninversions
andfinite-elementalculationswill improve ourunderstandingf thestructureandrheologyof the
sub-seismogenicrustin the SanFranciscday area.

During the pastyear we have continuedour efforts to combinethe availablegeodeticdatasets,
primarily thecontinuousandcampaigrGPSobsenationsin theBay Area. Much of this effort went
towardscomparingpositionssolutionsdeterminedusing GAMIT by the Berkeley Seismological
Laboratory(BSL), andGIPSY by the USGS.Thesecomparisonsevealeda numberof problems
with combiningsolutionsderived from thesetwo methods. Therefore,in collaborationwith W.
Prescot{USGS),we arecurrentlyusingthe USGSGIPSY point positioningalgorithmsto repro-
cessall of theavailabledatain a self-consistentnethod.In thefollowing sectionwe presentesults
from otherongoingprojects,includingthedeterminatiorof a broad-scaleleformatiorfield across
northernCaliforniaand Nevadafrom continuousGPSmeasurementstudiesof postseismiale-
formationfrom the 1906and1989earthquaks,andfinite-elementmodelsof the 1906postseismic
deformation.



RESULTS

Deformationin NorthernCalifornia and Nevada

We analyzeddatafrom 49 permanenGPSstationsin California, Oregon,andNevadathathave
beenoperatingor atleast0.8yearsduringa5.9-yearspanfrom Novemberl993to October1999,
including all stationsin the Bay Area Regional Deformation(BARD) network (Murray et al.,
1998a).Measurementsollectedon 2000daysduringthis interval wereanalyzedoy the GAMIT
software using distributed processingnethods.We estimatedhe stationvelocitiesandtheir co-
variancefrom the combineddaily coordinatesolutionsby tightly constrainingthe positionsand
velocitiesof 5 IGS stationsto their ITRF96 values,while accountingfor offsetsand excluding
non-linearmotionsintroducedby equipmentchangesand other non-tectonicoehaior. We con-
vertedthe stationvelocitiesto a North Americaplatereferencdrameby addedanangularvelocity
that minimizesthe horizontalmotionsof a subsetf the ITRF96 stationswhoserelatve motions
are consistenwith rigid-body rotationat the 2 mm yr—! level. The estimatedrelative baseline
determinationsypically have 2-4 mm WRMS scatteraboutalinearfit to changesn northandeast
componentandthe 10-20mm WRMS scattelin theverticalcomponent.

Averagevelocitiesfor the longestrunning stationsfrom BARD andothernearbynetworks are
showvn in Figurel. To accountor colored-noiseerror processessuchasmonumentwander mul-
tipath, and atmospherieffects, we scaledthe formal uncertaintiesaccordingto the approximate
expressiorgivenby Mao etal. (1999)for thetotal uncertaintyof velocity asa functionof boththe
white noiseandflicker noiseuncertaintiegappropriatdor North Americansites. Thisflicker noise
modelresultsin velocity uncertaintie$—12timestheir formal uncertainties.

Stationsin easternNevadashaw little motion relative to North America, whereasthe station
on the Farallon Islands,30 km offshorenearSanFrancisco,is moving at 46 mm yr=! N35°W.
This is consistenwith the motion predictedby NUVEL-1A for the Pacific plate (DeMetset al.,
1994), indicating that the network spansnearly the entire deformationfield associatedvith the
plateboundary

The SanAndreasFault systemaccommodates 35 mmyr—! parallelto the predictedplate mo-
tion acrossa 100-kmwide zonenearthe coast. The remaining~11 mmyr—! of predictedplate
motionis distributedacrossthe Sierran-GreaValley, and Basinand Rangeprovince with signif-
icant velocity componentsiormalto the predicteddirection. This region canbe divided into 3
relatively stablecrustalblocksdelimitedprimarily by seismicitypatterns.The Sierran-GreaVal-
ley (SG)blockis locatedbetweerthe SAF anda northwestrendingseismicitybelt betweerLake
TahoeandMount Shastan easterrCalifornia. This seismicitybeltis thewesternedgeof theBasin
andRangeprovince,whichwe divide into easter{EB) andwestern(\WB) blocksaboutthe Central
NevadaSeismicZone(CNSZ).

Our preferreckinematicmodel(Murray etal., in prep.,2000),assumea singleangularvelocity
for SGblock, anda single Euler polelocation, but differentangularvelocity ratesfor the EB and
WB blocks. The WRMS misfitsfor the horizontalcomponentsrel, 1, and2 mmyr~! for the EB,
WB, andSGregions,respectrely. Relatve motionalongtheboundariebetweertheregionsvaries
with position.Becausé&=B andWB shareghesameEulerpole,relative motionis purelyextensional
acrosobliquelongitudinallines,which the CNSZ closelyapproximatesThe predictedextension
at4°N, 118W is 3mmyr—! N75°W. Therelative motionbetweerWB andSGat40°N, 121°W
is 3 mm yr—! N45°W, approximatelyparallelto the seismicitytrend, indicating the deformation
is primarily right-lateralstrike-slip. Deformationat boththeseboundariess in generalagreement
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Figurel: Obsened(red)andmodeled(blue)velocitiesrelative to stableNorth Americafor stationsn the BARD and
nearbynetworks. Datafrom November1993to October1999was processedy the BSL using GAMIT software.
Ellipsesshav 95% confidenceregions, scaledby a white andflicker noisemodel, with the predictedPacific—North
Americarelative plate motion in centralCalifornia shavn for scale. The oblique Mercatorprojectionis aboutthe
NUVEL-1 Pacific—NorthAmericaEulerpole sothatexpectedrelative platemotionis parallelto the horizontal.Mod-
eledvelocitiesarefrom Euler pole determinationgor the Sierran-GreaValley (SG), andwest(WB) andeast(EB)
BasinandRangeblocks. Velocitieswithin the SanAndreadfault system(SAFS)areestimatedisingtwo-dimensional
models.
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Figure?2: Velocitiesrelative to the NUVEL-1A Pacific-NorthAmericaEuler pole of stationdocatedin a profile from

westernNevadato the SanFranciscaBay area.Obsenedvelocities(crosses)with onestandardieviation errorbars,
areperpendiculafred)andparallel(blue)to the predicteddirectionasa functionof obliquecolatitudefrom the Euler

pole. Thebluecurweis theangularvelocity and3-faultbackslipmodel. Thegreencurve is the samemodel,assuming
the NUVEL-1A rateonthe Pacific plate. Verticallines at top indicatelocationandrelative depthsof the SanAndreas
(SA), Hayward (H), andCalaveras/ConcordCC) faults.

with obsenedseismicity

Motion of stationsnearthe SanAndreasfault systemis approximatelyparallelto the NUVEL-
1A predictiongFigure?2). Velocity componentsormalto this directiondo not differ significantly
from zerowestof the SAF andarelessthan5 mmyr—! for sitesbetweerthe SAFandGreatValley.
The parallelvelocity componentsary in magnitudealmostlylinearly by ~35 mmyr—! acrossa
100-kmwide zonenearthecoastwhich previousstudiesshow is consistentvith interseismicstrain
accumulatioron faultsthatarefreely slippingexceptat shallov depths(Lisowski etal., 1991).

To modelthe obsened deformation we assumenterseismicdeformationis a superpositiorof
long-termaveragerigid-body motionson either side of faults, and back-slipon shallov locked
portionsof faults. This approachis similar to the elasticdislocationmodel commonlyusedin
subductionzonestudies(Savage, 1983), exceptwe expressthe long-termaveragemotion using
angularvelocities. Giventhat the westernmosstationsin our studyform a roughlylinear profile
acrosghe SAF systemandtheir motionsarepredominantlyparallelto predictedmotion,we model
interseismicstrainaccumulatiorusingtwo-dimensionafanti-planestrain)screv dislocations.This
methodis describedn moredetailin Murray etal. (in prep,2000).

Figure 2 shows theresultsusinga modelwith 3 faults,correspondingo the SanAndreas(SA),
Hayward (H), and Calareras/ConcordCC) fault strands.Given the high correlationsassociated
with determiningfaultgeometryandslip parameterg aparallelfaultregime,we assumehefault
locationsareknown from surfacegeologystudies,anduselocking depthsderived from obsened



seismicity Estimateddeepslip rateson SA, H, andCC faultsare19.2,11.3,and 7.4 mm yr—!,

respectiely, in reasonablygood agreementvith neotectonicstudies(17 4+ 4, 9 4+ 2, and5 + 3

mmyr—!, WGCER 1999).We arecurrentlyextendingthesemethodso threedimensiongo better
characterizé¢he complex geometryof faultsin the SanFranciscdBay areaandwill incorporatehe
morecompletedeformationfield we arecurrentlyderiving usingcampaignGPSobsenations.

1989LomaPrieta Earthquale Post-seismi®eformation

In Segall etal. (2000),we employ a modifiedversionof the Network InversionFilter to investi-
gatetime-dependentlip following the 1989LomaPrietaearthquak. Previous analysisof Global
PositioningSystem(GPS)andleveling datasuggestafterslipon the LomaPrietaruptureaswell
asaseismicslip on a thrustfault northeasof the San Andreasfault which we identify with the
Foothillsthrustbelt. We analyzedl 73daily GPSsolutionfiles at 62 stationscollectedfrom 1989.8
to 1998.3(atotal of 1,134three-dimensionalelative baselinedeterminations)The obsered po-
sition changesare assumedo resultfrom seculardeformationrandombenchmarkmotions,and
temporallyvaryingfault slip. The datarevealtemporalvariationsin slip rate(Figure3) but poorly
resole spatialvariationsin fault slip. The amountof temporalsmoothingis estimatedoy max-
imum likelihood. Conditionalon this estimate reverseslip on the Foothills thrustdecaysfrom
45 + 12 mm/yrimmediatelyafterthe earthquakto zeroby 1992. Reverseslip onthe LomaPrieta
rupturesurfacedecaysrom 57 + 11 mm/yrto zeroby 1994.Right-lateralslip onthe LomaPrieta
rupture surfacedecaysmonotonicallyfrom 30 + 10 mm/yr to zeroby 1994. Theseresultssug-
gestthat(1) triggeredafterslipcanoccuroff the mainrupturezoneon adjacenfaults,(2) shallov
afterslipdominatedhe postseismiaeformationfor the 8 yearsfollowing the earthquak, and(3)
postseismislip ontheFoothillsthrustmayaccountfor asignificantportionof its total slip budget.

1906SanFranciscoEarthquale Postseismi®eformation

In KennerandSegall (2000),we re-evaluatetriangulationdatafrom northernCaliforniafollow-
ingthe1906SanFranciscaearthquak usingimprovedmethodgYu andSegall, 1996]andcombine
theresultswith morerecentgeodeticdata[Lisowski andSavage,1992;Freymuelleretal., 1999].
This significantlyincreaseshetemporalandspatialresolutionof postseismideformationfollow-
ing thatevent. We have calculateduniform shearstrain-ratesandaveragestationvelocitiesat Pt.
Arenausingdatafrom 1906-07,1929-30,and 1973-75andfor the Pt. Reyes-Petalumarc using
datafrom 1929-30,1938-39,and1960-61.With the additionof recentgeodeticdata,we infer an
effective relaxationtime for long-term,postseismicdeformationfollowing the 1906earthquak of
36+16 years(Figure4). Inversionresultsallow usto investigatethe correspondinglecayin slip
ratesalonga 10 km deep,25 km wide, vertically orientedafterslipzonelocatedbelow thetraceof
the SanAndreadfault (Figure5).

The Pt. Arenadatacanbereasonablyit with anacceleratedieepafterslipmodel. Deformation
in the Pt. Reyes-Petalumarc (Figure6) is clearlyasymmetriovith respecto thetraceof the San
Andreasfault, especiallypetweenl929and1939. After inverting for the rangeof acceptablec-
celerateddeepafterslipandhorizontaldetachmentodels,a detailedanalysisusinggeologically
reasonablgeometriesevealsthatboth modeltypeshave troubleexplaining the spatialvariations
in the deformationfield throughtime. In particular acceleratedieepafterslipmodelscannotre-
producethe breadthof the obsened deformationfield to the northeasof the SanAndreasfault.
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Figure3: Estimatedslip rateasa function of time. (a) Slip rateon the Loma Prietafault. Positve dip slip is thrust,
andright-lateralstrike slip is negative. (b) Slip rateon the Foothills thrustfault. Dashedinesindicateplusandminus
onestandardleviation bounds.
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Figure 4: Evolution of uniform shearstrain-ratewith time sincethe 1906 SanFranciscoearthquak at Pt. Arena
(circles)andPt. Reyes(triangles).Verticalerrorbarsgive 1o uncertaintiesHorizontalerrorbarsgive thetime between
thefirst andlastsuneysincludedin theinversion.Strainshave beenrotatedclockwise20° and10°, respectiely, from

northsothat~y; representsheright-lateralshearstrain-rateacrosshat SanAndreasfault.

As a result,morecomple, time-varying deformationmechanismsrerequiredto explain the Pt.
Reyes-Petalumarcobsenations.

Finite ElementModelsof Postseismid®eformation

Non-uniqueness aninherentproblemin modelinggeodeticdata. Comparisorof fully spatial-
temporaldatasetsvith naturallytime-dependennodelscanlimit thenumberof possiblesolutions.
We considempostseismistrainratetransientdy comparinggeodeticdatafrom northof SanFran-
ciscoBay obtainedbetweenl906and1995[K ennerand Segall, 2000] to viscoelasticanti-plane
finite elementmodels. Modelsinclude (1) an elasticplate over a viscoelastichalf-space(2) dis-
tributed shearwithin the lower crust, (3) discretelower crustalshearzoneswithin an otherwise
elasticcrust, (4) discreteshearzonesembeddedvithin a viscoelasticlower crustand (5) mid-
crustaldetachmensurfaces.We vary, asapplicable locking depth(8, 12, 18 km), elasticcrustal
thicknesg(18, 25, 45, 60 km), lower crustalrelaxationtime (0.1-150yrs), shearzonerelaxation
time (0.1-30yrs), andshearzonewidth (0.2—4km). For modeltypes3 and4, dipping fault ge-
ometriesare alsoconsideredParsonsandHart, 1999]. In total over 500 differentfinite element
modelswereconsidered.

Modelsincorporatingonly distributedshearing(1,2) requirevery shortrelaxationtimes(2*vis-
cosity/sheamodulus).For physicallyreasonablelasticplateover viscoelastichalf-spacanodels
(1), thebest-fittingmodelshave relaxationtimesof 40yrs, elasticthicknessesf 25km, andfit all
availabledatato within 4.3s. The bestdistributedlower crustalshearmodels(2) have relaxation
timesof <5 yrsandalocking depthof 18 km. Thesemodelsfit all availabledatato within 3.1o. If
theentirecrustis elasticanddiscreteshearzonesexist beneatheachof thethreesub-parallefaults
in northernCalifornia(3), initially high strainratesmmediatelyfollowing the1906earthquak are
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Figure5: Slip-rateasa function of time sincethe 1906 SanFranciscoearthquak at Pt. Arenaandthe Pt. Reyes-
Petalumaarc for a 25 km wide, deepacceleratedfterslipzonewhosetop is locatedat 10 km depth. The slip-rate
between1991and1995is from Freymuelleret al. [1999] for all of northernCalifornia. Vertical error barsgive 1o
uncertaintiesHorizontalerrorbarsgive thetime betweerthefirst andlastsureysincludedin theinversion.

mostreasonablyit with alocking depthof 12 km andelasticthicknesgreatethan~45km. In the
bestcaseall availabledatais fit to within 2.70. Thecaseof discreteshearzonesembeddedvithin
a viscoelastidower crust(4) representsn intermediatecase. Local minimain the misfit space
representmodelsthat approachdistributed shear(2) and discreteshearzone(3) models. In the
bestcaseall availabledatais fit to within 2.30 (Figure7), excludingoutliers. Thebestdetachment
modelsfit the datato within 2.40. Dipping discretefaultsdo not significantlychangehe modelfit
to thedata.

Geometricallyreasonablelasticplateover viscoelastidhalf-spacanodels(1) do apoorjob pre-
dicting both the spatialdistribution of deformationand variationsin peakshearstrainrate with
time. While all other modeltypescanemulatethe obsened decayof peakshearstrain-rateat
the SanAndreasfault with time, the best-fittingdistributed shearmodels(2) do a poorjob pre-
dicting spatialvariationsin the deformationrate. Detachmenmodels(5) yield reasonableesults
but recentfindings from seismicreflectionin northernCalifornia argue againstthe presenceof
a sub-horizontadetachmentin favor of discreteshearzonesextendingthroughthe entire crust
[Henstocket al., 1997, Parsons,1998; ParsonsandHart, 1999; Zhu, submitted]. Our modelsin-
corporatingdiscreteshearzones(3,4) are, therefore moreappropriate Additionally, we conclude
thatthe effective relaxationtime seenin the postseismigeodeticdata(Figure4) is indeedeffec-
tive, representingomenet measuref deformationin a complex system.The bestfitting discrete
shearzonemodels(3,4) containmaterialshaving at leasttwo differentrelaxationtimes. Oneis
extremelyshort,lessthan~2 yrs, while the otheris muchlonger(> 150yrs). Alternatively, this
finding may beindicative of prevalentnon-linearmaterialbehaior in thelower crust. Finally, the
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Figure6: Right lateralengineeringshearstrain-rateacrossthe SanAndreasfault within the Pt. Reyes-Petalumarc
betweer1929and1939(top) and1938and1961(bottom). Verticalerrorbarsgivethelo uncertaintyin themagnitude.
Horizontalerror barsgive the lateralextent,in the fault paralleldirection,of the subnetin which the calculationwas
made.The solid line givesexpectedresultsfrom the secularmodelof Biirgmannet al. [1994; 1997]. At the location
of the Pt. Reyes-Petalumarcthe SanAndreasfaultis at an orientationof approximatelyN35°W. Note the different
verticalscales.The heary blacklinesdenotethe positionsof the SanAndreasandRogersCreekfaults.

effect of dipping faultsis not significantto understandingpostseismigerturbationgo the defor
mationfield following the 1906earthquak.

NON-TECHNICAL SUMMARY

This projectfocuseson integration and modelingof geodeticmeasurements the SanFran-
ciscoBay area.We combinepreviously collectedGeodolite(precisdaserdistanceneasurements),
Global PositioningSystem(GPS),andVery Long Baselinelnterferometry(VLBI) measurements
to determinethe deformationfield in the Bay areaandto studyhow seismicstainaccumulatesn
the principal faults. We alsore-examinetriangulationmeasurementsadeafter the 1906 earth-
guale to studypost-seismicelaxationandstresdransfer andperformtime-dependentnversions
andfinite elemenitalculationgo studythefault geometryin thelower crustandstressing-ratesn
Bay areafaults.
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Figure7: Best-fitting,geometricallyreasonablenodelcontainingdiscreteshearzoneswithin a Maxwell viscoelastic
lower crust(4). The modelhasa seismogeniaepthof 12 km. The shearzones locatedbeneatheachof the three
subparallefaultsin theregion, have a relaxationtime of 0.25yrs andextendto 60 km depth. The viscoelastidayer
alsoextendsto 60 km andhasa relaxationtime of 150yrs. Below 60 km thereis a Maxwell viscoelastianantlewith
arelaxationtime of 200yrs.
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