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Abstract

Obtaining an accurate, detailed picture of deep-Earth structure is of fundamental
importance in a wide range of geophysical applications such as fluid dynamic,
magnetohydrodynamic, and mineral physics models of the Earth which incorporate
properties determined from seismology. Because it is such a drastic chemical and thermal
boundary layer, the nature of the core-mantle boundary has important implications for
deep-Earth processes, particularly those which have their origin in the lower mantle or
outer core. Seismic data provide the most direct method of sampling the Earth's interior
and are, therefore, useful for determining deep-Earth material properties.

The goal of this work has been to present models of three-dimensional, shear and
compressional velocity structure which are self-consistent with the data and which can be
used in other geophysical applications. The numerical inversions consisted of determining
the three-dimensional structure of the outermost core and mantle of the Earth from long-
period seismic waveforms. This approach is distinct from other global models of deep-
Earth heterogeneity because it accounts for possible lateral heterogeneity in an outermost
core layer whose properties are constrained by seismic phases which travel through the
core-mantle boundary region.

This method is different from previous core studies in several important ways:
synthetic seismograms are constructed using short-period normal modes for the entire set
of body-wave phases which travel through the interior of the Earth (e.g., P, PP, S, SS,
SKS). Over 5000 seismograms from global digital seismic networks were collected and
processed. First-order perturbations in P-wave velocities in one outermost core layer and

S-wave velocities within 11 mantle layers of varying thicknesses comprised the least-



squares solutions to the inverse problem. Spheroidal modes with periods between 33 and
100 sec were selected to model the body-wave portion of seismograms recorded from

earthquakes which occurred globally.
The preferred model is a 12-layered model incorporating data weighted by inverse

data variance. This model produces velocity anomalies in the mantle and outermost core
which are acceptable for first-order perturbaton methods. The results of one-layer
inversions also point to the possible existence of lateral variations in the outermost core,
most likely between £0.5% but not as large as £5%. This model suggests that outermost
core P-wave velocity perturbations accompany S-wave velocity perturbations in the
lowermost mantle to produce observed variations in SKS-S and SKKS-SKS travel times.
In addition, the patterns of structure vary smoothly and exhibit both large and small scale
features. The spectral amplitudes fall off more rapidly for the lower mantle layers than for
the upper mantle. The depth resolution displayed by the 08 spherical harmonic term is
200-300 km for upper mantle layer midpoints and increases to 500-600 km for lower
mantle layer midpoints.

The data variance reduction of entire body-wave portions as well as SnKS portions
of seismograms are slightly better for the 12-layered model than for the 11-layered model;
however, the total variance reductions were never very large. The results of the F ratio
suggest that lateral velocity variations in the outermost core layer are not zero and that the
deepest layer is statistically significant. This test does not require that the extra layer lie in
the outermost core (as opposed to the lowermost mantle).

The results of pattern retrieval resolution tests support the conclusion that
structure of the outermost core has been obtained independently from the mantle.
Multiplicative factors have been calculated from the resolution tests using synthetic Earth
models to place constraints on the amount of power leakage suspected from one region to
another due to incomplete data coverage. An upper bound of 84% and a lower bound of

68% of the power of outermost core structure is, in fact, due to heterogeneity in the



outermost core. By the same analysis, less than 100% of the power of structure initially
placed in the lowermost mantle was retrieved in that layer after the resolution inversion.
An upper bound of 60% and a lower bound of 53% of the power of lowermost mantle
structure is, in fact, due to D" heterogeneity. Almost no leakage occurred from structure
initially placed in the uppermost mantle layer.

Several possible sources of lateral velocity anomalies for the lowest layers are
explored. Invoking thermal coupling between the mantle and core, one explanation is that
the fluid surfaces are deformed due to cold downwellings of lower mantle, and as a result,
outermost core fluid. This will give the appearance of lateral velocity anomalies. If lateral
velocity anomalies indeed exist, they are likely to be due to a combination of lateral
temperature variatons and chemical inhomogeneity, suggested by mineral physics

relationships.



Table of Contents

ACKNOWIEAZEIMENLS .....eeeiiiiiiiiiiiieeecetee e rrtaeeeee e e etaeeseetaneeseessaseesesssssasessssnssesesesanannsnne i
ADSITACT. ..ttt ettt e s e et ee s st et e e et e e et e e e aaa e rsaae e naaae e sbaeeenneeseesenane v
Table Of CONLENTS ......eiiiiiiiiiiiie ettt e e ctte e eeeete e e st e eete e eereeeneeeeessesseesseeeesmseeeesannes vil
LISt Of FIZUTIES ...eeeieiiiiiieieiie ettt te et e e s et s et a e e aae s aae s s ee e e ssaeeesneesensnaeeenans X
LSt Of TabIES. .ottt ettt e e st e e nas s e e e e e xii
Chapter 1: INOAUCTION ......iiiiiiiiiiiecciiiiieeeeeeeeeeeeeeeeeecesnareeeeesessnsssansassasesesassnsssensnnnnes 1
1.1 Core-mantle boundary region .........ccccvereeiiiirruiieiirererreeeeeeeeesaeeeeeesennnneeens 1

1.1.a Core-mantle COUPHNE.......cccireriiriiiiiiiniee et 2

1.1.b SnKS Phases.......cooieiiiiiiiiieeee ettt ceece e e 3

1.2 BACKETOUNA «..eiiiiiiiiiiiieiieieciiteeeee e e ereraeseetteeetennnassies s s eeecamassssssaassssnnnnssseennns 6

1.2.2 OULETINIOST COTE ... .eeieeerreeanreeaeneereseeeaenesinsessstessansesssessssassssssssssaaans 6

12D MANTIE .ottt san e s eaa e 12

Chapter 2: Theory and Pattern Retrieval Resolution CONStraints ...........c.eoieveeseceneiceenene 15
2.1 Waveform construction by normal mode Summation..........cceeveeeeeeseeeenneennas 15

2.2 First-order perturbation theOTY ......c..ccccoriuiiiiiiniiiiiiiieeeeiiieee e e 21

2.3 Rayleigh Wave CONSITAINLS ...cccuuereeeeeeerenrirteeeiiereeesteeeerreseeeeeesseteeeseesnsnnnnes 28

2.4 Pattern retrieval TESOIULION ESLS ...ccceeeerrrimriiiiiiieenririeiirrreeeeesneteeeeeenansinees 29

2.4.2 OULETMOSE COTE JAYET...cueieeeeeiiiiniiiiieeierce ettt 30

2.4.b Lowermost mantle Jayer.......ccccoiiiiiiiiiiiiiiiiiiiieiiee e 35

2.4.c Uppermost mantle Jayer ........ccociiiiiiiieinieiiininniienrne e 40

Chapter 3: Data Selection Methods.........ccccociieiiiimiiiiiiiciiecie e 47

3.1 General deSCTIPHON .....cvieiiieiecieeieteee ettt e 47



3.2 Analysis and SEIECHOM........cuuiiieiecieieecriteteeeetrreeeerreeeee s eee e e s e e s ereaaaeee s evaenas 52
3.2.a Cross-correlation teChniQUE.......ccccoeieriiereiceereiiiiiieiecceeeeeeenaee 52

3.2.b Travel-time and epicentral distance windows.........ccccccceereereueennnnnn. 55

3.3 Normal mode data.........coceeeeueieiiiieinitinetenereeeteeeeeeesere e e eesrre s e sneeeeeneenes 57
3.4 Rayleigh wave phase perturbation data..........cccccceireiiieereiiineneeeeceeeieeeeeennnnne. 61
Chapter 4: One-layer Inversions of SnKS Phases for Outermost Core Structure............ 62
4.1 DALA SEL.c.eueiiiiiiieieiceeeeeeereete et e ee st ee s see e s et et e e naa e s e e et s et e e e s nee e e enaeas 63
4.1.a Analysis and deSCTIPHON .......ceieiuuteeritrenitreiieteiieeeeieeeeenreeeecereeeenns 63

4.1.b Travel time and epicentral diStance Tange ............ccccceeeeeeeueeecveenne 63

4.2 SnKS waveform construction by normal mode summation............cccceeeeeennee 64
4.3 RAY PATAIMEIET TESE ...eeeeurrieeeuereereeerneeeeeaaaneeeeeaaaeaeasasnsraseeasnseeneesssaaseeeeeassnnes 68
4.4 Results and dISCUSSION ........uueetteetireiiiiiiiiieteteteeeerreereeeeees s nnseeerareeeseeeeaens 70
4.4.a Lateral Variation....ccooeeeeeeieeeiietiieeeeiiiniieeeeeseeeeieeeeeeeeeeeeeeseeeeeennnns 70

4.4.b Raypath InfOrmation .......ccccceieieiiiieieiiiiieneeeee e eeeeeererecee e 81

4.5 CONCIUSIONS. .....ciiiiiiiieieiiteee ettt eeereteeeeeeeenteeeesstaeeesnsetees s neraeeeeesnsnraeeeeennnnes 85

Chapter 5: Three-dimensional Inversions for Mantle and Outermost Core

VEIOCIHES ....eiiiiiiiiiiiie ettt e ettt et e e e e e e e e s e se s aab e e s s e e e e e e et eeesennssasesesesssannnasssnns 87
5.1 DALA SEL...uiiiiiiiiiiiiieeeiiieeeeeeeeeessere e e e e e e ettt e e e s et e e et e e s e snss e n et e e s amrnaaeees 88

5.2 Least-squares Method. .......ceeeeeerrieririitiinieieininteeeeeeeieeeeeeeeseeeneeesanneens 89
5.2.aData WeIZRNZ...coiciiiiiiaiieie ettt ee et e e e e emeee e e e e e 91

5.2.b Damping SChEMES .....ccccutiiiiiiiiiiiiiiicte ettt ete e ereeeeenee e 92

5.3 NUMETICAl SOIULOMNS. ....eecvieriieateeeieeeieteeteeerteeeteneeesaeesssessseaesaessnsessseeessecen 93

5.3.a LINPACK TOUHNES ...c.ueeeruiiremrienieinieerteeieeseessseessaaessseessnesenseennes 93

5.3.D VECIOTIZAION .....eeccereeeeeeeeeteeeeteeenteeeateeeteeeenasesaae e nneaaaseseescnnes 97

S84 VATIANCE. ... .viiiiiiiiieeieeeeeeeseteeeeeteessteeeeseeesstteeateaasssaeensseesanssaesnseeeenseeeenns 98

5.5 Three-dimensional models .................................... 104

5.5.a 12-layered model with 1/v}, data weighting.........c.cccccceiciininncnns 105



5.5.b 11-layered model with 1/vp data weighting ..........cccevueeiiiinnnnnnnne. 114

5.5.c 12-layered model with 1/M() data weighting.........ccccoevenuiinninnnen. 121

5.5.d 11-layered model with 1/M() data weighting............cccceeeeciieninnne 130

5.6 RESOIUHION. c.cceiiiiiieeieceeittt ettt e ce st et e e easre e e s e s enaess s s aassaeeen 136

I A S 1] SR SO UU PO RSP RO RRPPN 146

5.8 CONCIUSIONS. ... .uuriiiieieriierreieeeeteeeeeeeanntaeeeettteeeeeaeesnnnsraraaaneaaessesessssesnnsnnns 148

5.8.a Preferred model ........ccieciiiiiiiiiiiiiiiniiieitenctcesiee et snee e 148

5.8.b Source of outermost core heterogeneity..............ooeeeeevireeeeeccnnnnen. 150

RETETEINCES ... ittt et ettt e et e s s st es e mee e e s ene e e e snecesnnneaennns 158
Appendix Al: A Theoretical, Magnetohydrodynamic Discussion ............cccccceevininnen. 169

Appendix A2: An Adjustment to the Correction for Epicentral Distance due to

EIHDHCILY ... vveoevee e eeereeeseeseesesseesesseesessesseesesseesesesssenessesssssmmsesseeeesseseseeessmsssensesemssesens 180



List of Figures

1.1 SKS and SKKS raypaths.........cccccveeerceeerieiiiiieriniiinniiesisisnressssessssssessssnsessessssnasanes 5
2.1 Preliminary Reference Earth Model.......cccccovvuiinnnniniiiinniinniiiiieeniieeceniceeeieean, 20
2.2 Layer 12 initial synthetic Earth model .......ccouiieoiiiiiiiiiieecieee 31
2.3 Resolution inversion results for layer 12 initial synthetic Earth model...................... 34
2.4 Resolution inversion results for layer 11 initial synthetic Earth model...................... 39
2.5 Resolution inversion results for layer 1 initial synthetic Earth model........................ 43
3.1 Distance-number seismogram diStriDUtION .......ccccovueirriereeeerninriiintnrieeinieneeee e, 48
3.2 Locations of earthquakes and STatONS ......c.ccouvririiniiiiriiiiiinieiieeiirre e eae s e e e 49
3.3 INSITUMENE TESPONSE CUTVES......uueeeereerureeraersrsnesiessareesesssessssssesesssssnessessirssasasssaassnne 51
3.4 Data-synthetic waveform fits with cross-correlation coefficient < 0.4 ...................... 54
3.5 Body-wave phase amplitudes .......ccccceveiiiiiumiriiiniiiiieiiiieeteeeir e 56
3.6 Outermost core raypath coverage for one-layer inversions .........cceccuecicemeeeciinneenes 58
3.7 Outermost core raypath coverage for three-dimensional inversions............ccccc.eouu.e. 59
3.8 Frechet depth kernels for 26527 and 22898 .vvioeeieeieiiiiis 60
4.1 ISC travel-time CUIVES .....eevruuriiieiieeereecieeeeerieeeeenreseveeesseeennees ereeeaeereeeneaeeeaeeens 65
4.2 Ray parameter tests for SKS and SKKS waveform fits by normal modes................. 69
4.3 Before and after waveform fits for station CHTO.........cccccoeviiiiiininiiinniiniinnn. 71
4.4 Before and after waveform fits for station RSNY ........ccccceiiviiiniiiiiniiiiniiniinnn, 72
4.5 Distribution of number of data-synthetic SnKS waveform fit improvements ............ 74
4.6 P-wave velocity perturbation map for model MDLSH...........ccccoooiiiiiinniiinnnnnne. 75
4.7 P-wave velocity perturbation map for modified model MDLSH ... 77
4.8 SKKS-SKS residual map from Souriau and Poupinet [1991]......ccccccoceeiiiininnnnnnnnn. 78
4.9 Geographical variation in P-wave velocity perturbations using MDLSH................... 79
4.10 Geographical variation in P-wave velocity perturbations using modified

IMDLSH ..ottt ettt et e e ettt e e e eaae e s aa e saa e neesabe e e b ee e b s e e an s s e e annsaean 80
4.11 SKS and SKKS raypaths for distance of 112°..........cceeoiirceireiiiiiiiieiiieeeccecineeen, 83



4.12 SKS and SKKS raypaths for distance of 129°..........ccccoriiiiviierieciicinniininneninenee. 84
5.1 Data variance as a function of iteration NUMDET ........cccccccciriicniiiiininnnnnniieeeneee 94
5.2 Variance-damping parameter tradeoff Curve.......cc.cccccevviereiiiinncciiiiiiiennninecccneeen 100
5.3 Data-synthetic seismogram fits before and after the inversion..........ccccccoeevieeennnnne. 102
5.4 Data-synthetic seismogram fits before and after the inversion...........ccccccovvinenne. 103
5.5 Results of 12-layer inversion using the 1! data weighting scheme ..., 108
5.6 Spectral amplitudes for model 11aSV_1P ..o 110
5.7 PREM and modified PREM from model 11aSV_1P, and 11bSV.......cccccccerrinnnnn. 115
5.8 Results of 11-layer inversion using the 11 data weighting scheme ...........ccccceeei. 118
5.9 Spectral amplitudes for model 11aSV ... 120
5.10 Results of 12-layer inversion using the 12 data weighting scheme ..........cccc.co....... 125
5.11 Spectral amplitudes for model 11bSV_1P ..o 127
5.12 Results of 11-layer inversion using the 12 data weighting scheme ..........cc.c.cou..... 133
5.13 Spectral amplitudes for model 11bSV ..o 135
5.14 Depth resolution for 12 target depths of model 11aSV_IP..........ccocoiiiiiiinne. 138
5.15 Depth resolution for 11 target depths of model 11aSV ... 141
5.16 Depth resolution for 12 target depths of model 11bSV_1P............cccooiiiinie 143
5.17 Depth resolution for 11 target depths of model 11bSV ..o, 145
A1l.1 Temperature profiles near CMB ........ccccccciiiiiiiniiiiiiii e 171

Al1.2 CMB topography [Morelli and Dziewonski, 1987] and resulting core fluid

LOW ..ttt ettt e bt s s et e bt e b e s s e b a e e e a e e e e an s e e e raaan 175
Al.3 CMB topography [Gudmundssen, 1989] and resulting core fluid flow ................ 176
Al.4 Core fluid velocity from magnetic field data inversion [Bloxham, 1989a]............ 177
A2.1 Distance correction vs. angular order and group velocity for station TAU .......... 182

A2.2 Distance correction vs. angular order and group velocity for station CHTO........ 183



List of Tables
2.1 Depths and thicknesses Of 1ayers ........coovrveiiniiniiiniiniiniccicccceee e 27
2.2 Percent total power in layers 1-12 after resolution inversions .......cccccccceeeeceeeeinnnnnnn. 36
2.3 Upper and lower bound multiplicative faCtors ..........ccccceeeeecccecvinneeenciiniicinniceneens 45
3.1 Names and locations of GDSN Stations..........cceeceteeererrrrierireerenriiesnneeesesneeessnsesanes 50

5.1 Festresults of 11- and 12-layer INVETSIONS.....ccccueerrierruienrrieriirecrneeeeeeereeesnneeaans 147



Chapter 1: Introduction

1.1 Core-mantle boundary region

The core-mantle boundary (hereafter referred to as 'CMB') is the largest internal,
seismic discontinuity in the Earth and separates two remarkably differem_compositional
and thermodynamic regimes. Because it is such a drastic chemical and thermal boundary
layer, its nature has important implications for deep Earth processes, particularly those
which have their origin in the lower mantle (e.g., plumes) or outer core (e.g., magnetic
field). Although the topography of the CMB and its effect on flow patterns of outer core
and mantle fluid are not yet well determined, constraints on structure as well as the degree
and type of coupling between core and mantle need to be understood in order to
determine the three-dimensional nature of the CMB region. Since outer core flow
patterns are responsible for the geomagnetic secular variation and the source of the
geodynamo, it is desirable to know how CMB topography plays a role in fluid
characteristics in the outermost part of the outer core and how it in turn is affected by
lower mantle structure. The lower mantle is probably involved in large-scale dynamics in
which hotter material rises in convection patterns as cooler material sinks, reflected in
three-dimensional seismic structure. The present configuration of seismic anomalies in the
lower mantle represents thermal and compositional heterogeneity, and may be related to
CMB topography and outer core heterogeneity. This is the region of the Earth that

provides the motivation for the work presented in this thesis.



1.1.a Core-mantle coupling

It is becoming more important, as geophysical models become more refined, to
understand the extent to which flow in the core is controlled by the mantle. An increasing
number of studies no longer treat the mante and core as regions with independent
characteristics. Studies in seismology, geodynamics, geomagnetism, mineral physics, and
geodesy (among others) consider coupling between the mantle and core, and how one
regime can influence the other. Regions in which the rate of secular variation and velocity
anomalies are strongly correlated provide constraints on the thermal and mechanical
coupling between the mantle and core. Specific types of interaction include thermal
coupling in which the thermal variations in the lower mantle affect outer core fluid
motions [e.g., Kohler and Stevenson, 1990; Jones, 1977; Ruff and Anderson, 1980;
Bloxham and Gubbins, 1987, Bloxham and Jackson, 1990]. There is evidence for a
relationship between strong circulatory core fluid flow and a hot region associated with
CMB topography elevation beneath the southern Indian Ocean [Bloxham and Jackson,
1990; Kohler and Stevenson, 1990]. A discussion of one such model is presented in
Appendix Al. Mineral physics observations point to the possibility of chemical
interactions between core and mantle minerals at the CMB [Knittle and Jeanloz, 1986].
Coupling produced by effects of angular momentum through electromagnetic torques
[Bullard ez al., 1950], pressure torques [Hide, 1969], or gravitational torques [Jault and
LeMouél, 1989] have also been investigated.

The relationship between the Earth's mantle and core is the focus of numerous
studies which consider the thermal and morphological nature of the CMB and its influence
on core fluid motions. Various types of core-mantle boundary interactions have been
proposed by which the morphology of the CMB, and the dynamics and temperature
variations in the lower mantle affect motions of outer core fluid. Hide [1969] proposed a

coupling mechanism which involved a hydrodynamical interaction between core fluid



motions and undulations in CMB topography. Jones [1977] proposed that thermal
interaction influenced field geometry and caused some geomagnetic properties (e.g.,
reversal frequency) to vary on a mantle convection timescale. Ruff and Anderson [1980]
proposed a model for the formation and evolution of the Earth's core by accretion and
melting due to radioactive decay. They argued that fluid motions in the core are driven by
differential heating in the lower mantle and that resulting motions could produce the
geodynamo. In their secular variation study, Bloxham & Gubbins [1985] suggested
thermal, electromagnetic, and topographic core-mantle interactions to explain the
existence of static features in the Earth's magnetic field. The relationship was explored
further by Bloxham & Gubbins [1987] who proposed thermal interaction between the core
and lower mantle, where large lateral temperature variations just above the CMB
influenced convection in the core. Core-mantle interaction has also been invoked to
explain certain features of secular variation in the Earth's magnetic field such as westward
drift. Such nondipole features are believed by some to be the result of differential rotation
of outer core fluid relative to the deep outer core. In addition to using core-mantle
interaction to explain stationary features of secular variation [Gubbins & Richards, 1986],
Olson [1989] maintained that azimuthal drift of core fluid could be partially accounted for
by thermal wind flow and that lateral temperature differences as small as 10-3 K/km could
significantly excite thermal winds. Although most of the outer core is probably rotating
rigidly in a cylindrical pattern [Zhang and Busse, 1990], it is very likely that the outermost
200 km or less of core fluid is behaving independently [Jault, 1988] and that the Earth's

rotation causes differential flow with respect to the rest of the outer core.
1.1.b SnKS phases

Seismology provides the only direct method of sampling the outermost core. The
problems of seismic velocity structure of the core, and core fluid motions based on the

magnetic field have always been treated separately. Ultimately, models of the dynamo,



and nature and strength of the magnetic field in the core will be constrained by seismic
structure results.

The seismic SnKS phases (where n is an integer) are emitted from an earthquake
source and travel through the mantle as S waves. Upon entering the core at the CMB,
they are converted to P waves and reflect (n-1) times on the underside of the CMB. They
convert back to S waves on the upward leg of the raypath towards the Earth's surface. An
illustration of raypaths for SKS and SKKS can be seen in Fig. 1.1. Unlike for PnKP
phases, the core is not a low-velocity zone for SnKS; thus, they are more sensitive to
structure at the top of the outer core because they have shallower turning points. SKS
first emerges at epicentral distance, A, = 62° but is not easily observable until A = 85°
when it begins to amrive before the direct or diffracted S wave and large amplitude PS
phases, all observed on radial component seismograms. SKS dives deeper into the outer
core as the angle of incidence increases but its amplitude dies away by A =140°. SKKS
separates from SKS at A = 94°, arriving up to three minutes later, and spends even more
travel time in the outermost 200 km of the core since it turns closer to the CMB than
SKS. Arrival times of SnKS phases can be determined in data with periods less than one
second, but data with considerably longer periods (> 100 sec) are most useful for
determining global Earth structure via waveform inversions using normal mode and first-
order perturbation methods. Thus, although the SKKS phase is sometimes contained in
the coda of long-period SKS and its arrival times cannot be observed, its waveform is used

in the inversions.
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Fig. 1.1 Cross-section of the Earth illustrating SKS and SKKS raypaths.



1.2 Background

1.2.a Outermost core

A number of researchers have investigated the nature of the outermost core by
examining seismic phases which travel through the region (also known as E') just below
the CMB. However, few have searched for lateral variations in P-wave velocity because it
is usually assumed that outer core fluid is homogeneous as a result of vigorous mixing and
the inability to sustain lateral density variations [Stevenson, 1987] unless laterally varying
material has been trapped in pools underneath CMB topographic highs [Lay and Young,
1990]. In addition, uncertainties in whole-mantle and D" structure make it hard to
attribute tomographic effects to the core. At the same time, the outer core is expected to
be somewhat stratified due to the release of light elements from inner core growth [Fearn
and Loper, 1981] and possible chemical interaction with the mantle. Seismological studies
of the outer core are often limited for one or more reasons. Analyses are limited by small
data sets or by constraints inherent in the techniques. One recurring feature of studies has
been that they focus only on one dimension where outermost core velocity is defined in
the radial direction, and no attempts have been made to determine if lateral variations
exist. Another limitation is that the studies are regional. While seismologists have
suggested the existence of heterogeneity, their analyses are often based on a limited
number of data precluding the possibility of global interpretations directly from the results.

The first detailed studies of outermost core structure attempted to refine the radial
variations in P-wave velocity with respect to whole Earth models. Gutenberg [1938] was
one of the first to characterize the raypaths of the SKS phase and to refine outer core
structure based on SnKS phases. He concluded that the travel-time curves of SKS were

sensitive to velocities in the outer part of the core which ranged between 7.4 and 8.0



km/sec depending on distance; similar conclusions were drawn for SKKS. Gutenberg and
Richter [1939] performed a detailed analysis of the travel times of SKS waves based on
seismograms recorded in Pasadena, California and they tabulated their results for a
distance range of 80°-150°, corrected and smoothed for zero focal depth.

Hales and Roberts [1970] also looked at radial variations in core velocity and took
previous studies one step further by defining an empirical travel-time curve for SKS based
on observed travel times. They examined travel times of SKS up to 126° from events
recorded at the Long Range Seismic Measurements (LRSM) stations in North America
and World-Wide Standardized Seismograph Network (WWSSN) stations in North
America, specifically chosen for reasonably uniform azimuthal coverage. The travel times

(in seconds) were tabulated and fit by the quadratic curve

Tsks = (1493.96+0.27) +(4.61+0.01)(A —105.0) — (0.0440+ 0.0012)(A - 105.0)?

where A is the distance in degrees between the source and station. The all-positive
deviations from the Jeffreys-Bullen SKS travel times [Jeffreys and Bullen, 1958] ranged
from about 0.5 to 6.0 sec, while the Sy;¢r -SKS travel times were consistently lower than
the average calculated from a mean curve. From these observations and measurements,
Hales and Roberts [1970] concluded that, although they considered it unlikely, one
possible source of deviations was regionally varying outermost core velocities. (The other
possibilities, which they also found unsatisfactory, were differences in CMB radius and
upper mantle structure.) A year later, Hales and Roberts [1971] reported SKKS-SKS
travel times for distances between 110° and 130°. Correcting for ellipticity and focal
depth, the observed differences (in seconds) were added to the SKS travel-time

polynomial given in Hales and Roberts [1970] to get

Tokks =1539.18+7.02(A —105.0) - 0.0161(A — 105.0)*

and the differences were derived as



Tokks — Tsks = 45.22 + 2.41( A - 105.0) +0.0279(A — 105.0)%.

Plots of this curve and individual measurements indicated that the outermost 250 km of
core velocity was significantly lower than values (based only on extrapolation of SKS
travel times) given by Jeffreys-Bullen [Jeffreys and Bullen, 1958] and Randall [1970] near
the CMB. Hales and Roberts obtained P-wave velocities equal to 7.909, 7.907, 7.893,
and 7.893 km/sec respectively for SKKS core arc distances of 85°, 90°, 95°, and 100°.
These results, along with observed S3KS-SKKS travel times for three good records with
A=152°-161°, lent support to the earlier conclusions for reduced outermost core
velocities with respect to a radially-varying Earth model. The results were also in
agreement with Nelson [1954] who constructed travel-time curves of SKS, SKKS, and
S3KS from 1200 shallow, intermediate, and deep focus earthquakes recorded in Pasadena,
California and Huancayo, Peru for epicentral distances between 75° and 175°. He found
that the observations required lower velocities just inside the core relative to the published
results of Gutenberg [1951] and Jeffreys [1939]. Both these studies, however,
contradicted the results of Randall [1970] who obtained a revised velocity distribution
table for SKS by combining information on the AB branch of PKP with International
Seismological Centre Bulletin data grouped in one-degree distance ranges for earthquakes
described in Herrin [1968] for A=97.5°-118.5°, combined with data from Hales and
Roberts [1970] with A=83°-126°. His results indicated that velocity at the top of the core
was 8.26 km/sec, somewhat greater than Jeffreys' value of 8.10 km/sec.

While the debate continued over radial velocity values for the outer core, the
problem became more complex when studies began probing possible lateral variations in
outermost core structure. Upon examining Earth velocity models, Bullen [1969] derived
compressibility-pressure gradient curves and found evidence pointing to slight

inhomogeneity in the outer 700 km of the core. He attributed this to phase changes rather



than changes in chemical composition. Further analysis [Bullen, 1970] resulted in the
same conclusions along with the observation that the core seemed normal and uniform
below the outermost 700 km.

Around this time, seismologists began to use full waveforms to obtain details in
structure by attempting to fit waveform characteristics of SnKS phases. In particular,
Choy [1977] found that SnKS waveforms were sensitive to velocity gradients in the upper
200 km of the outer core and the results suggested that velocities in the outer 200-300 km
of the core were higher, but that the gradient was lower than that predicted by Hales and
Roberts [1971], model 1066B {Gilbert and Dziewonski, 1975], and closer to Jeffreys-
Bullen. Their analysis consisted of frequency-dependent, full wave theory (WKBI is not
useful near the turning point of the rays) to synthesize long-period seismograms of the
SnKS phases for distances between 100°-125°. Choy concluded that it was likely that the
regeneration of the Earth's magnetic field was accompanied by stable stratification in the
outer core. In addition, Kind and Miiller [1975] used the reflectivity method to show that
they could calculate theoretical seismograms that were a complete response that included
S, SKS, and ScS (assuming a layered half-space whole Earth model with the Earth
flattening approximation). Comparing the synthetic seismograms constructed for existing
core models to long-period observations of SKS/SKKS amplitude ratios and travel-time
differences for five deep-focus Tonga-Fiji earthquakes, they found that discrepancies
could be removed with a new Earth model in which the outer core<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>