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EarthEarth’’s internal structure s internal structure –– textbook styletextbook style



Recent Geophysics/Geochemistry Views
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EarthEarth’’s important boundary layerss important boundary layers
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[Tomography Ritsema and van Heijst, 2001]
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(adapted from: garnero.asu.edu)



Seismically determined DSeismically determined D" " / CMB Phenomena/ CMB Phenomena

[after [after GarneroGarnero, 2005], 2005]



Earth’s Deep Interior

CMB: Thermal boundary layerCMB: Thermal boundary layer

Largest density increaseLargest density increase

Huge viscosity contrastHuge viscosity contrast

Chemical heterogeneityChemical heterogeneity

DD"" Highly heterogeneousHighly heterogeneous

AnisotropicAnisotropic

Intermittent DiscontinuityIntermittent Discontinuity

ScatteringScattering

ULVZULVZ Ultra Low Velocity zoneUltra Low Velocity zone

Extreme velocity reductionsExtreme velocity reductions

Dense material Dense material 

Partial Melts?Partial Melts?



Seismic Sampling of DSeismic Sampling of D"" and CMBand CMB



TomographyTomography



Reflected PhasesReflected Phases



ScatteringScattering



Degree 2 heterogeneityDegree 2 heterogeneity

[[GarneroGarnero et al., et al., SuperplumesSuperplumes, 2007], 2007]



[[RitsemaRitsema and van and van HeijstHeijst, 2001], 2001]

Degree 2 heterogeneityDegree 2 heterogeneity



[[RitsemaRitsema and van and van HeijstHeijst, 2001], 2001]

Degree 2 heterogeneityDegree 2 heterogeneity



[[RitsemaRitsema and van and van HeijstHeijst, 2001], 2001]

Degree 2 heterogeneityDegree 2 heterogeneity



[ Wang and [ Wang and WenWen, JGR, 2007], JGR, 2007]

African AnomalyAfrican Anomaly



DetailedDetailed

waveformwaveform

modelingmodeling

++

TraveltimeTraveltime

analysisanalysis



[[RitsemaRitsema et al, 1999]et al, 1999]
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[Tomography: [Tomography: RitsemaRitsema & van & van HeijstHeijst, 2001] , 2001] 

DD"" discontinuity structurediscontinuity structure



DD"" structure beneath the structure beneath the CocosCocos plateplate

KitoKito, , RostRost, Thomas & , Thomas & GarneroGarnero, GJI, 2007, GJI, 2007



DD"" discontinuitydiscontinuity

[Lay, Garnero, Williams [Lay, Garnero, Williams PEPI, 2004]PEPI, 2004]

Plot of SPlot of S--wavewave

syntheticssynthetics

Thorne et al., [GJI in press2007]



Detected DDetected D" " 

discontinuitiesdiscontinuities

DD" discontinuity Detections from waveforms" discontinuity Detections from waveforms



Detected DDetected D" " 

discontinuitiesdiscontinuities

DD" discontinuity Detections from waveforms" discontinuity Detections from waveforms

Most studiedMost studied

regionregion



[[KitoKito, , RostRost, Thomas & , Thomas & GarneroGarnero, GJI, 2007], GJI, 2007]

DD"" discontinuity beneath discontinuity beneath CocosCocos plateplate



[Thomas, Garnero, Lay JGR, 2004][Thomas, Garnero, Lay JGR, 2004]

Example event profilesExample event profiles





MigrationMigration







DD”” discontinuity topographydiscontinuity topography
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[Thomas, [Thomas, GarneroGarnero and Lay, 2004]and Lay, 2004]



DD”” discontinuity topographydiscontinuity topography



[[HernlundHernlund et al., 2005]et al., 2005]

PostPost--perovskiteperovskite and Dand D”” discontinuitydiscontinuity



[[HutkoHutko et al., Nature, 2006]et al., Nature, 2006]

Other interpretationsOther interpretations



[[HutkoHutko et al., Nature, 2006]et al., Nature, 2006]

Other interpretationsOther interpretations

[[RibeRibe 2002]2002]
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[ van [ van derder HilstHilst et al, Science, 2007]et al, Science, 2007]

Mapping with GRTMapping with GRT



[van [van derder HilstHilst et al., 2007]et al., 2007]



ULVZ structureULVZ structure

[[RitsemaRitsema and van and van HeijstHeijst, 2001], 2001]



Ultra Low Velocity ZonesUltra Low Velocity Zones

�� 0.5 to 100.5 to 10’’s km thicks km thick

�� 10 to 30 % velocity decrease10 to 30 % velocity decrease

�� partially molten material ?partially molten material ?

�� core entrainment ?core entrainment ?

�� corecore--mantle reactants ?mantle reactants ?

�� remnants of magma ocean ?remnants of magma ocean ?

�� density ?density ?

Thorne and Garnero, 2004



�� CMB are probed <CMB are probed < 50 %50 %

�� ULVZ evidence   <ULVZ evidence   < 10 %10 %

(of CMB area)(of CMB area)

ULVZ probesULVZ probes
SPSPdiffdiffKSKS

[Thorne and Garnero, 2004]



ULVZ Probes ULVZ Probes –– High resolutionHigh resolution



ScPScP waveformswaveforms



Topography from NOAA 2Topography from NOAA 2’’ datasetdataset

Small aperture ArraysSmall aperture Arrays



-- TongaTonga--Fiji Fiji seismicityseismicity

-- deep earthquakesdeep earthquakes

-- 97 earthquakes97 earthquakes

-- SeismicitySeismicity from:from:

10/1990 10/1990 –– 01/199801/1998

[[RostRost, , GarneroGarnero, Williams & , Williams & MangaManga, Nature, 2005], Nature, 2005]





[[RostRost, , GarneroGarnero, Williams & , Williams & MangaManga, Nature, 2005], Nature, 2005]



All precursor eventsAll precursor events

+ summation trace+ summation trace

Precursor summation tracePrecursor summation trace

NonNon--precursor summationprecursor summation



CRZ evidence from CRZ evidence from 

RostRost & & RevenaughRevenaugh,,

Science, 2001Science, 2001

-- ~50 by 50 km~50 by 50 km

-- northern boundary northern boundary ––24.524.5

-- southern boundary southern boundary ––25.525.5

-- some boundaries not well some boundaries not well 

resolvedresolved



Synthetic waveform forward modelingSynthetic waveform forward modeling



Partial MeltPartial Melt
Chemical Chemical 

HeterogeneityHeterogeneity



� BestBest--fit model properties: fit model properties: 

�� ThicknessThickness:     8.5 (:     8.5 (±±±±±±±±1) km1) km

�� ∆∆∆∆∆∆∆∆VVPP :   :   --10   (10   (±±±±±±±±2.5) %2.5) %

�� ∆∆∆∆∆∆∆∆VVSS :   :   --25   (25   (±±±±±±±±4) %4) %

�� ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ∆ρ :  +10   (:  +10   (±±±±±±±±5) %5) %

� ∆∆∆∆∆∆∆∆VVPP// ∆∆∆∆∆∆∆∆VVS S indicates partially molten materialindicates partially molten material

�� ~50 by 50 km lateral extension~50 by 50 km lateral extension

�� small lateral extent raises stability questionssmall lateral extent raises stability questions

�� HighHigh--frequency data indicate very sharp upper boundaryfrequency data indicate very sharp upper boundary

�� sharpness < 400 msharpness < 400 m

[[JellinekJellinek & & MangaManga, 2002], 2002]

SmallSmall--scale Ultra Low Velocity Zonescale Ultra Low Velocity Zone



SmallSmall--scale scatteringscale scattering

[[RitsemaRitsema and van and van HeijstHeijst, 2001], 2001]



[[HedlinHedlin and Shearer, 2000]and Shearer, 2000]

•• Sensitive to smallSensitive to small--scale heterogeneities of velocity and densityscale heterogeneities of velocity and density

•• CMB topography (roughness)CMB topography (roughness)

•• PKP, PKP, PcPPcP, , PPdiffdiff, PKKP, PKKP

Probing the smallProbing the small--scale structure of the Earthscale structure of the Earth



[[HedlinHedlin and Shearer, 2000]and Shearer, 2000]

•• PKP scatteringPKP scattering

•• Precursors to main PKP arrivalPrecursors to main PKP arrival

•• Statistical material descriptionStatistical material description



Very Large Array, New Mexico, USAVery Large Array, New Mexico, USA

Seismic Array:Seismic Array: term used to describe network of seismometers thatterm used to describe network of seismometers that

allow timeallow time--series stacking to increase signalseries stacking to increase signal--toto--noisenoise

ratio of coherent energyratio of coherent energy

Similar to:Similar to: •• Chains of geophonesChains of geophones

•• AntennaeAntennae

•• Radio TelescopesRadio Telescopes

Array SeismologyArray Seismology



•• Measurement of slowness vectorMeasurement of slowness vector

•• Incidence angleIncidence angle
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[[JahnkeJahnke, 1997], 1997]



Improvement of SignalImprovement of Signal--toto--Noise RatioNoise Ratio

RostRost and Thomas, and Thomas, RoGRoG, 2002, 2002
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PKKPPKKP



Earle, 2002Earle, 2002

[after Earle, 2002][after Earle, 2002]



[after Chang and Cleary, 1980][after Chang and Cleary, 1980]

3D 3D -- scatteringscattering



Phonon scattering syntheticsPhonon scattering synthetics





•• Distances Distances < 70 deg< 70 deg

•• Magnitudes Magnitudes mmbb > 6.0> 6.0







1717--JUNJUN--1996_11:22 1996_11:22 ⇒⇒ GBAGBA

Lat: Lat: --7.147.14°°

Lon: Lon: 122.59122.59°°

H:H: 587 km587 km

MMbb:: 7.97.9

∆∆:: 49.3549.35°°

ΘΘ:: 111.95111.95°°

Energy MaximaEnergy Maxima

uumaxmax= 2.7 s/= 2.7 s/°° and 2.4 s/and 2.4 s/°°

ΘΘmaxmax = 218= 218°° and 28and 28°°



UT SUT S--wavewave

TomographyTomography

MIT PMIT P--wavewave

TomographyTomography



Putting things togetherPutting things together



[Courtesy of [Courtesy of AllenAllen McNamara]McNamara]


