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LATERAL VARIATIONS IN MANTLE P VELOCITY 

FOR A TECTONICALLY REGIONALIZED EARTH 

DA VlD MARCELO TRALLI 

ABSTRACT 

1 

Estimates of tau functions for a tectonically regionalized Earth are obtained from over 

1.25 million seismic ray paths of ISO Bulletin data to study the correlation of lateral variations 

in mantle P velocity with surface heterogeneity. Statistical regularity criteria check the con

sistency of the regionalization. Tau perturbations attributed to crustal and shallow-mantle velo

city variations are also estimated. "Single region" tau functions are constructed and inverted to 

obtain velocity-depth functions and extremal bounds at the 99.9% confidence level for seven 

different types of tectonic regions. 

Deviations from a regionally weighted reference mean velocity function which agrees well 

with PREM (Dziewonski and Anderson, 1981) indicate significant differences, particularly 

between oceanic and continental tectonic regions, extending to a depth of 700 km. Increased 

shallow-mantle velocities are observed from young to old oceans and from active to stable con

tinents. Stable continental regions do not show a pronounced gradient in mean velocity residu

als above 250 km, and show a compensation in the sign of the mean velocity residual at depths 

between about 350 and 700 km .. Evidence for a velocity anomaly between 700 and 950 km is 

indicated. Significant negative residuals are observed centered at about 780 km depth below 

young oceans and about 880 km below active continents. The level of variations decreases 

below 950 km. Lateral velocity variations are also suggested within 250 km of the core boun

dary. 
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Tau perturbations are indicative of negative shallow-mantle velocity anomalies beneath 

ocea.nic regions and positive anomalies beneath continental regions and oceanic trenches. A less 

than average crustal thickness in oceans and greater thickness in stable continents are also indi-

cated. Origin times of oceanic sources appear systematica.lly determined too late and/or focal 

depths located too shallow, whereas origin times of continental sources appear too early and/or 

focal depths too deep. 

A computationally efficient method of obtaining corresponding regionalized travel times 

from constrained tau interpolants is presented for source location. A baseline bias is estimated 

from nuclear explosions at Nevada Test Site and used to locate events in other geographical 

areas. Mean epicentral mislocations for NTS events are about 3 km compared to about 7 km 

using Jeffreys-Bullen (1958) P tables or PREM P times with azimuthal station corrections. The 

tau formulation often yields consistently smaller sample variances, with a mean reduction of 

30% compared to using J-B and 15% compared to PREM. 

Lane R. Johnson 

, 
Committee Chairman 



INTRODUCTION 

Most effort to date in seismological studies of the Earth's interior has concentrated on a. 

mean model, beginning about 1907 with the tables of ZBppritz, later improved by Turner, to 

1940 with the work of Gutenberg and Richter and Jeffreys and Bullen, and culminating with the 

Preliminary Reference Earth Model (PREM) (Dziewonski and Anderson, 1981). During this 

period considerable evidence was accumulating indicating that the Earth is not laterally homo-

geneous. This was particularly clear for the crust and upper mantle. One way of accomodating 

these results in the application of seismological data was to use station corrections in addition to 

a mean model. 

In the last few years there have been attempts to investigate the lateral heterogeneity of 

the Earth using surface wave regionalization, splitting of free oscillation modes, and body wave 

tomographic studies. This thesis presents an alternative method for studying lateral velocity 

variations. The method is based on a global regionalization of the Earth in order to character-

ize those types of tectonic regions where velocity anomalies extending into the mantle are sta-

tistically significant and to assess their correlation with recognized surface heterogeneity. The 

basic elements of the method are: i) the use of travel-time data from the Bulletin of the Interna-

tional Seismological Centre (ISC), ii) adoption of a global tectonic regionalization, defining seven 

regions correlated with surface heterogeneity and crustal age, and iii) the use of the tau function 

to analyze the regionalized travel-time data. 

Estimates of tau functions for seven types of oceanic and continental tectonic regions are 

obtained from over 1.25 million P travel times. A simple algebraic formulation with statistical 

expectation operators is used to isolate tau contributions from the source, receiver, and the 

remaining portion of the propagation paths. The effects of crustal and shallow-mantle velocity 

structure are therefore explicitly assessed as perturbations on these tau functions. The method 
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avoids solving large sparse systems of equations. Furthermore, the resolution of 'anomalies in 

tau is bounded by statistical confidence intervals for extremal inversion of corresponding 

velocity-depth functions. 

One reason why it is important to study lateral variations within the Earth is to improve 

understanding of internal dynamic processes. The extent of inhomogeneity is intimately related 

to mechanisms which drive lithospheric plates. For example, Jordan {1975} and Sipkin and Jor

dan {1975} state that the subcontinental mantle may differ from suboceanic mantle down to 

depths of at least 400 km. IT so, it indicates that in order to maintain the continent-ocean con

trast, the continents must have deep, permanent roots and that the tectosphere is several hun

dred kilometers thick beneath continents. According to Jordan {1981}, the tectospheric thick

ness of the shields is greater than that of old oceans, since the thermal boundary layer beneath 

shields is regulat~d by a thickened chemical boundary layer which is not as well developed 

beneath' subsided platforms and orogenic zones and magmatic belts. This suggests convection is 

not confined to the upper mantle because the necessary mass flow between ocean basins would 

be inhibited {Jor<ian, 1975}. Similarly, Alvarez {1982} considered the tectonic features and geo

logic evidence at the Earth's surface to test models for mantle convective return flow and to 

determine the geographic patterns of this flow, concluding that the lower mantle convects and 

drives the continents by drag on deep roots while oceanic plates are effectively decoupled fr?m 

the asthenosphere and are driven largely by slab pull. The upper mantle return flow is therefore 

restricted to suboceanic paths because' of the presence of continental roots. 

Further introductory material is presented in each of the three Chapters of this thesis. 

Lateral variations in mantle P veloCity are considered in Chapter 1 upon inversion of "single 

region" equivalent tau functions. The extent of suggested differences between the various tec

tonic regions is discussed. Regionalized variations in crustal and shallow-mantle P velocity 

structure, indicated from perturbations in tau attributed to the source and receiver regions of 

the ray paths, are analyzed in Chapter 2. Systematic differences in crustal thickness'es and in 

the sign of the velocity anomalies are suggested. The source perturbations also suggest sys-

, 



r 

• 

111 

tematic biases in the hypocentral parameters of the ISC data. Finally, a method of obtaining 

corresponding travel times from the regionalized tau data is presented in Chapter 3 and applied 

to the problem of source location in a laterally heterogeneous Earth. The tau perturbations are 

equivalent to first-order slowness-dependent source and receiver P travel-time corrections. The 

method is computationally efficient and when tested with known events at Nevada Test Site 

yields smaller epicentral mislocations than using Jeffreys-Bullen (1958) P tables or PREM with 

azimuthal station corrections. The relocation of events (suspected nuclear explosions) in other 

geographical regions indicates that the tau formulation yields consistently smaller sample vari

ances. Each Chapter is self-contained in terms of methods of analysis, discussions, and conclu

SIons. The utility of this study and suggestions for further research are discussed in the Conclu-

sion . 
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CHAPTER 1 

LATERAL VARIATIONS IN 

MANTLE P VELOCITY 

SUMMARY 

Estimates of tau functions for a tectonically regionalized earth are obtained 
from over 1.25 million seismic ray paths of ISC Bulletin data to study the correla
tion of potential lateral variations in mantle P-wave velocities with recognized sur
face heterogeneity. The use of regionalized travel-time data relies on statistical· 
regularity criteria to check the consistency of the global regionalization. Estimates 
of tau perturbations attributed to velocity structure at the seismic source and 
receiver regions are derived by a simple algebraic formulation. Contributions from 
near-surface heterogeneity are thereby removed and permit the assessment of lateral 
velocity variations at depth. Estimates of "single region" equivalent tau functions 
are constructed and inverted to obtain velocity-depth functions and extremal 
bounds at the 99.9% confidence level for seven different types of tectonic regions. 

Deviations from a regionally weighted reference mean velocity function which 
agrees well with PREM (Dziewonski and Anderson, 1981) indicate significant 
differences, particularly between oceanic and continental tectonic' regions, extending 
to a depth of 700 km. P-wave velocity anomalies are typically less than ± 1% of 
the reference velocity. The age-dependence of the shallow oceanic mantle is 
observed by increased velocities from young «25 m.y.) to old (>100 m.y.) regions, 
and similarly from orogenic zones and magmatic belts to stable continental regions. 
Unlike for young and old oceanic regions, stable continental regions do not show a 
pronounced gradient in the mean velocity residuals above 250 km. Continental 
platforms and particularly shields, however, show a compensation in the sign of the 
mean velocity residual at depths between about 350 and 700 km. Evidence for a 
velocity anomaly between 700 and 950 km is indicated. Significant negative residu
als are observed centered at a depth of about 780 km below oceanic ridges and 
about 880 km below active continen'tal regions. This anomaly may be related to a 
boundary layer between the upper and lower mantle. The level of velocity varia
tions decreases below 950 km. Lateral variations are also suggested within 250 km 
of the core boundary. 

1 
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1.1 INTRODUCTION 

Geophysical research into the lateral structure of the mantle marks a relatively new direc

tion towards understanding the Earth's interior. The lateral heterogeneity of the crust and tec

tonic processes suggest that the mantle is also heterogeneous. However, problems concerning 

the correlation of surface heterogeneity with lateral variations at depth are by no means 

resolved. 

Several groups, concentrating on the global mapping of the heterogeneity in the velocity of 

seismic body waves (Dziewonski et al., 1977; Clayton and Hearn, 1982; Clayton and Comer, 

1983; Dziewonski and Anderson, 1983; Dziewonski, 1984) and using surface waves and free oscil

lation modes (Silver and Jordan, 1981; Masters et al., 1982; Nakanishi and Anderson, 1982, 

1983, 1984a, 1984b; Woodhouse, 1984; Woodhouse and Dziewonski, 1984; Tanimoto and Ander

son, 1984), have provided results suggesting the existence of significant lateral variations in 

mantle structure. Body wave studies of the lower mantle point to variations in the seismic P

wave velocity on the order of 1 to 2 percent of the lateral average, witli-.the larger values occur

ring near the core boundary. Surface wave studies indicate a correlation of anomalous velocity 

features and azimuthal variations with tectonic regions and the motions of plates. However, 

although the above groups employ a variety of inversion techniques - tomographic back:

projection, spherical harmonic expansion, measurements of surface wave- phase and group veloci

ties, and waveform inversion - the problem of resolution needs further work (Tanimoto and 

Anderson, 1985) and it is difficult at this time to assess the significance of the suggested hetero

geneities. 

The method described below is based on a global regionalization of the Earth to character

ize those types of tectonic regions where velocity anomalies are statistically significant. A sim

ple algebraic formulation is derived which applies the tau method (Bessonova et al., 1974, 1976) 

to regionalized travel-time data. The contributions from crustal and shallow mantle structure 

to observed travel times are determined. This allows the assessment of lateral variations at 

depth and the estimation of "single-region" equivalent tau functions. These tau functions are 

". 
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then inverted to obtain velocity functions for each tectonic region. 

1.2 METHOD 

1.2.1 Tau Function" 

The analysis of travel-time anomalies is undertaken in the form of perturbations on the 

tau function, T (p ), a continuous, decreasing, and single-valued function of slowness p , related 

to the travel time T (p ) and epicentral distance ~(p ) by a Legendre transformation, 

Since 

T (p ) = T (p ) - p ~(p ) 

~(p ) = _ d T (p ) 
dp 

(1.1) 

(1.2) 

tau contains all the information on T (p ) and ~(p). Bessonova et al. (1976) show that while 

the statistical interpretation of seismic data contains measurement errors in both travel times 

and epicentral distances, the latter errors are second-order in estimates of tau. 

One advantage of using the tau function is that it satisfies a Clairaut first-order differential 

equation and there exists a very simple method of estimating tau and its uncertainty directly 

from raw travel-time data (Bessonova et al., 1974, 1976; Lee, 1981; Lee and Johnson, 1984a). 

These authors have shown the tau method to be a reliable and efficient means of analyzing glo-

bal data. Furthermore, the inverse problem of mapping a tau function into a velocity-depth 

function has an analytical solution for either the mean tau or its extremal bounds (Johnson and 

Gilbert, 1972; Bessonova et al., 1974, 1976). Although the tau method was developed assuming 

a spherically symmetric model, Frazer and Phinney (1980) and Buland and Chapman (1983) 

show that the basic concepts and properties of the tau function can be extended to studies of 

laterally heterogeneous models. 
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1.2.2 Regionalization 

The method of regionalized tau estimates relies on the ability to divide the surface hetero

geneity of the earth into a few types of tectonic regions and on the premise that with each such 

region is associated a characteristic velocity structure which extends through the crust and into 

the upper mantle. The question of how deeply into the mantle a tectonic regionalization based 

on surface features can be traced is important and somewhat controversial (Toksoz and Ander

son, 1966; Jordan, 1975; Okal, 1977; Anderson, 1979; Jordan, 1978; 1981; and further references 

in the latter). Numerous studies, beginning with that of Toksoz and Anderson, have attempted 

to use the known lateral variations at shallow depths to remove from the data the effects attri

butable to the individual tectonic regions. Inverting these regionalized data sets then leads to 

velocity models which can be compared to determine the depth extent of the differences. An 

advantage of this method of a priori regionalization is that the known heterogeneity of the 

shallow mantle is explicitly taken into account and has less chance of masking the unknown 

heterogeneities at greater depths. However, heterogeneities that do not correlate with the tec

tonic regionalization are difficult to uncover. 

In this study, a regionalization based on global tectonics is adopted to subdivide the data 

and estimate regionalized tau functions. The regionalization is based on features that are 

readily apparent in the crust and shallow mantle. The hypothesis that this regionalization 

extends to greater depths is checked progressively throughout the entire mantle by using prelim

inary tau estimates to test the consistency of the chosen regionalization. Failure of the tau 

functions to satisfy the expected behavior of a realizable velocity structure for each tectonic 

region suggests modifications of the regionalization. An important aspect of this study is that 

statistical estimates of uncertainty are propagated throughout the entire process so that the 

significance and resolution of all results can be quantitatively assessed. 

If there is no significant correlation of lateral velocity variations with surface regionaliza

tion, significant differences between the tau functions of the independent data sets are not 

expected. In this case, there are two conclusions which must be considered: 1) The mantle l~ 

.. 
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inhomogeneous in its (compressional) velocity structure but the inhomogeneities cannot be 

characterized entirely according to surface tectonic features; there is sufficient "mixing" of the 

regions in depth that the seismic waves essentially sample a mean earth for any given path. 2) 

There are no lateral variations at the depths considered or they are not resolvable. On the 

other hand, a positive correlation of anomalous tau estimates with surface regionalization would 

indicate that differences in structure may be related to variations manifested at the surface. 

1.2.3 Regionalized Tau Function 

The lateral heterogeneity of the earth's crust and shallow mantle is characterized by N 

tectonic regions, each of which is taken to be relatively homogeneous in its lateral velocity 

structure. Assume that the travel-time properties of a typical seismic body wave can be charac-

terized by the material near the turning point, in which the major portion of the travel time is 

spent, and perturbations from the shallow structure near the source and receiver where lateral 

variations in velocity are known to exist. The corresponding tau function is written 

(1.3) 

where cr/(p ) and cr/(p ) denote respectively the tau perturbations, at a given slowness p , attri-

buted to region i at the source (8) and region k at the receiver (R). The function rl(p ) is 

associated with the turning-point (T) path segment, parameterized by the tectonic region j 

corresponding to its radial projection on the earth's surface. fill< (p ) is a random variable with 

zero mean. 

Statistical estimates of various tau quantities may be determined through a simple alge-

braic formulation. Denote the expectation operator for index m applied to a weighted vector 

function by 
.. 

(1.4) 
m 

Next, impose the constraint that the weighted means of the source and receiver perturbations 

equal zero at any given slowness 
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N N 
~ Wi or/(p ) = ~ w" ort(p ) = 0 (1.5) 
i=l "=1 

where 

N 

~WII =1 (1.6) 
11=1 

Then the operation 

E" [w" rij/e (p )] = r/{p ) + or/{p ) + f.ij (p ) = rij (p ) (1.7) 

eliminates the receiver perturbation, and 

(1.8) 

eliminates the source perturbation, thereby isolating the turning-point tau. The source and 

receiver perturbation terms are obtained as expectations of differences 

or/{p) = E j [rij (p ) - r/{p )] (1.9) 

(1.1O) 

Separating from the tau functions contributions attributed to the velocity structures at the 

source and receiver regions is similar to the "time term" analysis method in refraction seismol-

ogy (Willmore and Bancroft, 1960). It is important to note, however, that the formulation here 

treats these perturbations separately for the source and receiver regions and explicitly as func-

tions of slowness. 

Since a complete travel-time curve for the mantle involves distances out to 100 deg, 

exceeding the geographic dimensions of the tectonic regions, most seismic rays will propagate 

through more than one region along the path from source to receiver. Consequently, a "single-

region" equivalent tau curve for the mantle is constructed for each region from the contribu- .. 
tions attributed to the critical path segments 

rjji (p ) = rl(p ) + or/{p )+or/(p ) (1.11) 

Regionalized velocity functions for the mantle are then obtained by inverting Tjji (p ) . 
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Regionalization of seismic data is intimately related to the problem of uniform sampling. 

It is expected that the distribution of epicenters and seismographic stations prohibits an even 

sampling of the earth's surface. A three-point classification which includes the turning-point 

projection not only extends the sampling to depth but allows for the correlation of properties 

attributed to structure at depth with surface heterogeneity. However, in spite of the large 

amounts of data available, there are certain source, receiver, and turning-point region combina-

tions which are not sufficiently sampled to ensure a dense distribution of ray paths and provide 

confident statistical estimates. Biases introduced by the over- and undersampling of characteris-

tic velocity structures at the source and receiver regions are thereby decreased by weighting the 

tau estimates. In this study the weights w" are chosen as the fraction of the earth's surface 

area contained in region n (Table 1.1). This ensures a uniform areal sampling of the earth by 

source and receiver raypath segments. 

1.3 REDUCTION OF DATA 

1.3.1 Raw Travel-time Data 

The travel times of seismic P-waves from the Bulletin of the International Seismological 

Centre (ISC) provide the basic data set. Over 1.25 million ray paths (Table 1.1) from the 

periods February 1971 through December 1974, January 1978 through January 1981, and April 

1981 through October 1981, in the epicentral range of 10 to 100 deg and for source depths less 

than 70 km were compiled. Travel times are compared to the Jeffreys-Bullen (1958) P-wave 

table and considered a direct arrival if the residual is within 50 s. Gross errors in the travel-

time readings are removed by uniform reduction analysis (Jeffreys, 1961) to obtain a Gaussian 

distribution of observed times at fixed distance intervals. Unlike for core phases (Johnson and 

Lee, 1984), there is insufficient resolution in the data to obtain estimates of tau functions for the 

separate branches of the upper-mantle triplications between approximately 15 and 30 deg. Tau 

estimates in this interval thereby correspond to a smoothed travel-time curve. 



Tectonic Region Fractional Paths Fraction of 
Area Total Paths 

(1) Young oceans 0.13 46184 0.037 
(2) Intermediate-age oceans 0.34 246091 0.195 
(3) Old oceans 0.13 111012 0.088 
(4) Active continents 0.19 468728 0.372 
(5) Continental platforms 0.10 221407 0.176 
(6) Continental shields 0.07 55810 0.044 
(7) Oceanic trenches 0.04 110523 0.088 

Total 1.00 1259755 1.000 

Table 1.1 Distribution of tau data Tl(p ) according to turning point 
sampling for all slowness intervals considered. Results are prior to 
uniform reduction analysis (Jeffreys, 1961). Also given is the frac
tional surface area of regions according to the modified GTRI geo
graphical grid (Figure 1.2). 

8 

Crustal and focal depth corrections are applied to move the source and receiver to a com-

mon depth of 33 km using Jeffreys' (1939) velocity model. Ellipticity corrections are also 

applied. The data are then separated according to the tectonic regions of the epicenter, receiver 

station, and surface projection of the turning point. Each of these data groups is furtht' .. 

divided into p - ~ intervals and then the method of Bessonova et al. (1976) is used to estimate 

Tiik (p ) and its uncertainty at the 99.9% confidence level. 

The twenty-nine lower-mantle p - A intervals obtained by Lee (1981) and Lee and John-

son (1984a) are also used here for all the regions. The eleven upper-mantle intervals, empiri-

cally determined as part of this study, are different for each region and do not indicate the com-

plications with regularity criteria sited by Lee (1981). Evidently, the regionalization separates 

different modes in the tau distributions resulting from the variations in ~he lateral velocity 

structure of the upper mantle. 

'.. 
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1.3.2 Regionalization of Travel-time Data 

The travel-time data were initially regionalized according to GTR1 (Jordan, 1981), which 

consists of three types of oceanic and three types of continental regions, with a 5x5 deg geo-

graphic gridding. The oceanic regions are defined by equal increments in the square root of cru-

stal age (<25 m.y., 25-100 m.y., and >100 m.y.). The three primary continental regions are 

orogenic zones and magmatic belts, platforms, and Precambrian shields and platforms. Using 

the method outlined below, this regionalization was modified by introducing a seventh region for 

oceanic trenches. 

For each p - ~ interval the effect of outliers isfirst removed by applying Jeffreys' (1961) 

method of u~iform reduction (see Lee, 1981 and Lee and Johnson, 1984a for details). Both 

Kolmogorov-Smirnoff (Hays and Winkler, 1970) and X2 tests are then used to detect deviations 

from a normal distribution. Significant deviations indicate that the sample is not obtained from 

a sir_gle population and therefore the regionalization is suspect. The regionalization is thereby 

checked at different depths in the mantle. The Kolmogorov-Smirnoff test is a particularly useful .-t, 
means of characterizing the distributions about mean tau estimates in that, unlike' X2, it is not 

necessary to have a minimum expected frequency in each distribution cell and is therefore less 

sensitive to uneven sampling of the earth l . l . 

Figure 1.1 shows an inten:nediate stage of adjusting the regionalization. Histograms of 

residuals about mean interval tau are used to identify non-normal distributions. The bimodal 

distributions for sources or receivers in intermediate-age oceans (region 2) and orogenic zones 

and magmatic belts (region 4) suggested contamination from a region with characteristically fas-

ter velocity, giving tau anomalously less than the expected interval mean. Th~ coordinates of 

the epicenters, receiver stations, and surface projections of the turning points, for ray paths con-

tributing to these anomalous distributions, were located on a Mercator projection of the Earth 
.. 

and 5x5 deg geographic gridding of the regionalization and led to further modifications of the 

gridding of region 7. This re-characterization of data from regions 2 and 4 into region 7 is also 

consistent with the inadequacy of GTRI in areas of transitional crust (e.g. continental margins, 
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island arcs, and oceanic plateaus adjoining continental crust) which often border intermediate

age oceans and active continental regions. (Fig. 1, Jordan, 1981). 

The data were also subdivided according to the regionalization of Okal (1977), which 

includes a region for oceanic trenches and provides a better characterization of transitional 

crust. Although tau estimates about interval means were approximately normally distributed, 

the 15x15 deg geographic discretization restricted the resolution of anomalous regions. 

The technique of allowing the seismic data to check the consistency of the regionalization 

and avoid travel-time biases is a useful addition to the usual methods of regionalizing the earth. 

Figure 1.2 shows the modified global tectonic regionalization of Jordan (1981) obtained in this 

study by the adjustment process outlined above. Although this current regionalization meets 

the assumptions for the estimation of regionalized tau functions, the non-normal distributions 

could be used to further refine the regionalization, particularly in distinguishing between active 

and pussive orogenic zones and magmatic belts. Initial tests suggested this differentiation may 

be significant in the Tibetan plateau. However, present results will not be significantly altered 

unless the number of observations in the less sampled groups is brought to a few hundred data 

points. This would require a four-fold increase in the initial ISC data set. 

1.3.3 Tau Estimate Selection Criteria 

The definition of selection criteria is the result of several experiments designed to optimize 

the tau estimation process and improve the tectonic regionalization. It is an important step in 

the application of the statistical method of estimating tau (Bessonova et ai., 1976) to regional

ized travel-time data, where the number of estimates required increases as N m L for N tectonic 

regions, an m-point raypath parametrization, and L p -A intervals . 

The limited number of samples in certain tau estimates Tij/, (p ) leads to minimum require

ments which have to be satisfied by the data in order for the estimates to be acceptable. No 

data subdivision with less than 10 samples is used. Based on the previous work of Lee (1981) 

and Lee and Johnson (1 984a), the variances of lower-mantle tau estimates are expected to be on 
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the order of 1 s2 but are allowed to reach a maximum of 4 s2 to account for significant levels of 

scatter when the number of observations is small « 50). Similarly, the variances of upper

ma.ntle· tau estimates are allowed to reach a maximum of 5 S2. If the number of rays is greater 

than 50, a variance larger than 4 s2 but less than 6 s2 is acceptable1.2 . 

The statistical aspects of the method presented in this paper are straightforward to inter

pret if the tau data are approximately normally distributed. To ensure this, the method of uni

form reduction (Jeffreys, 1961) was used to remove outliers, a common non-normal component 

of travel-time data, and the resulting distributions checked for normality by the Kolmogorov

Smirnoff and X2 tests at the 90% and 99.9% confidence levels respectively. Only data which 

passed these tests were accepted and used to perform the operations in Section 1.2.3. Thus, 

given normally distributed lifl. (p ) data, it follows that the results of the linear combiriations in 

equations (1.8) through (1.11) are also normally distributed. 

1.4 DISCUSSION OF RESULTS 

Following the procedure outlined in the previous sections, estimates of tau and its uncer

tainty were obtained for each of the seven tectonic regions. While a discussion of differences 

between regions could take place in this tau-slowness space, the use of the equivalent and more 

familiar velocity-depth space has been chosen. 

Regionalized radial velocity functions Vj (I) were obtained by inverting estimates of 

single-region tau functions Ijjj (p ) (Equation 1.11). The 99.9% confidence intervals on 'iii (p ) 

were also inverted using the method of Bessonova et al. (1976) to obtain corresponding extremal 

bounds on the radial velocity functions for each region. While the use of a 99.9% confidence 

level is consistent with previous studies of this type, it is rather conservative for the purposes of 

this particular study. Using a 95% confidence level would reduce the width of the bounds on 

both tau and velocity by about 30%. The average depth resolution of the velocity models is 75 

km, given the 40 independent estimates of tau for the mantle below each region. The nodal 

velocity-depth values are interpolated linearly to eliminate features often introduced by higher-
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order fitting functions. 

A reference mean velocity model is defined by 

N 
v O( r ) = .E W j v j (r ) 

j=1 
(1.12) 

where the weights Wj are the fractional surface area of the earth for each region j (Table 1.1). 

Extremal bounds on v o( r ) are obtained from the extremal bounds on Vj (r ) by a similar weight-

ing. 

Figure 1.3 compares the mean velocity model v o( r) with the "equivalent" isotropic 

PREM (Dziewonski and Anderson, 1981) at a reference period of 1 s. At 220, 400, and 670 km, 

v o( r) falls in the center of the velocity discontinuities recognized by PREM. Since travel-time 

triplications were not resolvable in the tau data (Section 1.3.1), the inverted velocity functions 

do not show sharp discontinuities. Above 220 km, the differences from PREM are due to inver-

sian of body wave travel times as opposed to using long,..period surface wave data. In the 

upper-mantle transition zone and in the lower mantle, the PREM velocity model lies within the 

extremal bounds defined for vo( r), which are always within ± 0.1 km/s and typically about ± 

0.05 km/s. The decrease in the PREM velocity gradient approaching the core ~oundary is also 

evident in v o( r ). 

Figure 1.4 shows the residual mean velocity functions and extremal bounds of each tec~ 

tonic region referenced to v o( r). For young and old oceanic regions and continental shields, the 

relatively fewer travel-time data points (due to a lack of regional seismicity and/or seismo-

graphic stations) is reflected by the larger widths of the extremal bounds. 

Surface mea.n velocities correspond to a 33 km depth datum (Section 1.3.1) and are associ-

ated with the segment of the tau curves smoothly extrapolated to 0 s. The trend in these vela-

cities shows a progressive increase from 7.72 km/s in oceanic ridges (region 1) to 7.88 km/s in 

intermedia.te-age oceans (region 2) and to 7.97 km/s in old oceans (region 3). However, these 

velocity differences tend to decrease with depth. The gradients of the velocity residuals are well 

pronounced and positive to 200 km and then fairly constant to 275 km below region 1, 

.. 
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essentially constant to 280 km below region 2, and negative to 285 km below region 3. The 

increase in the mean P-wave velocity proceeding from young to old oceanic regions is consistent 

with plate tectonic models of heat flow and magnetic anomaly variations and oceanic tempera

ture profiles, which indicate that seismic velocities are proportional to the square root of crustal 

age (Parsons and Sclater, 1977). The regionalization of the oceans (Jordan, 1981) follows this 

crustal age dependence. 

There is also an increase in the mean surface velocities from magmatic belts and orogenic 

zones (region 4) to continental platforms (region 5) and shields (region 6) of 7.91 to 7.95 and 

7.98 km/s respectively. Unlike the pronounced gradients in oceanic regions 1 and 3, the mean 

velocity residuals in the continents are fairly unifol'm above 250 km. At a depth of 100 km, 

active continental regions show a significant mean velocity residual of -0.03 km/s (-0.3% of the 

reference velocity). Continental platforms show significant positive residual velocities of 0.07 

km/s at 165 km (0.9% of the reference velocity) and 0.05 km/s (0.6%) at about 250 km, and 

shields show residuals of up to 0.08 km/s (1.0%) also at approximately 250 km. 

In stable continental regions the positive velocity anomalies in the upper 250 km are com

pensated by negative anomalies between about 350 and 700 km. This effect is particularly pro

nounced below shields, with mean velocity residuals of up to -0.11 km/s (-1.3% of the reference) 

at 350 km, while below continental platforms the profile is similar but the magnitude of the 

anomalies is smaller, with residuals of -0.06 km/s (-0.6%) at a comparable depth. These 

differences are suggestive of an age dependence of sub-continental structure and perhaps deep 

continental roots (Jordan, 1975; 1978; 1981; Alvarez, 1982). The compensation in the upper

mantle velocity structure below stable continental regions may be related to chemically frac

tionated magma reservoirs (Jacobsen and Wasserburg, 1979; DePaolo, 1980) and variations in 

depletion. 

Oceanic trenches (region i) do not indicate significant variations from the reference model. 

There is a suggestion of positive velocity residuals between 400 and 700 km, although these 

features are not significant at the 99.9% confidence level. There are no upper-mantle features 
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which can be clearly identified with the effects of subducted lithospheric slabs. This may be due 

to limitations in the regionalization of oceanic trenches. For instance, the 5x5 deg geographic 

gridding is rather coarse for the trenches and the known lateral structure at depth from dipping 

slabs has not been explicitly incorporated. The regionalization of oceanic trenches does, how-

ever, remove biases in the tau estimates of the other regions (Section 1.3.2). 

Lateral variations in upper-mantle velocity structure could be attributed to fundamental 

differences in composition or phase, differences in temperature, and to variations in the depth of 

thermal or chemical boundary layers and of boundaries associated with phase changes (Bott, 

1971; Jeanloz and Thompson, 1983; Lees et aI., 1983). The pressure and temperature depen-

dence of thermodynamic phase equilibria and the physical mechanisms which determine whether 

such boundaries are elevated or depressed, given a local change in temperature, and whether 

such a perturbation is stabilizing or destabilizing in view of mantle convection, are reviewed by 

Schubert and Turcotte (1971) and Schubert et al. (1975). The age dependence of these varia-

tions, as shown in this study, suggests significant differences in the upper 700 km. 

Thus, it is important to determine if the depths to the 400 and 670 km discontinuities 

vary below different tectonic regions to help constrain estimates of pressure and temperature 

conditions relevant to the upper mantle. However, the coarseness of the velocity profiles (Figure 

1.4) at upper-mantle transition zone depths and the complications encountered in the initial 

data reduction at epicentral distances between 25 and 30 deg limit the ability of this study to 

resolve lateral variations in these discontinuities. Experiments on mantle components for poten-

tial phase or compositional changes suggest transition widths typically of 10 to 50 km (c.f. Lees 

et aI., 1983). The average depth resolution obtainable by the tau estimates is approximately 75 

km, corresponding to slowness intervals of 0.15 s/deg. 

The residual velocity functions in Figure 1.4 also contain interesting anomalies between 

depths of 700 and 950 km. The basic feature appears to be a negative anomaly flanked by 

smaller positive anomalies. It is most pronounced below young oceanic regions, where it is cen-

tered at a depth of about 780 km with residuals between -0.09 km/s (-0.8% of the reference) 
. . 



• 

19 

and -0.07 km/s (-0.7%), and below active continental regions, where it is centered at about 880 

km with residuals of up to -0.055 km/s (-0.5%). Evidence for similar variations below old oce

ans is perhaps hinted at and, although not significant, lends support to the idea that there is a 

progressive deepening of this velocity anomaly in going from region 1 to 4. A similar feature 

may be present below region 7 between 750 to 790 km, but it does not appear to be present 

below the stable continental regions . 

This interesting velocity anomaly occurs at a depth where it could be interpreted in terms 

of thermal and chemical boundary layers between the upper and lower mantle. Note that in 

Figure 1.3 it corresponds roughly to the depth at which there is a transition from the high velo

city gradient of the upper mantle to the lower gradient of the lower mantle. This may also be 

the same structure that led Dziewonski (1984) to obtain a higher level of perturbations below 

the 670 discontinuity. Earlier studies which have also suggested velocity structures in this 

depth range include Repetti (1928), Gutenberg (1958), Chinnery and Toksoz (1967), Chinnery 

(1968), and Johnson (1969). The fact that these earlier results were not entirely consistent with 

one another may be explail1ed by the finding of this study that the depth of the structure varies 

systematically with the type of tectonic region. 

Below a depth of 950 km the residual velocities are less pronounced and do not show sys

tematic anomalies between the different tectonic regions. Velocity residuals of ± 0.3% of the 

reference model at 1600 and 1760 km depth are shown below active continental regions, .as are 

kinks at H90 and 2295 km below old oceans, at 2215 km below oceanic trenches, and at 1700 

km below continental platforms. These residuals are not significant but are suggestive of varia

tions in dT / d ~ measurements obtained by Chinnery and Toksoz (1967) and Chinnery (1968) 

for depths of 1150 to 1300 km and of 2000 km. Similar anomalies have also been presented by 

Vvedenskaya and Balakina (19.59), Bugayevskiy (1964), and Johnson (1969). Although the 

depths are not in strict agreement. there appears to be a dependence of the ability to observe 

these velocity variations on the type of tectonic region. 
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Within about 250 km of the core-mantle boundary (C:MB) , the residual velocity profiles 

corresponding to active continental regions, continental platforms, and oceanic trenches indicate 

significant positive residuals, of up to 0.08 km/s (+0.6% of the reference) and 0.05 km/s 

(+0.4%) at approximately 150 km above the C:MB below regions 5 and 7 respectively. Simi

larly, young and old oceanic regions indicate velocities slower than the reference at these depths, 

with a significant residual mean velocity of up to -0.07 km/s at 150 km above the c:MB below 

old oceanic regions. The increase in the level of variations agrees with the results of Dziewonski 

(1977, 1984), and Dziewonski and Anderson (1983). Although lateral variations in the velocity 

structure of this D" region are clearly suggested, an interpretation in view of the surface region

alization cannot be provided with confidence. Similarly, comparison with other studies which 

have suggested lateral variations at the base of the mantle (e.g. Lay and HeImberger, 1983) may 

be susceptible to differences due to sampling bias. 

1.5 CONCLUSIONS 

This study has developed a method of estimating tau functions for a tectonically regional

ized earth. Perturbations attributable to near-surface heterogeneity associated with the seismic 

source and receiver regions were determined through a simple algebraic formulation. Separate 

tau functions were estimated for each tectonic region, allowing the assessment of lateral velocity 

variations at depth. Attention w~ given to the inherently non-uniform sampling of the earth 

and several criteria were defined to decrease travel-time biases and ensure the consistency of the 

tau estimates with the assumptions of the global regionalization. 

P-wave velocity functions for seven tectonic regions based on Jordan's (1981) global 

regionalization were obtained by inverting single-region equivalent tau functions. The velocity 

variations are expressed as deviations from a regionally weighted reference model. Extremal 

velocity bounds at the 99.9% confidence level constrain the significance of the residuals. 

Significant val'iations are observed to depths of about 950 km and within 250 km of the core

mantle boundary. The observed differences in the regionalized. tau estimates are of order ± 0.1 

Jo' 
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s with causatin P-wave velocity anomalies typically less than ± 1% of the reference mean. 

These values are somewhat smaller than obtained in previous studies (Dziewonski et aI., 1977; 

Dziewonski and Anderson, 1983; Dziewonski, 1984). However, a thorough consideration of the 

near-surface heterogeneity was undertaken and attention given to the problem of uniformly 

sampling the mantle. No baseline corrections were required .. 

In both oceanic and continental tectonic regions the velocity variations in the upper man

tle seem to correlate with age, with surface velocities showing a systematic Increase. Beneath 

oceans differences at the surface tend to be compensated by the velocity gradients in the upper 

250 km, whereas beneath continents the surface differences extend to about 250 km and com

pensation takes place between 350 and 700 km. This suggests fundamental differences between 

oceans and continents that extend to depths of at least 700 km. 

This study reveals evidence for a velocity anomaly between depths of 700 and 950 km 

which may be indicative of lateral variations in a boundary layer between the upper and lower 

mantle. Between 760 and 800 km below oceanic ridges and between 830 and 930 km below 

active continental regions, there are significant negative velocity residuals which may be related 

to anomalies suggested by previous authors. The level of velocity variations decreases below 

950 km, although significant lateral variations are indicated within 250 km of the core boun

dary. 

A number of ways in which this study could be extended are fairly obvious. A more accu

rate and more detailed regionalization would be useful, so long as there is sufficient sampling of 

the new regions which are introduced. Making the regionalization a function of depth is possi

ble, but may significantly increase the problems of undersampling. Given the results of the 

present study, it is also possible to relocate all the sources while taking into account lateral vari

ations in the earth's velocity structure. Ideally, one would like to do this with a completely new 

data set, however efforts to relocate a few events are presented later (Chapter 3). It is further

more desirable to develop a technique of tracing rays through an arbitrary number of tectonic 

regions each with a characteristic tau curve. Finally, a similar study using regionalized S-wave 
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data would help constrain inferences about the potential caUses of the velocity variations and 

could also lead to estimates of density variations and a comparison with geoid anomalies. 
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NOTES 

1.1 The frequencies about the mean interval tau are weighted to obtain a normal distribution 

by removing the pedestal attributable to reading and recording errors in the raw travel-time 

data. Following the method of uniform reduction (Jeffreys, 1961), these weights are defined by 

where J,J., the coefficient of abnormality, is a measure of the pedestal by the proportion of fre-

quencies at large residuals to those at small residuals, and a; is the variance about the mean. 

The distributions are then put into cumulative form, Fs (x), and the largest absolute deviation 

D from the expected cumulative distribution FE (x), 

D = maximum I Fs (x) - FE (x) I 

provides the Kolmogorov-Smirnoff measure of the goodness of fit at a' given level of significance 

(Hay~ and Winkler, 1970). 

1.2 The initial value of the coefficient of abnormality J,J. is incremented by 0.005 for values 

between 0.005 and 0.040. The initial estimates of tau and variance are null. If convergence is 

not obtained within fifty iterations of the uniform reduction (Jeffreys, 1961), the starting vari-

ance, a02 , is set to 1 or 2 s2 for further iterations. The tau estimation algorithm attempts eight 

estimates of mean interval tau. A selection criterion is adopted consisting of maximizing the 

sum W of the uniform reduction weights to greater than 75 percent of the number of data 

points in the p - ~ interval while minimizing J,J. to less than 0.10. A simple metric which takes 

into account the distribution of the data is defined by 
.. 

where n is the number of data points and a2 is the estimate of the variance. The minimum 

value of L. is associated with the preferred mean interval tau estimate. 
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APPENDIX A 

Proposition: 

The constraints 

N N 
1: Wi OT/(p ) = 1: Wk OTkR(p ) = 0 (1.5) 
i=1 k=1 

follow from the expectation operations in Section 1.2.3 provided the weights satisfy the relation 

N 

1: Wn = 1 (1.6) 
n=1 

Proof: 

It follows that if 

EdW;J = 1 (1.6) 

then 
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Similarly, 

EW" cTl = E" [ W" CT"R 1 

= E" [ WI; Eii [Tii" -Tii 11 

= E" [ w" Eii [Tii" -E" [w" Tiil~ 111 

It follows that if 

(1.6) 

then 

(1.5) 

The constraints that the mean source and receiver tau perturbations equal zero at any given 

slowness are therefore implicit in the expectation operations of Section 1.2.3. 
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APPENDIXB 

Analysis of Variance 

Estimates of sample variances 0';7 (p) and 0' l(p ) within regionalized groups are deter-

mined as weighted expectations, analogous respectively to the estimation of Tij (p ) and r;r(p ), 

O'J(p) (within) = Ei [WjO'j](P.)] 

The variance O'i7 (p ) between groups is given by 

N 
E (rijl, (p ) - rjj (p ))2 

2 k~l 
O'ij (p ) (between) = ---~---

N -1 

and the variance 0' j 2(p ) between groups by 

N 
E (Tjj (p ) - rj (p W 

O'J(p) (between) = _i_=_l_~ ___ _ 

N -1 

The variance of a single region tau estimate Tjii (p ) is then expressed as 

O'j~j(p) = O'l(p) (within) + O';(p) (between) + (cr/(p) + Crl(p))2 

(B1) 

(B2) 

(B3) 

(B4) 

(BS) 

where the latter term is attributable to a shift in the mean tau rl(p) due to the source and 

receiver perturbations. 

Estimates of a weighted mean tau function are defined by 

N 
TO(p) = E wjr{(p) 

j=l 
(B6) 

and are also used to calculate residuals with respect to the tau estimates of Lee (1981) and 

PREM (Dziewonski and Anderson, 1981) (Figures 1.6a,b). Two weighting schemes are 

attempted: i) from the fractional surface area of each region, ii) from the proportion of total 

paths for a given slowness and tectonic region. The respective mean variance O'02(p) within 

regionalized groups is given by 
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N 
U0

2(p ) (wz'thin ) = :E wi ulii(p) 
i=1 

and the number of degrees of freedom is 

N 

no(p) = :E ni(p) 
i=1 

where ni (p ) is the number of observations corresponding to Tl(p ). 

Regionalized weighted variances within groups are used to obtain t-test ratios 
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(B7) 

(B8) 

(B9) 

and denote the statistical significance of differences between single region tau estimates Tij;" (p ) 

and the weighted mean tau To(p). At the 99.9% confidence level, tau residuals indicating sta-

tistically significant differences from the weighted mean correspond to t greater than 3.29 when 

the number of degrees of freedom is large. 

Finally, a variance analysis of the differences between si.ngle region tau estimates T;"ij (p ) is 

given by an F -test at each slowness interval, 

() 
ucf(P ) (between) 

F p = -::-:--:-:----:--
uo2(p ) (within) 

(BlO) 

where 

N 
:E (Tijj (p ) - TO(p ))2 

uo2(p) (between) = .,;,.;_=_1 ___ ----
N -1 

(BIl) 

For N - 1 equal to six and for greater than 1000 degrees of freedom n o(p) , the differences 

among Tiii (p) can be considered significant at the 99% confidence level if F is greater than 

2.82. While several estimates Tijj (p) are significantly different from the weighted mean, the 

order of these differences is within the standard deviations u iii (p ) of these distributions. 



~1 ~2 P T··· ± rr w J.l RES t 
(deg) (deg) (sjdeg) (~) (sl (s21 (s) 

9.0 11.0 13.80 3.657 0.219 1.643 372 0.032 1.681 3.44 
11.0 14.6 13.20 10.478 0.185 1.556 490 0.030 1.157 2.44 
14.6 17.2 12.60 20.197 0.187 1.028 318 0.038 0.977 . 2.52 
17.2 18.8 12.00 29.371 0.146 1.215 619 0.046 0.185 0.44 
18.8 20.3 11.40 40.726 0.144 1.006 526 0.037 0.421 1.10 
20.3 21.6 10.50 58.463 0.111 0.488 430 0.028 0.708 2.65 
21.6 24.5 10.20 65.081 0.116 0.719 578 0.046 0.844 2.61 
24.5 26.4 9.60 78.243 0.134 0.383 232 0.030 0.266 1.11 
26.4 28.3 9.30 85.282 0.110 0.312 277 0.032 -0.195 0.90 
28.3 30.2 9.00 93.560 0.199 0.313 86 0.028 0.573 2.49 
30.2 31.3 8.85 98.186 0.122 0.205 149 0.028 1.012 5.50 
31.3 34.5 8.70 102.549 0.107 0.372 350 0.031 0.736 3.12 
34.5 36.1 8.55 106.950 0.112 0.287 249 0.045 -0.004 0.02 
36.1 39.0 8.40 112.484 0.082 0.270 438 0.047 0.137 0.68 
39.0 42.4 8.25 118.663 0.069 0.366 831 0.030 0.362 1.57 
42.4 44.1 8.10 124.612 0.081 0.323 539 0.047 0.023 0.10 
44.1 46.1 7.95 131.308 0.060 0.210 624 0.024 0.092 0.52 
46.1 48.0 7.80 138.853 0.071 0.173 371 0.027 0.765 4.70 
48.0 49.6 7.65 145.928 0.093 0.244 303 0.016 0.608 3.16 
49.6 51.9 7.50 152.984 0.077 0.298 545 0.024 0.172 0.82 
51.9 54.2 7.35 160.531 0.065 0.207 527 0.022 -0.056 0.32 
54.2 56.2 7.20 169.416 0.085 0.179 268 0.028 0.548 3.31 
56.2 58.2 7.05 177.595 0.098 0.261 294 0.040 0.184 0.93 
58.2 60.5 6.90 186.360 0.092 0.394 501 0.033 0.363 1.51 
60.5 62.9 6.75 195.668 0.079 0.388 673 0.028 0.583 2.46 
62.9 64.6 6.60 204.730 0.086 0.331 486 0.020 0.199 0.90 
64.6 66.6 6.45 214.385 0.073 0.310 631 0.034 0.331 1.56 
66.6 68.8 6.30 224.134 0.062 0.352 1009 0.028 0.082 0.37 
68.8 70.8 6.15 234.509 0.062 0.292 821 0.028 0.186 0.90 
70.8 73.0 6.00 244.910 0.045 0.279 1516 0.029 -0.069 0.34 
73.0 74.8 5.85 256.042 0.059 0.347 1066 0.031 0.156 0.69 
74.8 77.0 5.70 267.671 0.068 0.598 1380 0.032 0.477 1.63 
77.0 79.2 5.55 278.817 0.057 0.368 1233 0.034 0.138 0.60 
79.2 80.2 5.40 290.483 0.073 0.167 343 0.031 0.061 0.38 
80.2 82.1 5.25 302.790 0.053 0.362 1390 0.030 0.203 0.89 
82.1 84.4 5.10 315.210 0.056 0.360 1262 0.028 0.123 0.54 
84.4 86.5 4.95 327.734 0.050 0.330 1407 0.019 -0.008 0.04 
86.5 88.6 4.80 340.569 0.054 0.325 1191 0.022 -0.101 0.47 
88.6 95.5 4.65 354.216 0.054 0.541 2042 0.029 0.141 0.50 
95.5 100.0 4.50 368.435 0.087 0.214 305 0.039 0.330 1.84 

Table 1.2a Young ocean single-region tau estimates. ~1 and D.2 are the lower and 
upper limits of the corresponding ~ - p interval. ± denotes the 99.9% confidence 
bounds, rr the variance (Eqn. B5). W is the sum of the weights of the uniform reduc
tion with coefficient of abnormality J.l (see Note 1.1). RES is the residual from the 
regionally-weighted mean tau TO(p ) (Eqn. B6) and t is the corresponding t-test ratio 
(Eqn. B9). 
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~l ~2 P T'" ± u2 w J.L RES t 
(deg) (deg) (s/deg) m (s) (s2) (s) 

9.0 12.4 13.80 2.493 0.076 0.771 1459 0.037 0.517 1.55 
12.4 15.1 13.20 9.995 0.079 0.701 1226 0.052 0.674 2.12 
15.1 16.2 12.60 19.983 0.066 0.798 2000 0.037 0.762 2.25 
16.2 18.3 12.00 29.518 0.054 . 1.505 5658 0.043 0.332 0.72 
18.3 19.1 11.40 40.598 0.070 1.184 2596 0.045 0.293 0.71 
19.1 21.0 10.50 57.705 0.038 0.913 6966 0.041 -0.050 0.14 
21.0 23.4 10.20 64.176 0.040 1.134 7694 0.041 -0.062 0.15 
23.4 24.4 9.60 77.822 0.047 0.628 3132 0.041 -0.154 0.51 
24.4 25.6 9.30 85.620 0.046 0.520 2657 0.036 0.143 0.52 
25.6 28.5 9.00 93.002 0.035 0.564 4945 0.046 0.015 0.05 
28.5 31.3 8.85 97.035 0.047 0.917 4586 0.043 -0.140 0.39 
31.3 34.5 8.70 101.785 0.046 1.131 5741 0.041 -0.028 0.07 
34.5 36.1 8.55 106.686 0.055 0.858 3098 0.040 -0.268 0.76 
36.1 39.0 8.40 112.152 0.037 0.829 6465 0.045 -0.195 0.57 
39.0 42.4 8.25 118.288 0.036 0.983 8234 0.046 -0.012 0.03 
42.4 44.1 8.10 124.540 0.039 0.533 3790 0.036 -0.049 0.18 
44.1 46.1 7.95 131.263 0.036 0.483 4124 0.028 0.048 0.18 
46.1 48.0 7.80 137.907 0.048 0.586 2788 0.034 -0.181 0.62 
48.0 49.6 7.65 145.134 0.051 0.629 2631 0.028 -0.186 0.62 
49.6 51.9 7.50 152.630 0.050 0.474 2093 0.033 -0.183 0.70 
51.9 54.2 7.35 160.555 0.045 0.471 2564 0.032 -0.031 0.12 
54.2 56.2 7.20 168.810 0.050 0.515 2261 0.034 -0.058 0.22 
56.2 58.2 7.05 177.427 0.040 0.363 2478 0.037 0.016 0.07 
58.2 60.5 6.90 185.872 0.043 0.509 ·2969 0.027 -0.125 0.46 
60.5 62.9 6.75 195.025 0.037 0.363 2853 0.024 -0.060 0.26 
62.9 64.6 6.60 204.604 0.049 0.396 1788 0.035 0.073 0.31 
64.6 66.6 6.45 213.955 0.049 0.496 2203 0.039 -0.099 0.37 
66.6 68.8 6.30 224.073 0.042 0.509 3165 0.034 0.021 0.08 
68.8 70.8 6.15 234.286 0.046 0.504 2580 0.026 -0.038 0.14 
70.8 73~0 6.00 245.132 0.038 0.591 4523 0.032 0.153 0.52 
73.0 74.8 5.85 255.945 0.038 0.457 3506 0.026 0.059 0.23 
74.8 77.0 5.70 266.985 0.035 0.522 4656 0.022 -0.209 0.76 
77.0 79.2 5.55 278.531 0.030 0.595 7286 0.029 -0.147 0.50 
79.2 80.2 5.40 290.410 0.038 0.402 3027 0.032 -0.012 0.05 
80.2 82.1 5.25 302.436 0.026 0.408 6698 0.031 -0.150 0.62 
82.1 84.4 5.10 314.998 0.027 0.519 7867 0.034 -0.089 0.33 
84.4 86.5 4.95 327.699 0.028 0.506 7192 0.032 -0.043 0.16 
86.5 88.6 4.80 340.620 0.029 0.498 6579 0.032 -0.050 0.19 
88.6 95.5 4.65 354.076 0.021 0.528 13110 0.035 0.000 0.00 
95.5 100.0 4.50 368.186 0.046 ·0.618 3108 0.039 0.080 0.27 

Table 1.2b Intermediate-age ocean single-region tau estimates. Parameters as 
defined in Table 1.2a. 
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~1 ~2 . P T··· ± til w p. RES t 
(deg) (deg) (sjdeg) (~l (s) (s2) (sl 

9.0 12.6 13.80 0.356 0.115 0.402 330 0.042 -1.620 6.58 
12.6 15.9 13.20 7.723 0.135 0.334 199 0.043 -1.598 6.96 
15.9 16.8 12.60 19.218 0.112 0.229 199 0.025 -0.002 0.01 
16.8 18.3 12.00 28.850 0.151 0.858 410 0.040 -0.336 0.95 
18.3 19.8 11.40 39.696 0.149 0.929 455 0.039 -0.609 1.66 
19.8 21.3 10.50 57.260 0.100 0.558 609 0.041 -0.495 1.74 
21.3 23.1 10.20 63.524 0.071 0.545 1176 0.036 -0.713 2.54 
23.1 24.4 9.60 77.502 0.084 0.485 746 0.040 -0.474 1.79 
24.4 25.8 9.30 85.217 0.076 0.445 831 0.013 -0.260 1.02 
25.8 28.6 9.00 92.175 0.092 0.817 1037 0.030 -0.812 2.37 
28.6 31.3 8.85 96.625 0.109 0.559 512 0.026 -0.549 1.92 
31.3 34.5 8.70 101.160 0.068 0.450 1057 0.034 -0.653 2.56 
34.5 36.1 8.55 106.851 0.080 0.351 597 0.029 -0.103 0.46 
36.1 39.0 8.40 111.699 0.082 1.369 2213 0.027 -0.648 1.46 
39.0 42.4 8.25 117.578 0.049 0.741 3295 0.026 -0.723 2.22 
42.4 44.1 8.10 124.258 0.053 0.381 1490 0.028 -0.331 1.41 
44.1 46.1 7.95 130.694 0.051 0.382 1585 0.032 -0.522 2.23 
46.1 48.0 7.80 137.295 0.091 0.873 1141 0.034 -0.793 2.24 
48.0 49.6 7.65 144.898 0.071 0.558 1186 0.026 -0.421 1.49 
49.6 51.9 7.50 152.628 0.072 0.829 1752 0.037 -0.185 0.54 
51.9 54.2 7.35 160.353 0.065 0.670 1723 0.038 -0.233 0.75 
54.2 56.2 7.20 168.411 0.058 0.570 1807 0.034 -0.458 1.60 
56.2 58.2 7.05 177.331 0.057 0.570 1881 0.038 -0.080 0.28 
58.2 60.5 6.90 185.836 0.050 0.497 2175 0.027 -0.161 0.60 
60.5 62.9 6.75 194.897 0.060 0.686 2042 0.034 -0.188 0.60 
62.9 64.6 6.60 204.291 0.058 0.486 1550 0.037 -0.241 0.91 
64.6 66.6 6.4"5 213.729 0.072 0.740 1545 0.035 -0.325 1.00 
66.6 68.8 6.30 223.628 0.048 0.557 2622 0.032 -0.423 1.50 
68.8 70.8 6.15 233.966 0.064 0.468 1220 0.033 -0.357 1.38 
70.8 73.0 6.00 244.578 0.065 0.609 1567 0.029 -0.401 1.36 
73.0 74.8 5.85 255.512 0.058 0.357 1141 0.028 -0.374 1.65 
74.8 77.0 5.70 266.966 0.057 0.466 1561 0.029 -0.228 0.88 
77.0 79.2 5.55 278.706 0.041 0.439 2815 0.025 0.028 0.11 
79.2 80.2 5.40 290.016 0.056 0.382 1304 0.023 -0.406 1.73 
80.2 82.1 5.25 302.276 0.034 0.376 3576 0.031 -0.311 1.34 
82.1 84.4 5.10 314.740 0.031 0.526 6012 0.022 -0.347 1.26 
84.4 86.5 4.95 327.536 0.037 0.540 4354 0.039 -0.206 0.74 
86.5 88.6 4.80 340.565 0.050 0.811 3579 0.026 -0.105 0.31 
88.6 95.5 4.65 354.443 0.036 0.972 7937 0.033 0.368 0.99 
95.5 100.0 4.50 367.966 0.044 0.428 2371 0.039 -0.140 0.56 

Table 1.2c Old ocean single-region tau estimates. Parameters as defined in Table 
1.2a. 
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~l ~2 P T··· ± til w J1. RES t 
(deg) (deg) (sLdeg) (~) (s) (s2) is) 

9.0 12.3 13.80 2.113 0.032 1.398 14696 0.045 0.138 0.31 
12.3 14.9 13.20 9.837 0.074 1.178 2343 0.041 0.516 1.25 
14.9 15.7 12.60 19.307 0.089 0.381 527 0.049 0.087 0.37 
15.7 16.7 12.00 29.368 0.039 1.179 8407 0.047 0.182 0.44 
16.7 18.1 11.40 40.390 0.035 1.103 9884 0.041 0.085 0.21 
18.1 19.6 10.50 57.656 0.022 0.640 14271 0.049 -0.098 0.33 
19.6 22.0 10.20 64.252 0.030 0.676 8283 0.040 0.015 0.05 
22.0 23.0 9.60 78.180 0.032 0.909 9658 0.036 0.203 0.56 
23.0 24.4 9.30 85.518 0.035 0.663 5771 0.037 0.041 0.13 
24.4 25.5 9.00 93.086 0.030 1.022 12679 0.039 0.099 0.26 
25.5 28.2 8.85 97.016 0.028 0.629 8619 0.051 -0.158 0.53 
31.3 34.5 8.70 101.868 0.025 0.652 11583 0.036 0.055 0.18 
34.5 36.1 8.55 107.415 0.034 0.599 5568 0.037 0.461 1.58 
36.1 39.0 8.40 112.957 0.028 0.745 9967 0.033 0.611 1.87 
39.0 42.4 8.25 118.575 0.027 0.820 12633 0.035 0.275 0.80 
42.4 44.1 8.10 124.886 0.034 0.630 5988 0.038 0.297 0.99 
44.1 46.1 7.95 131.383 0.027 0.522 7645 0.038 0.167 0.61 
46.1 48.0 7.80 138.359 0.039 0.998 7116 0.037 0.271 0.72 
48.0 49.6 7.65 145.479 0.040 0.935 6364 0.032 0.159 0.43 
49.6 51.9 7.50 152.942 0.026 0.548 8752 0.036 0.129 0.46 
51.9 54.2 7.35 160.756 0.026 0.503 7948 0.035 0.170 0.63 
54.2 56.2 7.20 168.996 0.022 0.390 8677 0.036 0.127 0.54 
56.2 58.2 7.05 177.441 0.023 0.378 7875 0.032 0.030 0.13 
58.2 60.5 6.90 186.134 0.029 0.664 8508 0.038 0.137 0.45 
60.5 62.9 6.75 194.941 0.024 0.460 8781 0.040 -0.143 0.56 
62.9 64.6 e.60 204.330 0.029 0.519 6713 0.032 -0.201 0.74 
64.6 66.6 6.45 214.277 0.022 0.319 7319 0.031 0.223 1.04 
66.6 68.8 6.30 224.131 0.026 0.450 7134 0.037 0.080 0.31 
68.8 70.8 6.15 234.495 0.025 0.479 8006 0.030 0.172 0.66 
70.8 73.0 6.00 245.050 0.025 0.479 8277 0.031 0.071 0.27 
73.0 74.8 5.85 255.986 0.030 0.544 6635 0.025 0.100 0.36 
74.8 77.0 5.70 267.304 0.028 0.623 8577 0.023 0.110 0.37 
77.0 79.2 5.55 278.722 0.027 0.637 9572 0.030 0.043 0.14 
79.2 80.2 5.40 290.557 0.037 0.641 5160 0.029 0.135 0.45 
80.2 82.1 5.25 302.717 0.024 0.468 8536 0.028 0.131 0.50 
82.1 84.4 5.10 315.097 0.027 0.644 9294 0.023 0.011 0.04 
84.4 86.5 4.95 327.696 0.028 0.637 8625 0.022 -0.046 0.15 
86.5 88.6 4.80 340.753 0.028 0.415 5906 0.033 0.083 0.34 
88.6 95.5 4.65 354.003 0.023 0.589 12072 0.036 -0.073 0.25 
95.5 100.0 4.50 367.821 0.040 0.509 3447 0.034 -0.284 1.05 

Table 1.2d Active continent single-region tau estimates. Parameters as defined in 
Table 1.2a . 
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~l '~2 P r··· ± rr- w J1. RES t 
(deg) (deg) (s/deg) (~) (s) (s21 (s) 

9.0 11.9 13.80 1.104 0.064 0.410 1080 0.042 -0.871 3.57 
11.9 15.7 13.20 7.833 0.071 0.568 1205 0.036 -1.488 5.20 
15.7· 17.8 12.60 17.293 0.066 0.808 2034 0.041 -1.927 5.66 
17.8 18.9 12.00 28.353 0.088 0.845 1190 0.041 -0.833 2.38 
18.9 19.9 11.40 39.853 0.079 0.734 1285 0.047 -0.452 1.39 
19.9 21.5 10.50 57.258 0.044 0.469 2667 0.042 -0.496 1.91 
21.5 23.0 10.20 64.100 0.046 0.647 3265 0.033 -0.137 0.45 
23.0 24.2 9.60 78.252 0.058 0.572 1853 0.041 0.276 0.96 
24.2 26.2 9.30 85.344 0.041 0.566 3642 0.043 -0.133 0.47 
26.2 28.8 9.00 93.063 0.048 0.523 2479 0.043 0.076 0.28 
28.8 31.3 8.85 97.303 0.039 0.534 3858 0.035 0.129 0.47 
31.3 34.5 8.70 101.876 0.042 0.727 4549 0.034 0.063 0.19 
34.5 36.1 8.55 107.149 0.051 0.592 2510 0.031 0.196 0.67 
36.1 39.0 8.40 112.684 0.033 0.540 5249 0.040 0.337 1.21 
39.0 42.4 8.25 118.553 0.029 0.554 7079 0.039 0.252 0.90 
42.4 44.1 8.10 124.886 0.035 0.512 4445 0.038 0.297 1.10 
44.1 46.1 7.95 131.394 0.036 0.565 4661 0.034 0.178 0.62 
46.1 48.0 7.80 138.044 0.042 0.702 4317 0.029 -0.044 0.14 
48.0 49.6 7.65 145.325 0.044 0.530 2950 0.029 0.006 0.02 
49.6 51.9 7.50 153.009 0.035 0.415 3657 0.034 0.196 0.80 
51.9 54.2 7.35 160.619 0.035 0,356 3122 0.036 0.033 0.15 
54.2 56.2 7.20 168.974 0.040 0.341 2318 0.037 0.105 0.47 
56.2 58.2 7.05 177.139 0.045 0.497 2696 0.045 -0.272 1.02 
58.2 60.5 6.90 185.952 0.033 0.463 4490 0.037 -0.045 0.17 
60.5 62.9 6.75 194.890 0.034 0.558 5122 0.045 -0.194 0.69 
62.9 64.6 6.60 204.627 0.031 0.258 !:163 0.028 0.096 0.50 
64.6 66.6 6.45 213.973 0.037 0.495 3987 0.033 -0.081 0.31 
66.6 68.8 6.30 224.239 0.027 0.291 4273 0.030 0.187 0.92 
68.8 70.8 6.15 234.436 0.029 0.536 7019 0.036 0.113 0.41 
70.8 73.0 6.00 245.020 0.029 0.416 5402 0.031 0.041 0.17 
73.0 74.8 5.85 255.964 0.042 0.626 3910 0.023 0.078 0.26 
74.8 77.0 5.70 267.296' 0.029 0.510 6484 0.023 0.102 0.38 
77.0 79.2 5.55 278.821 0.023 0.425 8813 0.031 0.142 0.57 
79.2 80.2 5.40 290.609 0.034 0.376 3503 0.040 0.187 0.81 
80.2 82.1 5.25 302.885 0.029 0.520 6505 0.034 0.299 1.10 
82.1 84.4 5.10 315.327 0.021 0.311 7453 0.025 0.240 1.14 
84.4 86.5 4.95 327.952 0.030 0.462 5704 0.031 0.210 0.82 
86.5 88.6 4.80 340.979 0.039 0.456 3334 0.033 0.309 1.21 
88.6 95.5 4.65 353.794 0.030 0.354 4287 0.024 -0.282 1.25 
95.5 100.0 4.50 368.075 0.122 0.365 265 0.044 -0.030 0.13 

Table 1.2e Continental platform single-region tau estimates. Parameters as defined 
in Table 1.2a. 
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~1 ~2 P T··· ± q2 w I' RES t 
(deg) (deg) (s/deg) (~) (s) (S2) (s) 

9.0. 11.5 13.80. 0..50.5 0..0.85 0..681 1015 0..0.32 -1.470. 4.69 
11.5 14.0. 13.20. 7.734 0..161 1.557 648 0..0.35 -1.587 3.35 
14.0. 18.4 12.60. 16.546 0..0.94 0..913 1120 0..0.40. -2.675 7.38 
18.4 19.3 12.0.0. 28.630. 0..135 0..583 344 0..0.29 -0..556 1.88 
19.3 20..2 11.40. 39.976 0..130. 0..535 341 0..0.42 .;.0..329 1.16 
20..2 21.4 10.50. 58.859 0..0.78 0..230. 411 0..0.18 1.10.5 5.94 
21.4 22.8 10..20. 64.70.6 0..0.90. 0..40.4 537 0..0.37 0..469 1.93 
22.8 24.2 9.60. 78.349 0..107 0..465 439 0..0.43 0..373 1.43 
24.2 25.5 9.30. 86.0.29 0..124 0..421 297 0..0.33 0..552 2.21 
25.5 27.8 9.0.0. 93.156 0..0.88 0..257 356 0..0.30 0..169 0..86 
27.8 31.3 8.85 97.315 0..0.54 0..263 978 0..0.41 0..141 0.72 
31.3 34.5 8.70. 10.1.790. 0..0.63 0..486 1337 0..0.42 -0..0.23 0..0.9 
34.5 36.1 8.55 106.961 0..0.81 0..486 80.8 0..0.30 0..007 0..0.3 
36.1 39.0. 8.40. 112.298 0..0.48 0..351 1648 0..0.33 -0..0.49 0..22 
39.0. 42.4 8.25 118.151 0..0.62 0..612 1728 0..0.32 .;.0..150. 0..50. 
42.4 44.1 8.10 124.40.3 0..0.54 0..157 592 0..0.27 -0..186 1.22 
44.1 46.1 7.95 131.250. 0..0.90. 0..618 832 0..0.38 0..0.34 0..12 
46.1 48.0. 7.80. 138.393 0..0.51 0..161 680. 0..0.41 0..30.5 1.97 
48.0. 49.6 7.65 145.521 0..0.71 0..30.8 658 0..0.39 0..20.1 0..95 
49.6 51.9 7.50. 153.234 0..0.55 0..197 70.8 0.0.47 0..421 2.48 
51.9 54.2 7.35 160..815 0..0.59 0..20.3 636 0..0.39 0..228 1.32 
54.2 56.2 7.20. 168.671 0..0.82 0..555 899 0..0.29 -0..197 0..70. 
56.2 58.2 7.0.5 177.50.6 0..0.60. 0..20.6 612 0..0.34 0..0.95 0..55 
58.2 60..5 6.90. 186.0.42 0..0.74 0..540. 1068 0..0.37" 0..0.45 0..16 
60..5 62.9 6.75 195.350. 0..0.71 0..545 1181 0..0.35 0..266 0..95 
62.9 64.6 6.60. 20.4.668 0..0.74 0..382 758 0..0.31 0..137 0..58 
64.6 66.6 6.45 214.0.57 0..0.57 0..40.7 1350. 0..0.38 0..003 0..01 
66.6 68.8 6.30. 224.0.33 0..0.68 0..50.2 1177 0..0.41 -0..0.19 0..0.7 
68.8 70..8 6.15 234.188 0..0.59 0..30.3 948 0..0.38 -0..135 0..64 
70..8 73.0. 6.0.0. 244.840. 0..0.78 0..597 1066 0..0.42 -0..140. 0..48 
73.0. 74.8 5.85 255.653 0..0.83 0..549 872 0..0.30. -0..233 0..83 
74.8 77.0. 5.70. 267.277 0..0.57 0..239 793 0..0.34 0..0.83 0..44 
77.0. 79.2 5.55 278.926 0..0.47 0..241 1198 0..0.31 0..247 1.33 
79.2 80..2 5.40. 290..556 ,0..0.76 0..293 550. 0..0.37 0..134 0..65 
80..2 82.1 5.25 30.2.776 0..0.66 0..381 949 0..0.32 0..189 0..81 
82.1 84.4 5.10 315.468 0..0.65 0..373 968 0..0.43 0..382 1.65 
84.4 86.5 4.95 328.113 0..0.64 0..299 792 0..0.30. 0..371 1.78 
86.5 88.6 4.80. 340..643 0..0.79 0..431 755 0..0.38 -0..0.27 0..11 
88.6 95.5 4.65 353.949 0..0.67 0..647 1583 0..0.40. -0..126 0..41 
95.5 100..0. 4.50. 368.325 0..100. 0..246 269 0..0.45 0..220. 1.14 

Table 1.2f Continental shield single-region tau estimates. Parameters as defined in 
Table 1.2a. 

33 



a l a2 p r··· ± u'2 w Jl RES t 
ldegJ (deg) ls/deg) (~) (s) (s2) (s) 

9.0 12.5 13.80 1.475 0.091 1.084 1431 0.039 -0.500 1.27 
12.5 14.8 13.20 9.070 0.159 0.832 357 0.034 -0.251 0.72 
14.8 16.0 12.60 18.660 0.078 0.774 1378 0.030 -0.560 1.68 
16.0 17.4 12.00 29.046 0.069 0.555 1251 0.033 -0.141 0.50 
17.4 18.5 11.40 39.728 0.067 0.540 1310 0.035 -0.577 2.07 
18.5 19.5 10.50 57.256 0.038 0.354 2655 0.046 -0.498 2.21 
19.5 21.4 10.20 63.785 0.040 0.337 2321 0.042 -0.452 2.05 
21.4 23.0 9.60 77.657 '0.036 0.298 2455 0.029 -0.320 1.54 
23.0 24.7 9.30 84.909 0.059 0.572 1787 0.044 -0.568 1.98 
24.7 26.3 9.00 92.677 0.057 0.426 1441 0.035 -0.310 1.25 
26.3 28.0 8.85 97.043 0.049 0.371 1681 0.043 -0.131 0.57 
31.3 34.5 8.70 101.397 0.040 0.307 2071 0.035 -0.415 1.97 
34.5 36.1 8.55 106.890 0.049 0.271 1238 0.035 -0.064 0.32 
36.1 39.0 8.40 112.005 0.058 0.536 1735 0.041 -0.342 1.23 
39.0 42.4 8.25 117.906 0.046 0.548 2796 0.038 -0.395 1.41 
42.4 44.1 8.10 124.182 0.042 0.287 1735 0.032 -0.407 2.00 
44.1 , 46.1 7.95 130.911 0.049 0.418 1891 0.019 -0.305 1.25 
46.1 48.0 7.80 138.003 0.059 0.431 1338 0.037 -0.085 0.34 
48.0 49.6 7.65 145.170 0.059 0;329 1008 0.040 -0.150 0.69 
49.6 51.9 7.50 152.568 0.046 0.419 2153 0.030 -0.244 1.00 
51.9 54.2 7.35 160.500 0.039 0.287 2043 0.035 -0.086 0.42 
54.2 56.2 7.20 168.550 0.050 0.357 1543 0.038 -0.318 1.40 
56.2 58.2 7.05 177.313 0.052 0.359 1419 0.033 -0.098 0.43 
58.2 60.5 6.90 185.784 0.041 0.327 2124 0.033 -0.213 0.98 

,60.5 62.9 6.75 195.008 0.043 0.316 1862 0.033 -0.077 0.36 
62.9 64.:' 6.60 204.525 0.042 0.248 1539 0.027 -0.006 0.03 
64.6 66.6 6.45 214.015 0.036 0.242 1975 0.025 -0.039 0.21 
66.6 68.8 6.30 224.168 0.033 0.228 2219 0.023 0.116 0.64 
68.8 70.8 6.15 234.339 0.038 0.242 1852 0.027 0.016 0.08 
70.8 73.0 6.00 245.018 0.035 0.247 2151 0.017 0.038 0.20 
73.0 74.8 5.85 255.835 0.033 0.202 1958 0.022 -0.051 0.30 
74.8 7,7.0 5.70 267.242 0.039 0.298 2091 0.037 0.048 0.23 
77.0 79.2 5.55 278.399 0.045 0.323 1761 0.025 -0.280 1.30 
79.2 80.2 5.40 290.306 0.067 0.272 657 0.048 -0.116 0.58 
80.2 82.1 5.25 302.513 0.044 0.263 1462 0.025 -0.074 0.38 
82.1 84.4 5.10 315.248 0.037 0.233 1858 0.027 0.161 0.88 
84.4 86.5 4.95 327.847 0.055 0.463 1636 0.022 0.105 0.41 
86.5 88.6 4.80 340.648 0.049 0.222 992 0.020 -0.023 0.13 
88.6 95.5 4.65 353.689 0.038 0.313 2347 0.040 -0.387 1.82 
95.5 100.0 4.50 367.841 0.078 0.296 525 0.038 -0.264 1.27 

Table 1.2g Oceanic trench single-region tau estimates. Parameters as defined in 
Table 1.2a. 
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Figure 1.5& Young ocean turning-point tau residuals from regionally weighted 
mean. Bounds shown at the 99.9% confidence level. 
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Figure 1.5b Intermediate-age ocean turning-point tau residuals from regionally 
weighted mean. Bounds shown at the 99_9% confidence level. 
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Figure I.Se Old ocean turning-point tau residuals from regionally weighted 
mean. Bounds shown at the 99.9% confidence level. 
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Figure 1.5d Active continent turning-point tau residuals from regionally 
weighted mean. Bounds shown at the 99.9% confidence level. 
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Figure 1.5e Continental platform turning-point tau residuals from regionally 
weighted mean. Bounds shown at the 99.9% confidence level. 
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mean. Bounds shown at the 99.9% confidence level. 



p 
(~) 

± (72 (7b2 (702 no F to 

(s/ deg) (s) (s2) (s2) (S2) 

13.80 1.962 0.038 1.231 1.475 2.706 20383 1.198 
13.20 9.224 0.065 0.996 1.496 2.492 6468 1.503 
12.60 18.454 0.063 0.779 1.953 2.732 7576 2.508 
12.00 29.299 0.030 1.199 0.278 1.477 17879 0.232 
11.40 40.311 0.029 1.023 0.217 1.240 16397 0.212 
10.50 57.614 0.021 0.654 0.444 1.098 28009 0.678 
10.20 64.156 0.022 0.775 0.285 1.060 23854 0.367 

9.60 78.035 0.022 0.713 0.114 0.827 18515 0.160 
9.30 85.412 0.022 0.581 0.125 0.706 15262 0.214 
9.00 93.002 0.022 0.809 0.189 0.998 23023 0.234 
8.85 97.090 0.022 0.632 0.254 0.886 20383 0.402 
8.70 101.792 0.019 0.721 0.190 0.911 26688 0.264 
8.55 107.103 0.023· 0.603 0.071 0.674 14068 0.118 
8.40 112.511 0.019 0.732 0.220 0.952 27715 0.301 
8.25 118.347 0.017 0.757 0.171 0.928 36596 0.225 
8.10 124.676 0.019 0.506 0.101 0.607 18579 0.199 
7.95 131.262 0.017 0.499 0.080 0.579 21362 0.160 
7.80 138.128 0.025 0.761 0.236 0.997 17751 0.310 
7.65 145.333 0.024 0.691 0.111 0.802 15100 0.160 
7.50 152.864 0.018 0.507 0.063 0.570 19660 0.124 
7.35 160.635 0.017 0.447 0.027 0.474 18563 0.060 
7.20 168.861 0.018 0.420 0.113 0.533 17773 0.269 
7.05 177.374 0.016 0.406 0.022 0.428 17255 0.055 
6.90 185.998 0.017 0.540 0.040 0.580 21835 0.075 
6.75 194.985 0.017 0.481 0.103 0.584 22514 0.215 
6.60 204.459 0.018 0.415 0.036 0.451 15697 0.086 
6.45 214.092 0.016 0.409 0.049 0.458 19010 0.119 
6.30 224.081 0.015 0.416 0.041 0.457 21599 0.098 
6.15 234.399 0.016 0.466 0.045 0.511 22446 0.097 
6.00 245.008 0.015 0.466 0.040 0.506 24502 0.086 
5.85 255.918 0.017 0.488 0.044 0.532 19088 0.090 
5.70 267.237 0.016 0.527 0.056 0.583 25542 0.106 
5.55 278.698 0.013 0.512 0.033 0.545 32678 0.065 
5.40 290.477 0.019 0.463 0.046 0.509 14544 0.100 
5.25 302.631 0.013 0.436 0.049 0.485 29116 0.113 
5.10 315.084 0.013 0.484 0.062 0.546 34714 0.129 
4.95 327.744 0.014 0.524 0.040 0.564 29710 0.076 
4.80 340.699 0.016 0.496 0.021 0.517 22336 0.043 
4.65 354.076 0.013 0.602 0.068 0.670 43378 0.112 
4.50 368.004 0.024 0.493 0.065 0.558 10290 0.132 

Table 1.3a Regionally weighted mean tau estimates TO(p) obtained 
using global fractional areal weights (Table 1.1). ± denotes the 99.9% 
confidence bounds. (7;; and (7b2 are respectively the variances within 
and between regionalized groups and (702 is the total variance. no IS 
the number of degrees of freedom and F is the F-test ratio. 
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P TO ± 0'2 
ID O'b

2 
0'0

2 no F 
(s/deg) (5) (5) (52) (52) (52) 
13.80 1.975 0.036 0.926 1.485 2.411 20383 1.604 
13.20 9.321 0.064 0.907 1.568 2.475 6468 1.729 
12.60 19.220 0.063 0.683 2.121 2.804 7576 3.106 
12.00 29.186 0.029 1.153 0.219 1.372 17879 0.190 
11.40 40.305 0.028 0.996 0.214 1.210 16397 0.215 
10.50 57.754 0.020 0.645 0.412 1.057 28009 0.639 
10.20 64.237 0.022 0.785 0.278 1.063 23854 0.354 

9.60 77.977 0.020 0.601 0.113 0.714 18515 0.188 
9.30 85.477 0.021 0.510 0.129 0.639 15262 0.252 
9.00 92.987 0.020 0.620 0.188 0.808 23023 0.303 
8.85 97.174 0.021 0.617 0.237 0.854 20383 0.384 
8.70 101.813 0.019 0.734 0.191 0.925 26688 0.261 
8.55 106.954 0.022 0.593 0.056 0.649 14068 0.095 
8.40 112.347 0.019 0.736 0.180 0.916 27715 0.245 
8.25 118.301 0.016 0.754 0.162 0.916 36596 0.215 
8.10 124.589 0.018 0.466 0.081 0.547 18579 0.175 
7.95 131.216 0.016 0.457 0.073 0.530 21362 0.159 
7.80 138.088 0.023 0.624 0.237 0.861 17751 0.380 
7.65 145.320 0.022 0.583 0.112 0.695 15100 0.191 
7.50 152.813 0.017 0.484 0.065 0.549 19660 0.134 
7.35 160.586 0.016 0.431 0.025 0.456 18563 0.057 
7.20 168.868 0.018 0.434 0.113 0.547 17773 0.261 
7.05 177.411 0.016 0.382 0.022 0.404 17255 0.058 
6.90 185.997 0.017 0.512 0.040 0.552 21835 0.079 
6.75 195.085 0.016 0.457 0.086 0.543 22514 0.187 
6.60 204.531 0.017 0.402 0.029 0.431 15697 0.071 
6.45 214.054 0.017 0.454 0.047 0.501 19010 0.104 
6.30 224.052 0.016 0.450 0.040 0.490 21599 0.090 
6.15 234.323 0.015 0.446 0.037 0.483 22446 0.084 
6.00 244.979 0.015 0.501 0.036 0.537 24502 0.072 
5.85 255.886 0.017 0.459 0.040 0.499 19088 0.087 
5.70 267.194 0.016 0.514 0.059 0.573 25542 0.115 
5.55 278.679 0.013 0.501 0.034 0.535 32678 0.068 
5.40 290.422 0.018 0.399 0.042 0.441 14544 0.106 
5.25 302.586 0.013 0.413 0.051 0.464 29116 0.124 
5.10 315.086 0.013 0.480 0.062 0.542 34714 0.129 
4.95 327.742 0.014 0.492 0.040 0.532 29710 0.081 
4.80 340.670 0.016 0.480 0.021 0.501 22336 0.044 
4.65 354.076 0.013 0.581 0.068 0.649 43378 0.116 
4.50 368.105 0.023 0.456 0.056 0.512 10290 0.122 

Table 1.3b Weighted mean tau estimates TO(p) obtained using 
weights according to proportion of total paths for a given slowness. 
Notation as in Table 1.3a. 
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Figure 1.6& Lower mantle weighted mean tau residuals with respect to tau esti
mates given by Lee (19S1). Crosses (X) denote mean obtained by weighting 
according to slowness sampling. Circles (0)" denote regionally weighted mean. 

"Note that slowness weighting brings mean estimates into closer agreement with the 
(mean) tau estimates of Lee (19S1) which are subject to the inherent slowness sam
pling of the earth. Bounds are at the 99.9% confidence level according to Lee 
(19S1). 
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Figure 1.6b Lower mantle weighted mean tau residuals with respect to PREM 
(Dziewonski and Anderson, 1981)_ Crosses (X) denote mean obtained by weighting 
according to slowness sampling_ Circles (0) denote regionally weighted mean_ 
Bounds are at the 99_9% confidence level as given in Tables L3a,b. The constant' 
offset and gradient are attributable to a mean baseline bias in tau (see Chapter 3). 



rlR H v rlv dvldr e aT 
(km) (km/s) (s/deg) (103s-1) (s) 

1.0000 33.00 7.719 14.33 -2.356 2.9340 0.000 
0.9882 107.67 7.921 13.80 -3.096 3.4483 -0.136 
0.9754 189.06 8.174 13.20 -2.642 2.9981 0.044 
0.9620 274.10 8.445 12.60 -5.258 4.7958 -0.164 
0.9531 330.31 8.786 12.00 -5.291 4.6379 0.092 
0.9394 416.99 9.116 11.40 -4.428 3.8922 -0.194 
0.9228 522.53 9.721 10.50 -5.035 4.0290 0.136 
0.9159 565.84 9.933 10.20 -5.720 4.3427 0.054 
0.9047 636.81 10.425 9.60 -6.398 4.5193 0.076 
0.8971 685.12 10.671 9.30 -4.003 3.1332 0.065 
0.8853 760.04 10.881 9.00 -1.730 1.8924 0.013 
0.8794 797.32 10.992 8.85 . -5.941 4.0126 0.047 
0.8761 818.35 11.139 8.70 -6.490 4.2353 0.031 
0.8709 851.04 11.268 8.55 -2.085 2.0216 0.055 
0.8595 923.74 11.318 8.40 -0.449 1.2163 -0.009 
0.8502 982.35 11.400 8.25 -2.551 2.2057 0.002 
0.8435 1025.08 11.519 8.10 -2.263 2.0505 0.052 
0.8318 1099.16 11.574 7.95 0.089 0.9593 -0.039 
0.8201 1173.18 11.631 7.80 -2.617 2.1694 0.032 
0.8137 1213.48 11.767 7.65 ,;3.352 2.4694 0.036 
0.8062 1261.60 11.890 7.50 -1.951 1.8383 0.007 
0.7951 1331.86 11.966 7.35 0.027 0.9885 0.040 
0.780(; 1423.40 11.993 7.20 -2.7()1 2.1141 0.062 
0.7738 1466.41 12.142 7.05 -2.867 2.1580 0.111 
0.7614 1545.06 12.207 6.90 -0.289 1.1142 -0.025 
0.75('0 1617.26 12.292 6.75 -2.051 1.7932 0.004 
0.7409 1675.47 12.417 6.60 -1.655 1.6259 0.063 
0.7287 1752.71 12.497 6.45 -1.251 1.4624 -0.017 
0.7178 1821.31 12.604 6.30 -1.259 1.4543 0.057 
0.7048 1903.92 12.677 6.15 -1.257 1.4431 -0.012 
0.6937 1974.62 12.789 6.00 -1.245 1.4281 ·0.049 
0.6787 2069.19 12.834 5.85 -0.263· 1.0882 0.001 
0.6656 2152.72 12.916 5.70 -2.135 1.6974 -0.003 
0.6558 2214.63 13.071 5.55 -2.032 1.6461 0.050 
0.6419 . 2302.40 13.150 5.40 -0.468 1.1447 -0:012 
0.6275 2394.01 13.221 5.25 ~1.130 1.3400 0.012 
0.6147 2474.80 13.334 5.10 -1.562 1.4564 0.016 
0.6021 2554.85 13.455 4.95 ";1.361 1.3859 0.008 
0.5882 2643.24 13.555 4.80 -0.952 1.2618 0.027 
0.5716 2748.50 13.597 4.65 0.585 0.8440 -0.001 
0.5553 2851.49 13.650 4.50 -4.127 2.0641 0.033 

Table 1.4a Velocity-depth parameters from inversion of mean tau esti
mates for young oceanic regions. r is radius and H the corresponding 
depth. R equals 6338 km. The slowness is given by rlv and the radial 

velocity gradient by dvldr x 103S-1. e denotes 1 - !.. dd
v 

, the product of 
v r 

velocity and the radial gradient of slowness. aT is the difference from 
the forward tau calculation (after inversion) and the actual tau estimate. 
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r/R H v r/v dv/dr e aT 
(km) (km/s) (s/deg) (103s-1) (s) 

1.0000 33.00 7.884 14.03 0.504 0.5949 0.000 
0.9896 98.65 7.933 13.80 -1.831 2.4476 -0.276 
0.9748 192.41 8.169 13.20 -2.557 2.9338 -0.004 
0.9614 277.80 8.440 12.60 -4.968 4.5864 -0.173 
0.9521 336.34 8.777 12.00 -5.286 4.6343 0.036 
0.9400 413.13 9.121 11.40 -5.145 4.3604 -0.168 
0.9242 513.37 9.737 10.50 -5.353 4.2201 0.135 
0.9173 557.05 9.948 10.20 -4.946 3.8904 0.038 
0.9031 647.32 10.406 9.60 -3.852 3.1185 0.163 
0.8946 701.01 10.641 9.30 -6.948 4.7022 0.076 
0.8888 737.83 10.924 9.00 -6.018 4.1031 0.122 
0.8832 773.17 11.040 8.85 -1.698 1.8608 0.083 
0.8753 823.41 11.129 8.70 -2.501 2.2466 0.078 
0.8690 863.43 11.243 8.55 -2.433 2.1917 0.097 
0.8597 921.91 11.322 8.40 -0.874 1.4208 0.060 
0.8499 984.26 11.396 8.25 -1.688 1.7978 0.056 
0.8415 1037.26 11.493 8.10 -1.517 1.7039 0.088 
0.8320 1097.47 11.577 7.95 -2.047 1.9323 0.038 
0.8245 1145.59 11.692 7.80 -1.962 1.8767 0.093 
0.8139 1212.60 11.769 7.65 -1.165 1.5107 0.026 
0.8043 1273.61 11.862 7.50 -1.468 1.6308 0.067 
0.7935 1341.85 11.942 7.35 -1.131 1.4764 0.036 
0.7827 1410.42 12.025 7.20 -1.138 1.4695" 0.065 
0.7722 1477.10 12.116 7.05 -2.009 1.8115 0.025 
0.7634 1532.80 12.238 6.90 -1.682 1.6651 0.081 
0.7504 1615.01 . 12.297 6.75 -0.605 1.2342 , . 0.025 
0.7391 1686.34 12.388 6.60 -1.981 1.7493 0.012 
0.7295 1747.42 12.511 6.45 -1.429 1.5280 0.085 
0.7161 1832.07 12.575 6.30 -1.041 1.3756 -0.007 
0.7048 1904.02 12.677 6.15 -1.117 1.3937 0.069 
0.6911 1990.55 12.742 6.00 -1.226 1.4216 0.012 
0.6802 2059.63 12.863 5.85 -1.740 1.5833 0.043 
0.6680 2137.46 12.963 5.70 -0.979 1.3198 0.029 
0.6544 2223.72 13.042 5.55 -0.973 1.3094 0.035 
0.6413 2306.49 13.137 5.40 -1.321 1.4087 0.023 
0.6284 2388.12 13.241 5.25 -1.001 1.3011 0.048 
0.6140 2479.45 13.318 5.10 -1.081 1.3158 0.021 
0.6011 2561.50 13.432 4.95 -1.443 1.4093 0.035 
0.5874 2647.85 13.538 4.80 -1.010 1.2778 0.034 
0.5722 2744.70 13.611 4.65 -0.485 1.1291 0.028 
0.5555 28'19.94 13.656 4.50 -0.641 1.1653 0.038 

Table 1.4b Velocity-depth parameters from inversion of mean tau esti
mates for intermediate-age oceanic regIOns. Parameters as defined in 
Table 1.4a. 
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r/R H v r/v dv/dr e aT 
(km) (km/s) (s/deg) (103s-1) (s) 

1.0000 33.00 7.967 13.89 -1.283 2.0208 0.000 
0.9970 52.13 7.992 13.80 -1.347 2.0654 -0.002 
0.9762 184.15 8.180 13.20 -1.049 1.7935 0.073 
0.9601 285.93 8.429 12.60 -5.877 5.2429 -0.092 
0.9522 336.12 8.777 12.00 -6.374 5.3825 0.109 
0.9405 410.19 9.126 11.40 -4.621 4.0184 -0.090 
0.9240 514.67 9.734 10.50 -6.117 4.6797 0.060 
0.9179 553.20 9.955 10.20 -5.158 4.0145 0.031 
0.9020 654.06 10.394 9.60 -4.646 3.5554 0.190 
0.8953 696.74 10.649 9.30 -8.056 5.2928 -0.025 
0.8896 732.79 10.934 9.00 -5.225 3.6942 0.248 
0.8819 781.53 11.023 8.85 -2.088 2.0589 0.025 
0.8757 820.90 11.134 8.70 -1.128 1.5625 0.154 
0.8653 886.70 11.195 8.55 -7.409 4.6295 0.203 
0.8624 905.04 11.357 8.40 -7.967 4.8345 0.264 
0.8506 980.10 11.405 8.25 1.295 0.3876 -0.487 
0.8402 1045.92 11.474 8.10 -2.711 2.2581 -0.015 
0.8335 1088.48 11.597 7.95 -2.630 2.1982 -0.012 
0.8246 1144.50 11.695 7.80 -0.896 1.4003 0.025 
0.8119 1225.35 11.740 7.65 -1.040 1.4557 0.003 
0.8027 1283.67 11.839 7.50 -2.071 1.8899 0.023 
0.7940 1338.90 11.949 7.35 -1.778 1.7486 0.013 
0.7831 1407.56 12.032 7.20 -0.514 1.2122 0.042 
0.7706 1487.20 12.091 7.05 -2.113 1.8536 0.011 
0.7626 1537.72 12.226 6.90 -2.194 1.8675 0.076 
0.7505 1614.24 12.299 6.75 -0.809 1.3128 -0.008 
0.7396 1683.18 12.397 6.60 -1.787 1.6758 0.020 
0.7293 1748.39 12.508 6.45 -1.427 1.5273 0.034 
0.7171 1826.07 12.591 6.30 -0.938 1.3385 0.019 
0.7046 1905.14 12.674 6.15 -1.148 1.40'15 0.025 
0.6924 1982.31 12.766 6.00 -1.200 1.4126 0.026 
0.6797 2063.08 12.853 5.85 -0.852 1.2857 0.025 
0.6656 2152.40 12.917 5.70 -0.805 1.2629 0.041 
0.6534 2230.04 13.022 5.55 -2.195 1.6979 -0.014 
0.6431 2295.27 13.173 5.40 -1.594 1.4931 0.089 
0.6275 2394.12 13.221 5.25 -0.624 1.1876 -0.035 
0.6144 2477.23 13.325 5.10 -1.352 1.3952 0.040 
0.6005 2565.02 13.420 4.95 -0.983 1.2787 -0.008 
0.5863 2654.88 13.512 4.80 -1.029 1.2829 0.046 
0.5698 2759.86 13.554 4.65 0.801 0.7866 0.018 
0.5590 2828.07 13.741 4.50 -10.988 3.8330 0.010 

Table 1.4c Velocity-depth parameters from inversion of mean tau esti
mates for old oceanic regions. Parameters as defined in Table l.4a. 
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rlR H v rlv dvldr e aT 
. (kmt (kmht (s[deg) (103s-1) (s) 

1.0000 33.00 7.907 13.99 0.867 0.3053 0.000 
0.9900 96.15 7.936 13.80 -1.571 2.2419 -0.137 
0.9751 190.50 8.172 13.20 -3.021 3.2852 -0.006 
0.9624 271.52 8.449 12.60 -4.115 3.9708 -0.069 
0.9514 341.04 8.770 12.00 -4.781 4.2868 0.012 
0.9402 411.87 9.123 11.40 -5.591 4.6521 -0.076 
0.9238 515.95 9.732 10.50 -4.894 3.9440 0.102 
0.9165 562.13 9.940 10.20 -4.638 3.7103 0.047 
0.9028 649.03 10.403 9.60 -5.383 3.9609 0.051 
0.8956 694.89 10.652 9.30 -5.867 4.1263 0.053 
0.8885 739.96 10.920 9.00 -5.299 3.7327 0.003 
0.8837 769.92 11.046 8.85 -2.918 2.4794 0.049 
0.8741 830.89 11.114 8.70 -0.540 1.2690 -0.033 
0.8650 888.78 11.191 8.55 -2.291 2.1221 0.022 
0.8584 930.19 11.305 8.40 -2.845 2.3692 0.005 
0.8512 976.20 11.413 8.25 -1.658 1.7835 0.036 
0.8412 1039.32. 11.488 8.10 -1.497 1.6947 -0.008 
0.8328 1093.00 11.587 7.95 -1.623 1.7393 0.034 
0.8228 1156.32 11.668 7.80 -1.524 1.6813 -0.003 
0.8140 1211.77 11.771 7.65 -1.762 1.7722 0.024 
0.8041 1274.35 11.860 7.50 -1.329 1.5711 0.004 
0.7939 1339.54 11.948 7.35 -1.236 1.5205 0.020 
0.7830 1408.42 12.030 7.20 -1.324 1.5462 0.005 
0.7728 1473.11 12.125 7.05 -1.500 1.6058 0.021 
0.7625 1538.08 12.225 6.90 -1.704 1.6736 0.002 
0.7525 1601.52 12.332 6.75 -1.365 1.5280 0.024 
0.7398 1681.97 12.400 6.60 -0.618 1.2337 0.010 
0.7274 1760.88 12.475 6.45 -1.528 1.5648 -0.006 
0.7169 1827.08 12.588 6.30 -1.396 1.5038 0.038 
0.7042 1908.00 12.666 6.15 -1.089 1.3839 -0.010 
0.6925 1981.93 12.767 6.00 -1.298 1.4463 0.020 
0.6796 2063.91 12.850 5.85 -0.915 1.3068 0.008 
0.6667 2145.31 12.939 5.70 -1.348 1.4402 0.002 
0.6546 2221.95 13.048 5.55 -1.246 1.3963 0.021 
0.6411 2307.61 13.133 5.40 -0.969 1.2997 0.002 
0.6278 2392.01 13.228 5.25 -1.243 1.3740 0.013 
0.6148 2474.48 13.335 5.10 -1.310 1.3827 0.004 
0.6014 2559.11 13.440 4.95 -1.151 1.3265 0.020 
0.5871 2649.81 13.531 4.80 -0.825 1.2270 -0.004 
0.5734 2736.79 13.641 4.65 -2.317 1.6174 0.023 
0.5574 2838.26 13.702 4.50 4.770 -0.2298 -0.023 

Table lAd Velocity-depth parameters from inversion of mean tau esti
mates for active continental regions. Parameters as defined in Table 
1.4a . 
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r/R H v r/v dv/dr e aT 
(km) (km/s) (s/deg) (103s-1) (s) 

1.0000 33.00 7.947 13.92 0.876 0.3016 0.000 
0.9937 73.19 7.965 13.80 -1.491 2.1785 -0.111 
0.9788 167.45 8.202 13.20 -2.836 3.1450 0.015 
0.9637 262.82 8.461 12.60 -2.857 3.0623 -0.053 
0.9502 348.54 8.759 12.00 -4.353 3.9929 0.016 
0.9394 416.90 9.116 11.40 -6.039 4.9447 -0.073 
0.9232 520.04 9.726 10.50 -4.466 3.6870 0.149 
0.9152 570.58 9.925 10.20 -4.270 3.4957 0.079 
0.9022 652.72 10.396 9.60 -6.774 4.7259 0.048 
0.8959 692.65 10.657 9.30 -5.717 4.0464 0.064 
0.8871 748.81 10.903 9.00 -3.631 2.8724 0.043 
0.8817 783.06 11.020 8.85 -3.117 2.5807 0.039 
0.8750 825.09 11.126 8.70 -1.806 1.9004 0.054 
0.8661 881.78 11.205 8.55 -1.689 1.8276 0.031 
0.8585 929.75 11.306 8.40 -2.072 1.9970 0.045 
0.8500 983.98 11.397 8.25 -1.387 1.6558 0.037 
0.8407 1042.78 11.481 8.10 -1.722 1.7992 0.038 
0.8326 1094.08 11.585 7.95 -2.177 1.9918 0.032 
0.8242 1147.47 11.688 7.80 -1.456 1.6509 0.047 
0.8131 1217.72 11.757 7.65 -0.970 1.4252 0.035 
0.8032 1280.29 11.847 7.50 -1.950 1.8377 0.009 
0.7943 1336.78 11.954 7.35 -1.297 1.5462 0.075 
0.7826 1411.11 12.023 7.20 -1.727 1.7123 -0.006 
0.7740 1465.37 12.145 7~05 -1.825 1.7373 0.081 
0.7621 1540.86 12.218 6.90 -1.117 1.4418 -0.027 
0.7514 1608.78 12.314 6.75 -0.960 1.3713 0.077 
0.7384 1691.02 12.376 6.60 -1.806 1.6829 -0.022 
0.7293 1748.64 12.508 6.45 -1.646 1.6083 0.099 
0.7151 1838.76 12.556 6.30 -1.076 1.3886 -0.034 
0.7047 1904.48 12.676 6.15 -1.711 1.6028 0.043 
0.6921 1984.48 12.760 6.00 -0.913 1.3139 -0.006 
0.6794 2064.79 12.847 5.85 -1.064 1.3566 0.025 
0.6663 2147.78 12.931 5.70 -1.146 1.3744 0.013 
0.6539 2226.28 13.034 5.55 -1.326 1.4218 0.018 
0.6409 2309.00 13.129 5.40 -0.912 1.2823 0.024 
0.6269 2397.99 13.208 5.25 -1.153 1.3468 0.016 
0.6140 2479.24 13.318 5.10 -1.272 1.3717 0.014 
0.6007 2563.88 13.424 4.95 -1.578 1.4474 0.039 
0.5872 2649.43 13.532 4.80 0.060 0.9836 -0.019 
0.5752 2725.19 13.684 4.65 -8.221 3.1904 0.082 
0.5535 2862.75 13.607 4.50 36.939 -8.5240 -0.531 

Table 1.4e Velocity-depth parameters from inversion of mean tau esti
mates for continental platform regions. Parameters as defined in Table 
1.4a. 
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rjR H v rjv dvjdr ~ aT 
(km) (kmjs) (sjdeg) (103s-1) (s) 

1.0000 33.00 7.975 13.87 0.781 0.3795 0.000 
0.9957 60.32 7.981 13.80 -0.884 1.6987 -0.002 
0.9788 167.66 8.202 13.20 -3.076 3.3263 -0.128 
0.9650 254.94 8.472 12.60 -2.417 2.7446 0.075 
0.9487 358.29 8.745 12.00 -4.711 4.2387 -0.132 
0.9387 421.84 9.108 11.40 -5.313 4.4703 0.096 
0.9216 530.05 9.709 10.50 -9.093 6.4705 -0.235 
0.9176 555.53 9.951 10.20 -8.697 6.0829 -0.123 
0.9017 655.77 10.391 9.60 -3.660 3.0133 -0.291 
0.8946 701.33 10.640 9.30 -7.820 5.1670 -0.295 
0.8888 737.67 10.924 9.00 -5.543 3.8585 -0.104 . 
0.8827 776.64 11.033 8.85 -2.140 2.0850 -0.204 
0.8763 817.11 11.142 8.70 -2.261 2.1270 -0.131 
0.8675. 872.60 11.224 8.55 -1.869 1.9158 -0.184 
0.8604 917.61 11.331 8.40 -2.124 2.0224 -0.134 
0.8512 975.94 11.414 8.25 -1.306 1.6175 -0.173 
0.8420 1034.65 11.498 8.10 -1.232 1.5716 -0.138 
0.8311 1103.35 11.565 7.95 -1.086 1.4949 -0.147 
0.8218 1162.39 11.655 7.80 -1.970 1.8803 -0.157 
0.8132 1217.13 11.758 7.65 -1.334 1.5849 -0.115 
0.8024 1285.19 11.835 7.50 -2.011 1.8643 -0.142 
0.7948 1333.52 11.962 7.35 -2.444 2.0294 -0.129 
0.7844 1399.57 12.051 7.20 -0.482 1.1990 -0.119 
0.7715 1481.43 12.105 7.05 -1.797 1.7258 -0.152 
0.7627 1536.87 12.228 6.90 -1.631 1.6449 -0.067 
0.7496 1620.27 12.284 6.75 -1.150 1.4447 -0.155 
0.7399 1681.30 12.402 6.60 -2.091 1.7908 -0.127 
0.7294 1748.09 12.509 6.45 -1.157 1.4275 -0.113 
0.7169 1827.05 12.588 6.30 -1.202 1.4339 -0.142 
0.7054 1899.99 12.688 6.15 -1.196 1.4215 -0.097 
0.6926 1981.25 12.769 6.00 -1.170 1.4023 -0.146 
0.6803 2059.11 12.864 5.85 -0.795 1.2665 -0.086 
0.6652 2155.00 12.909 5.70 -0.930 1.3038 -0.130 
0.6535 2229.40 13.024 5.55 -1.805 1.5740 -0.119 
0.6415 2304.89 13.142 5.40 -1.167 1.3609 -0.102 
0.6270 2396.92 13.212 5.25 -0.595 1.1790 -0.123 
0.6128 2487.01 13.292 5.10 -1.395 1.4075 -0.107 
0.6009 2562.38 13.429 4.95 -2.070 1.5870 -0.125 
0.5890 2637.71 13.575 4.80 -1.588 1.4366 -0.086 
0.5730 2739.31 13.631 4.65 0.749 0.8004 -0.138 
0.5542 2858.73 13.622 4.50 -3.133 1.8079 -0.065 

Table 1.4f Velocity-depth parameters from inversion of mean tau esti
mates for continental shield regions. Parameters as defined in Table 
1Aa. 
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r/R H v r/v dv/dr e aT 
(km) (km/s) (s/deg) (103s-1) (s) 

1.0000 33.00 7.896 14.01 -0.677 1.5437 0.000 
0.9922 82.14 7.954 13.80 -1.599 2.2640 0.008 
0.9760 184.86 8.179 13.20 -2.697 3.0398 0.003 
0.9625 270.47 8.450 12.60 -3.766 3.7186 0.002 
0.9512 342.00 8.769 12.00 -5.213 4.5840 -0.007 
0.9411 406.22 9.132 11.40 -5.793 4.7841 0.004 
0.9237 516.63 9.731 10.50 -4.982 3.9973 0.012 
0.9169 559.95 9.943 10.20 -4.927 3.8794 0.004 
0.9032 646.73 10.407 9.60 -5.877 4.2324 0.019 
0.8962 690.59 10.660 9.30 -5.249 3.7971 0.000 
0.8871 748.59 10.903 9.00 -3.327 2.7154 0.055 
0.8816 783.22 11.020 8.85 -3.835 2.9446 -0.007 
0.8763 817.31 11.141 8.70 -2.140 2.0670 0.083 
0.8658 883.39 11.202 8.55 -3.475 2.7025 0.009 
0.8611 913.45 11.340 8.40 -3.892 2.8732 0.094 
0.8507 979.36 11.406 8.25 -0.664 1.3137 -0.097 
0.8419 1035.21 11.497 8.10 -1.706 1.7917 0.007 
0.8317 1099.44 11.573 7.95 -1.063 1.4841 -0.020 
0.8221 1160.63 11.659 7.80 -1.800 1.8046 -0.005 
0.8136 1214.40 11.765 7.65 -1.901 1.8332 .:.0.006 
0.8041 1274.84 11.859 7.50 -1.243 1.5343 0.011 
0.7934 1342.40 11.941 7.35 -1.484 1.6248 -0.027 
0.7834 14U5.61 12.036 7.20 -1.018 1.4199 0.037 
0.7715 1481.36 12.105 7.05 -1.895 1.7656 -0.032 
0.7630 1535.03 12.232 6.90 -1.847 1.7303 0.052 
0.7499 1~18.44 12.289 6.75 -0.705 1.2728 -0.038 
0.7390 1687.21 12.386 6.60 -1.818 1.6876 -0.022 
0.7285 1753.79 12.494 6.45 -1.136 1.4200 0.021 
0.7156 1835.73 12.564 6.30 -1.256 1.4533 -0.035 
0.7047 1904.86 12.675 6.15 -1.372 1.4834 0.027 
0.6918 1986.24 12.755 6.00 -1.134 1.3898 -0.038 
0.6798 2062.49 12.854 5.85 -1.007 1.3375 0.031 
0.6664 2147.11 12.933 5.70 -1.647 1.5380 -0.042 
0.6557 2214.90 13.070 5.55 -1.542 1.4904 0.047 
0.6410 2308.37 13.131 5.40 -0.667 1.2065 -0.053 
0.6274 2394.62 13.219 5.25 -0.892 1.2682 0.019 
0.6129 2486.57 13.293 5.10 -1.302 1.3806 -0.028 
0.6010 2562.12 13.430 4.95 -1.927 1.5466 0.013 
0.5880 2644.33 13.551 4.80 -0.837 1.2301 -0.025 
0.5743 2730.89 13.663 4.65 -3.066 1.8168 0.020 
0.5551 2852.59 13.646 4.50 10.869 -1.8025 -0.097 

Table 1.4g Velocity-depth parameters from inversion of mean tau esti
mates for oceanic trench regions. Parameters as defined in Table 1.4a. 
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PI HI VI p" H" V" 
(s/deg) (km) (km/s) (s/degt (kml (kmLs) 
14.27 70.13 7.706 14.27 33.00 7.752 
13.80 130.76 7.892 13.64 109.25 8.013 
13.20 211.65 8.144 13.09 189.91 8.240 
12.60 294.94 8.417 12.41 274.83 8.571 
12.00 349.66 8.758 11.89 330.36 8.869 
11.40 438.95 9.082 11.26 417.36 9.225 
10.50 539.46 9.693 10.39 522.46 9.823 
10.20 581.22 9.907 10.08 566.18 10.053 

9.60 653.99 10.394 9.49 636.89 10.548 
9.30 704.20 10.635 9.21 685.34 10.770 
9.00 786.91 10.829 8.92 761.56 10.977 
8.85 815.59 10.956 8.76 795.73 11.105 
8.70 834.05 11.108 8.61 817.97 11.260 
8.55 875.16 11.219 8.50 850.94 11.330 
8.40 943.19 11.278 8.37 922.45 11.366 
8.25 997.19 11.369 8.20 981.73 11.467 
8.10 1044.21 11.478 8.06 1024.93 11.577 
7.95 1119.28 11.530 7.93 1098.15 11.611 
7.80 1189.04 11.595 7.75 1173.41 11.705 
7.65 1231.77 11.725 7.60 1213.93 11.847 
7.50 1277.68 11.853 7.46 1261.07 11.957 
7.35 1352.47 11.917 7.33 1331.43 12.005 
7.20 1440.18 11.953 7.14 1423.95 12.100 
7.05 1488.55 12.087 7.00 1466.90 12.224 
6.90 1567.69 12.150 6.87 1544.97 12.266 
6.75 1634.10 12.248 6.71 1617.03,: 12.368 
6.60 1696.80 12.361 6.56 1675.60 12.485 
6.45 1770.27 12.449 6.42 1752.21 12.564 
6.30 1839.40 12.554 6.27 1820.86 12.663 
6.15 1919.65 12.633 6.12 1903.55 12.739 
6.00 1989.64 12.745 5.98 1973.89 12.842 
5.85 2085.95 12.784 5.83 2069.42 12.882 
5.70 2168.04 12.869 5.67 2152.72 12.990 
5.55 2230.63 13.020 5.52 2214.39 13.140 
5.40 2321.23 13.089 5.38 2302.69 13.210 
5.25 2409.08 13.171 5.23 2393.42 13.279 
5.10 2489.97 13.282 5.08 2474.69 13.397 
4.95 2568.86 13.406 4.93 2554.53 13.516 
4.80 2659.74 13.495 4.78 2643.18 13.613 
4.65 2764.75 13.536 4.63 2748.46 13.652 
4.50 2872.70 13.568 4.47 2852.84 13.735 

Table 1.5a Extremal velocity bounds for young oceanic 
regions. Subscripts I and udenote lower and upper 
values of slowness p, depth H, and velocity v. 
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PI HI VI P. H. V" 
(s/deg) (km) (km/s) (s/deg) (kml (km/s) 

14.02 59.91 7.854 14.02 33.00 7.887 
13.80 121.46 7.904 13.74 99.60 7.967 
13.20 204.77 8.153 13.14 192.97 8.206 
12.60 293.23 8.419 12.52 277.97 8.495 
12.00 345.93 8.763 11.94 336.48 8.824 
11.40 428.92 9.097 11.31 413.50 9.193 
10.50 522.01 9.722 10.42 513.20 9.807 
10.20 564.44 9.936 10.13 557.10 10.014 

9.60 658.15 10.386 9.53 647.51 10.484 
9.30 709.06 10.626 9.21 700.99 10.741 
9.00 746.15 10.908 8.93 737.80 11.009 
8.85 785.34 11.016 8.81 . 773.57 11.092 
8.70 833.99 11.108 8.65 ·823.57 11.199 
8.55 876.88 11.215 8.50 863.81 11.303 
8.40 933.31 11.298 8.37 921.42 11.364 
8.25 994.14 11.375 8.21 984.27 11.448 
8.10 1049.36 11.467 8.07 1037.28 11.541 
7.95 1106.67 11.557 7.91 ·1097.48 11.634 
7.80 1159.36 11.662 7.76 1146.05 11.747 
7.65 1225.18 11.740 7.62 1212.85 11.820 
7.50 1287.56 11.830 7.47 1273.74 11.915 
7.35 1354.25 11.913 7.32 1341.88 11.992 
7.20 1424.73 11.990 7.17 1410.61 12.076 
7.05 1487.45 12.090 7.02 1476.92 12.172 
6.90 1546.13 12.204 6.87 1532.88 12.292 
6.75 1626.79 12.267 6.73 1614.90 12.338 
6.60 1697.99 12.358 6.57 1686.75 12.450 
6.45 1762.64 12.470 6.42 1747.51 12.566 
6.30 1844.19 12.541 6.28 1832.01 12.622 .. '; 

6.15 1919.00 12.634 6.12 1904.15 12.730 
6.00 2001.69 12.710 5.98 1990.36 12.790 
5.85 2071.44 12.828 5.82 2059.62 12.919 
5.70 2148.80 12.928 5.68 2137.30 13.010 
5.55 2234.93 13.007 5.53 2223.59 13.089 
5.40 2318.18 13.099 5.38 2306.60 13.190 
5.25 2398.42 13.207 5.23 2387.75 13.289 
5.10 2489.29 13.284 5.08 2479.39 13.363 
4.95 2571.68 13.396 4.93 2561.46 13.485 
4.80 2658.46 13.499 4.78 2647.78 13:588 
4.65 2753.17 13.579 4.64 2744.45 13.653 
4.50 2863.91 13.602 4.48 2851.02 13.715 

Table 1.5b Extremal velocity bounds for intermediate-age 
oceanic regions. Parameters as defined in· Table 1.5a. 
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PI HI VI p" H" V" 
(s/deg) (km) (km/s) (s/deg) (km) (kI~/s) 
13.86 48.11 7.959 13.86 33.00 7.978 
13.80 67.55 7.972 13.72 55.33 8.032 
13.20 203.39 8.155 13.12 185.23 8.226 
12.60 303.00 8.405 12.49 286.66 8.505 
12.00 352.99 8.753 11.86 337.26 8.883 
11.40 430.39 9.095 11.28 410.79 9.225 
10.50 528.82 9.711 10.40 514.31 9.825 
10.20 565.01 9.935 10.13 552.62 10.027 

9.60 670.03 10.365 9.51 654.26 10.489 
9.30 703.39 10.636 9.12 696.71 10.864 
9.00 755.27 10.890 8.93 733.50 11.014 
8.85 794.22 10.998 8.76 782.09 11.135 
8.70 841.99 11.092 8.66 819.81 11.184 
8.55 896.88 11.174 8.39 887.21 11.401 
8.40 925.33 11.315 8.34 905.02 11.439 
8.25 1013.84 11.333 8.19 979.01 11.488 
8.10 1061.17 11.441 8.07 1045.71 11.520 
7.95 1102.52 11.566 7.91 1088.44 11.653 
7.80 '1166.35 11.646 7.77 1145.72 11.743 
7.65 1242.85 11.700 7.62 1224.93 11.792 
7.50 1300.20 11.800 7.46 1283.82 11.900 
7.35 1353.97 11.913 7.31 1338.66 12.008 
7.20 1425.07 11.989 7.17 1407.33 12.075 
7.05 1500.26 12.058 7.01 1487.01 12.154 
6.90 1552.61 12.188 6.87 1537.46 12;284 
6.75 1630.62 12.257 6.72 1614.41 12.349 
6.60 1697.86 12.358 6.57 1683.24 12.457 
6.45 1766.03 12.461 6.42 1748.72 12.570 
6.30 1840.29 12.552 6.28 1825.47 12.640 
6.15 1921.68 12.627 6.12 1905.61 12.733 
6.00 1998.96 12.718 5.97 1982.33 12.828 
5.85 2079.19 12.804 5.82 2062.98 12:908 
5.70 2168.73 12.867 5.68 2152.22 12.974 
5.55 2242.56 12.983 5.52 2229.64 13.086 
5.40 2312.53 13.117 5.37 2295.47 13.238 
5.25 2409.06 13.171 5.23 2393.34 13.266 
5.10 2488.89 13.285 5.08 2476.93 13.375 
4.95 2577.73 13.375 4.93 2565.04 13.469 
4.80 2670.36 13.456 4.78 2655.09 13.569 
4.65 2771.38 13.511 4.63 2759.42 13.606 
4.50 2837.65 13.704 4.46 2828.43 13.861 

Table 1.5e Extremal velocity bounds for old oceamc 
regions. Parameters as defined in Table 1.5a. 
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PI HI VI p" H" V" 
(s/deg) (km) (km/s) (s/deg) (km) (km/s) 

13.98 58.91 7.878 13.98 33.00 7.910 
13.80 111.52 7.917 13.77 97.35 7.952 
13.20 202.50 8.156 13.13 191.53 8.216 
12.60 286.07 8.429 12.52 271.98 8.505 
12.00 348.61 8.759 11.95 340.69 8.811 
11.40 422.08 9.108 11.35 411.87 9.167 
10.50 521.80 9.723 10.44 515.90 9.793 
10.20 568.60 9.929 10.14 562.30 9.997 

9.60 655.98 10.390 9.54 649.13 10.469 
9.30 702.65 10.638 9.24 695.01 10.720 
9.00 746.22 10.908 8.95 739.93 10.982 
8.85 779.33 11.028 8.82 769.86 11.083 
8.70 842.69 11.090 8.68 830.85 11.139 
8.55 898.28 11.172 8.52 889.04 11.232 
8.40 937.87 11.289 8.37 930.06 11.347 
8.25 985.75 11.393 8.23 976.25 11.447 
8.10 1049.72 11.466 8.07 1039.52 11.524 
7.95 1102.50 11.566 7.93 1092.91 11.623 
7.80 1167.50 11.643 7.77 1156.81 11.709 
7.65 1223.22 11.745 7.62 1211.86 11.813 
7.50 1283.40 11.839 7.48 1274.04 11.893 
7.35 1348.70 11.926 7.33 1339.50 11.982 
7.20 1416.40 12.010 7.18 1408.23 12.061 
7.05 1481.43 12.105 7.03 1473.14 12.161 
6.90 1547.32 12.201 6.88 1538.20 12.263 
6.75 1610.92 12.308 6.73 1601.43 12.369 
6.60 1692.92 12.371 6.58 1682.10 12.432 
6.45 1769.74 12.451 6.43 1760.71 12.507 
6.30 1837.22 12.560 6.28 1827.19 12.629 
6.15 1918.17 12.637 6.13 1907.96 12.697 
6.00 1991.51 12.739 5.98 1981.98 12.807 
5.85 2074.02 12.820 5.83 2064.09 12.888 
5.70 2154.93 12.910 5.68 2145.29 12.978 
5.55 2232.11 13.016 5.53 2222.04 13.091 
5.40 2319.13 13.096 5.38 2307.88 13.177 
5.25 2401.25 13.197 5.23 2391.73 13.269 
5.10 2484.29 13.301 5.08 2474.58 13.377 
4.95 2569.50 13.404 4.93 2559.15 13.486 
4.80 2660.01 13.493 4.79 2649.81 13.572 
4.65 2745.77 13.607 4.63 2736.69 13.687 
4.50 2853.15 13.644 4.48 2839.04 13.747 

Table 1.5d Extremal velocity bounds for active continen
tal regions. Parameters as defined in Table 1.5a. 
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PI HI VI P. H. V. 
(s/deg) (km) (km/s) (s/deg) (km) (km:/s) 

13.89 69.56 7.918 13.89 33.00 7.964 
13.80 93.65 7.939 13.77 74.76 7.982 
13.20 181.73 8.184 13.13 168.03 8.246 
12.60 278.60 8.439 12.54 263.22 8.500 
12.00 362.18 8.740 11.92 349.20 8.820 
11.40 431.31 9.094 11.31 417.08 9.192 
10.50 529.74 9.709 10.42 519.87 9.798 
10.20 579.50 9.910 10.13 570.68 9.997 
9.60 662.18 10.379 9.52 652.78 10.483 
9.30 701.47 10.640 9.24 692.45 10.729 
9.00 759.36 10.882 8.95 748.89 10.961 
8.85 792.40 11.002 8.81 782.81 11.074 
8.70 837.18 11.101 8.67 825.25 11.169 
8.55 893.79 11.181 8.51 882.00 11.254 
8.40 939.65 11.285 8.37 929.21 11.349 
8.25 993.72 11.376 8.22 983.81 11.433 
8.10 1052.95 11.459 8.07 1042.84 11.524 
7.95 1103.87 11.563 7.92 1094.12 11.632 
7.80 1159.75 11.661 7.77 1147.72 11.732 
7.65 1230.47 11.728 7.62 1217.82 11.798 
7.50 1290.90 11.822 7.47 1280.08 11.892 
7.35 1349.20 11.925 7.32 1336.78 11.996 
7.20 1423.44 11.993 7.17 1411.31 12.073 
7.05 1479.51 12.110 7.02 1465.53 12.195 
6.90 1554.41 12.183 6.88 1540.57 12.260 
6.75 162L54 12.281 6.73 1608.75 12,356 
6.60 1703.02 12.344 6.57 1690.94 12.425 
6.45 1762.08 12.471 6.42 1748.74 12.557 
6.30 1852.47 12.518 6.28 1838.47 12.593 
6.15 1914.70 12.647 6.13 1904.45 12.720 
6.00 1997.21 12.723 5.98 1984.52 12.794 
5.85 2077.94 12.808 5.83 2065.14 12.894 
5.70 2158.83 12.898 5.68 2147.41 12.971 
5.55 2235.94 13.004 5.53 2226.13 13.073 
5.40 2320.18 13.093 5.38 2309.23 13.173 
5.25 2408.56 13.173 5.23 2397.79 13.251 
5.10 2488.67 13.286 5.09 2479.01 13.358 
4.95 2574.95 13.385 4.93 2564.14 13.473 
4.80 2662.84 13.483 4.78 2649.61 13.591 
4.65 2737.16 13.639 4.63 2725.17 13.746 
4.50 2914.51 13.406 4.46 2867.32 13.717 

Table 1.5e Extremal velocity bounds for continental plat
form regions. Parameters as defined in Table 1.5a. 
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PI HI VI P .. H .. V" 
(s/deg) (km) (km/s) (s/deg) (km) (km/s) 
13.86 50.40 7.959 13.86 33.00 7.981 
13.80 74.69 7.963 13.74 63.50 8.010 
13.20 188.67 8.174 13.08 168.91 8.275 
12.60 270.78 8.450 12.53 254.81 8.520 
12.00 377.75 8.717 11.87 359.40 8.839 
11.40 438.65 9.082 11.29 422.17 9.200 
10.50 547.26 9.680 10.37 530.09 9.829 
10.20 573.93 9.919 10.12 555.90 . 10.034 

9.60 685.39 10.337 9.52 656.43 10.474 
9.30 722.68 10.600 9.14 701.96 10.828 
9.00 761.82 10.878 8.96 736.95 10.979 
8.85 799.82 10.987 8.81 775.47 11.091 
8.70 843.44 11.089 8.67 817.22 11.182 
8.55 898.41 11.171 8.50 872.76 11.287 
8.40 942.16 11.280 8.38 916.62 11.367 
8.25 1001.94 11.358 8.22 976.10 11.461 
8.10 1061.18 11.441 8.07 1034.48 11.536 
7.95 1132.36 11.501 7.91 1104.25 11.617 
7.80 1186.14 11.602 7.77 1161.49 11.704 
7.65· 1243.69 11.698 7.62 1217.65 11.802 
7.50 1308.54 11.781 7.47 1284.63 11.885 
7.35 1356.72 11.907 7.31 1333.77 12.019 
7.20 1430.19 11.977 7.17 1400.20 12.094 
7.05 1504.87 12.047 7.01 1481.04 12.169 
6.90 1562.03 12.164 6.87 1537.34 12.272 
6.75 1647.82 12.213 6.72 1620.33 1~ 343 
6,60 1706.52 12.335 6.57 1681.39 12.465 
6.45 1773.87 12.439 6.43 1747.70 12.555 
6.30 1853.33 12.516 6.27 1827.28 12.649 
6.15 1925.17 12.617 6.13 1899.82 12.735 
6.00 2008.85 12.689 5.97 1981.95 12.840 
5.85 2087.50 12.780 5.83 2059.35 12.918 
5.70 2180.42 12.832 5.68 2154.27 12.963 
5.55 2252.28 12.952 5.53 2229.19 13.079 
5.40 2331.42 13.056 5.37 2305.59 13.204 
5.25 2424.39 13.120 5.23 2396.75 13.269 
5.10 2511.83 13.207 5.08 2487.04 13.355 
4.95 2586.66 13.343 4.92 2562.49 13.506 
4.80 2663.73 13.480 4.78 2638.16 13.644 
4.65 2768.87 13.520 4.63 2739.14 13.692 
4.50 2889.23 13.504 4.48 2860.50 13.690 

Table l.sr Extremal velocity bounds for continental 
shield regions. Parameters as defined in Table 1.5a. 
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PI HI VI P. H. Va 

(s/deg) (km) (km/s) (s/deg) (km) (km/s) 
14.00 45.30 7.886 14.00 33.00 7.901 
13.80 94.86 7.938 13.73 84.36 7.994 
13.20 203.51 8.155 13.10 186.13 8.239 
12.60 281.95 8.434 12.53 270.11 8.498 
12.00 352.33 8.754 11.92 342.17 8.825 
11.40 416.13 9.117 11.33 406.28 9.192 
10.50 524.48 9.718 10.45 516.47 9.776 
10.20 567.94 9.930 10.15 559.92 9.989 

9.60 654.42 10.393 9.55 646.85 10.463 
9.30 700.61 10.642 9.24 691.15 10.732 
9.00 762.05 10.877 8.95 748.69 10.958 
8.85 791.45 11.004 8.79 783.07 11.098 
8.70 832.29 11.111 8.67 817.06 11.177 
8.55 892.29 11.184 8.49 883.77 11.286 
8.40 929.37 11.307 8.36 913.81 11.392 
8.25 997.48 11.368 8.22 979.09 11.451 
8.10 1047.66 11.470 8.08 1035.16 11.532 
7.95 1114.64 11.540 7.92 1099.73 11.611 
7.80 1175.48 11.625 7.77 1161.09 11.706 
7.65 1229.05 11.731 7.62 1214.56 11.813 
7.50 1288.54 11.827 7.48 1274.52 11.897 
7.35 1355.53 11.910 7.32 1342.25 11.984 
7.20 1421.08 11.999 7.18 1405.97 12.077 
7.05 1495.63 12.070 7.02 1481.43 12.163 
6:90 1548.86 12.197 6.87 1534.79 12.278 
6.75 1634.47 12.247 6.73 1618.50 12.328 
6.60 1700.65 12.351 6.58 1687.14 12.432 
6.45 1766.18 12.460 6.43 1753.56 12.531 
6.30 1849.07 12.527 6.28 1835.60 12.605 
6.15 1917.40 12.639 6.13 1904.93 12.717 
6.00 2000.24 12.714 5.98 1986.11 12.797 
5.85 2075.29 12.816 5.83 2062.43 12.894 
5.70 2161.07 12.891 5.68 2147.25 12.987 
5.55 2229.30 13.025 5.53 2215.28 13.123 
5.40 2328.44 13.066 5.37 2309.09 13.194 
5.25 2408.87 13.172 5.23 2394.13 13.267 
5.10 2500.43 13.246 5.08 2486.54 13.343 
4.95 2576.93 13.378 4.93 2562.61 13.491 
4.80 2659.82 13.494 4.78 2644.21 13.610 
4.65 2744.78 13.611 4.63 2730.71 13.712 
4.50 2880.17 13.539 4.48 2854.49 13.709 . 

Table 1.5g Extremal velocity bounds for oceanic trench 
regions. Parameters as defined in Table 1.5a. 
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CHAPTER 2 

ESTIl\1ATION OF SLOWNESS-DEPENDENT SOURCE 

AND RECEIVER P TRAVEL-TIME CORRECTIONS 

SUMMARY 

Tectonically regionalized tau estimates are used to obtain seismic P-wave 
travel-time corrections for lateral variations in the Earth's crust and shallow-mantle 
velocity structure. The corrections, in the form of estimates of tau perturbations, 
are functions of slowness and are assessed for both the source and receiver regions. 
The functional form is derived analytically and allows interpretations of causative 
velocity anomalies. Corrections for both raypath endpoints constrain effects typi
cally assigned solely to the receiver, thereby helping assess systematic errors in 
hypocentral parameters. Over 1.25 million ISC Bulletin P-wave raypaths are used 
to estimate tau perturbation functions for seven types of tectonic regions. Particu
lar attention is given to the problem of uniformly sampling all tectonic regions at all 
propagation depths in the mantle. 

Estimates of source and receiver tau perturbations are consistently less than 1 
s and show a definite and systematic difference between the travel-time correction 
functions for oceans and continents. Source tau perturbations are indicative of 
negative velocity anomalies in the shallow mantle beneath oceanic regions and posi
tive anomalies beneath continental regions and oceanic trenches. Heterogeneity 
confined to the upper 250 km of the mantle suggests velocity variations within ± 
5% of the lateral mean over a depth interval of approximately 100 km. Differences 
between the receiver and source perturbations for a common tectonic region are 
attributed to variations in the characteristic crustal structure of the region, con
strained by the receiver perturbation, and errors in origin time and/or focal depth, 
determined from the source perturbation. The estimates of perturbation functions 
therefore suggest systematic regional biases in crustal structure and hypocentral 
parameters. A less than average crustal thickness in oceanic regions and greater 
thickness in stable continental regions is indicated. Furthermore, it appears that 
the origin times of sources in oceanic regions are systematically determined too late 
and/or focal depths located too shallow, whereas origin times of sources in continen
tal regions are systematically determined too early and/or focal depths located too 
deep. 
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2.1 INTRODUCTION 

Estimates of the effects of the velocity structure at the source and receiver on the travel 

times of seismic body waves were provided, beginning in the 1960's, by improved instrumenta

tion, local and global seismographic networks, and studies to discriminate between earthquakes 

and nuclear explosions. Herrin .and Taggart (1968b) found a significant source bias in the epi

central determination of events on two volcanic island chains in comparison with explosions 

within continental masses, suggesting differences in source regions which were in agreement with 

plate tectonic models (Isacks et al., 1968; Davies and MacKenzie, 1969). Similarly, systematic 

errors in the locations of shallow and intermediate-depth earthquakes due to upper-mantle 

heterogeneity in subduction zones were pointed out by Mitronovas and Isacks (1971) and Toksoz 

et al. (1971). Dziewonski and Anderson (1981) also suggested the apparent mislocation of events 

in regions with deep seismicity. Although several studies demonstrated the correlation of 

travel-time residuals with the tectonic regions at the source and receiver, there is no standard 

method or table of corrections which accounts for travel-time variations due to crustal and 

shallow-mantle velocity heterogeneity. 

It is the intent of this paper to show that estimates of both source and receiver travel-time 

corrections may be undertaken in a manner which specifically accounts for the nonuniform sam

pling of the earth inherent in natural seismicity patterns and the distribution of seismographic 

stations. The procedure for obtaining travel-time contributions attributable to anomalous velo

city structures at the source and receiver regions is similar to the "time term" method in refrac

tion seismology (Willmore and Bancroft, 1960). Lateral variations in velocity structure are 

incorporated by dividing the earth into a few tectonic regions and assuming that a characteristic 

velocity structure can be associated with each region. Slowness-dependent source and receiver 

travel-time corrections are obtained for each tectonic region from estimates of perturbations of 

regionalized tau functions (Bessonova et al., 1974, 1976; see also Chapter 1). The slowness 

dependence permits discrimination between various possible causes of the travel-time variations. 

Such a formulation, although easily derived analytically, has not been attempted previously. 



62 

Furthermore, differences between the perturbation funotions of a source and receiver in a com-

mon tectonic region suggest systematic regional biases in crustal structure and hypocentral 

parameters. 

2.2 METHOD 

4."\, 

2.2.1 Source and Receiver Tau Perturbations 

A time term method for regionalized tau data is given in Chapter 1 and is reviewed briefly 

here. Estimates of tau functions for arbitrary ray paths are obtained by the method of Besso-

nova et al. (1976). Tau is related to the travel time T (p ) and epicentral distance .::l{p) by a 

Legendre transformation, 

T (p ) = T (p ) - p .::l{p ) (2.1) 

where p is the ray slowness. Estimates of perturbations in r (p ) are equivalent to first-order 

travel-time perturbations at the corresponding .Do{p ) . 

The tau functions are characterized by the tectonic regions associated with the source, 

receiver, and remaining portion of the propagation path, 

Tiile (p ) = rl(p ) + cr/(p ) + crf{p ) + €iik (p ) (2.2) 

CT/{p ) and cr"R{p ) denote respectively the tau perturbations attributed to region i at the source 

(S) and region k at the receiver (R). r/(p) is the tau function corresponding to the turning 

point (T) of the ray path, parameterized by region j at its radial projection on the earth's sur-

face. €iik (p ) is a random variable with zero mean. .. 
A simple algebraic formulation allows the estimation of various tau quantities through an 

expectation operator for index m applied to a weighted vector function 

(2.3) 
m 

The weigh.ted means of the source and receiver perturbations are constrained to equal zero at 
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any given slowness, 

N N 
E Wi CT/(p ) = E w" CTl(p ) = 0 (2.4) 
i=1 "=1 

where the weights Wn satisfy 

N 

EWn = 1 (2.5) 
n=1 

and are given by the fractional surface area of the earth contained in region n for N types of 

tectonic regions (Table 1.1). The operation 

E" [w" Tij" (p )] = Tl(p ) + CT/(p ) + Eij (p ) = Tij (p ) (2.6) 

thereby removes the receiver perturbation, and similarly 

Ed Wi Tij (p )] = Tl(p ) + E j (p ) (2.7) 

eliminates the source perturbation. The tau perturbation terms are then obtained· as expecta-

tions of differences 

CT/(p) = Ej [Tij (p ) - Tl(p )] (2.8) 

CTl(p) = Eij [T;j" (p ) - Tij (p)] . (2.9) 

At a given slowness, CT/(p ) and CT"R(p ) are equivalent to travel-time corrections for a source in 

region i. and a receiver in region k. 

2.2.2 Functional Form of Tau Perturbations 

The primary objective of this study is to examine the tau perturbation functions bT/(p ) 

and cTl(p). An original aspect of the method presented above is the functional dependence on 

slowness, which is advantageous when seeking physical explanations for the perturbations. An 

initial step is to obtain the functional form which might be expected analytically. 

The integral form of tau as a functional of a radial velocity function v (r ) is given by 

(2.10) 
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where rp denotes the radius at the turning point of the ray path for a spherically symmetric 

earth of radius R (Aki and Richards, 1980). Denote an anomalous velocity structure centered 

at radius rIJ and distributed over an interval ~r by 

VIJ (r ) = v (r ) + OV (r ) 

for 

+ ~r 
2 

(2.11 ) 

(2.12) 

Variational calculus provides an expression for the corresponding perturbation Or (p ) in r (p ) , 

(2.13) 

Assuming that the differential velocity ov (r) vanes little over the interval ~r . and that 

r IJ > > r p ,the integral may be approximated to first-order by 

(2.14) 

for either o"s (p ) or oil (p) . 

2.3 ANALYSIS 

2.3.1 Estimates of Tau Perturbation Functions 

A generalized tau estimate which takes into account the correction terms which are part of 

the data reduction may be written 

where TOT and TARR are respectively th~ origin and arrival times of a ray with slowness p 

arriving at epicentral distance ~(p ), h is the source depth, H is the station el~vation, o6(p ) is 

the ellipticity correction, OfJs (p ) and OfJR (p ) are respectively the focal depth and crustal correc-

tion factors required to place the source and receiver at a common depth of 33 km, and € is a 

.. 
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random error. Although one would expect approximately equal source and receiver tau pertur-

bations for a velocity anomaly in the shallow mantle beneath the same tectonic region, addi-

tional systematic velocity variations above the source depth affect only 81l (p) whereas sys-

tematic regional biases in the source location and/or origin time affect only 8"s (p). The pertur-

bation terms 8"s (p ) associated with the seismic source region trade off with changes in TOT and 

(33-h )87]S (p). Similarly, the terms 81l (p) trade off with (33+H)87]R (p). Thus, a comparison 

of 8"s (p ) and 81l (p ) for a given tectonic region provides a means of estimating variations in 

crustal structure and possible regional biases in the hypocentral parameters. Furthermore, since 

the perturbation terms are estimated independently for each value of slowness, there is potential 

for providing information about the depth of the causative velocity anomalies. 

Equation (2.14) gives the functional form of the tau perturbation due .solely to a velocity 

variation in the shallow mantle beneath either the source or receiver. The perturbation func-

tions are either entirely positive or entirely negative, according to the sign of the velocity varia-

tion. However, other factors such as an error in origin time or focal depth and errors in crustal 

corrections may also contribute to perturbations on tau. From equation (2.15), potential error 

terms suggest that estimates (denoted by asterisks) of the source tau perturbation be con-

structed of the form 

8r/'(p ) = 8r/(p ) - eiOT + 87]s (p )el- (33-h ) ei 6qs (p ) (2.16) 

where ei terms are first-order errors in the superscripted parameters. Similarly, estimates of the 

receiver tau perturbations may be given by 

(2.17) 

The focal depth and crustal correction factors are of the form 

(2.18) 

where rc and Vc have mean values appropriate for the crust and shallow mantle. An error 8ve 

in the velocity chosen for this correction leads to 
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(2.19) 

at the source and receiver. 

The relations above are generalized by defining a set of six coefficients Cnm . Then, ideally 

one would seek tau perturbation estimates of the form 

-( Cn 2 Cn 4 (1 2 2 )1/2 
orn p) = Cn 1 - 2 2 )1/2 + 2 2 )1/2 + - p Cn 5 Cn 6 

( 1 - p Cn 3 ( 1 - p Cn 5 
(2.20) 

for a source or receiver in tectonic region n. At the source, Cn 1 denotes the perturbation associ-

ated with an error in origin time. The coefficient cn 2 is the product 

ov t::.r r 4 

c" 2 = ( v (r 4 ) )( -;:::-)( v ( r 4 ) ) 
(2.21 ) 

from equation (2.14), and c" 3 is given by 

(2.22) 

where P4 is the slowness at the anomalous depth r 4 • The product (_(ov ) )( t::.r) is obtained by 
v r 4 r 4 

C" 2 C" 3 and allows for estimates of the percent variation in velocity over an effective interval 

t::.r centered about r 4 • The coefficient C,,4 is given by 

and C,,6 by 

Lastly, e" 5 is given by 

ov 
(33-h )_0_" 

v 2 
° 

at the source 

Cn 4 =ov 
(33+H)-T 

Vo 
at the receiver, 

at the source 

C,,6 = 

at the receiver. 

(2.23) 

(2.24) 
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(2.25) 

At the receiver rc is approximately the mean radius of the crust (6355 km), while at the source 

it is the mean of the radius at the focus and 6338 km. As in equation (2.22), Pc is the 

corresponding slowness. 

Before considering the estimation of these coefficients C"m, a few comments on their 

interpretations are in order. Note that the second and third terms in equation (2.20) go to 

infinity as p approaches c" -l and c" -l respectively, corresponding to the ray turning point 

approaching the region of the velocity anomaly. This is inconsistent with the initial assumption 

that or" is an endpoint correction term. Therefore one should expect equation (2.20) to be most 

useful for the interpretation of causative velocity anomalies at small and intermediate values of 

slowness, but begin to fail for the largest values. 

Since equation (2.20) can only be fit to the data over a limited slowness range, it is 

unlikely that all of the C"m coefficients can be determined. Given the similarity in their func-

tional forms, the second and third terms will tend to trade off with each other. Fl'rthermore, 

since p 2pc -2 « 1 , the fourth term will trade off with the first. This tradeoff of errors in focal 

depth with those in origin time and of velocity variations in the crust with variations in the 

mantle indicates that solutions to equation (2.20) are probably not unique. Therefore, for the 

purpose of fitting analytic curves to the tau perturbations or/(p ) and or/(p ), it was decided to 

use the functional form 

(2.26) 

From this point on, the coefficients e" 4 , e" 5 , and c" 8 are included in the estimates of e" 1, e" 2, 

and e,,3 . 

The experience acquired by fitting curves of the form of equation (2.26) to the observed 

tau perturbation data has shown both that such curves can be used quite successfully to charac-

terize the general trend and curvature of the data and thus provide an efficient summary of the 
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entire set of observations at various values of p. The coefficients are also useful for interpolat

ing to values of p for which observations are not available. In addition, one can interpret these 

coefficients in terms of possible causes of the tau perturbations. However, it is clear from the 

discussion above that such interpretations, in most situations, are not unique. 

Although the same functional form (Equation 2.26) is used for both the source and receiver 

tau perturbations, the interpretation of the coefficients is different in the two cases. The terms 

en I at the source contain systematic errors in origin time and/or focal depth, whereas at the 

receiver they are related to the mean elevation of the stations, whose effect is generally small. 

Therefore the main interest in en I will be at the source, where the interpretations can be made 

with respect to systematic errors in hypocentral parameters. 

Velocity anomalies in the crust and shallow mantle below the source or receiver will 

appear in en 2 , with cn 3 indicating the approximate depth of the anomaly (Equations 2.21 and 

2.22). The sign of cn 2 indicates the sign of this velocity anomaly; perturbation functions which 

are convex toward the p axis (C n 2 < 0) indicate a negative velocity anomaly while functions 

concave toward the p axis (C n 2 > 0) are indicative of a positive anomaly. The source and 

receIver raypath segments below the mean focal depth in a given region are common to both 

segments, such that on the basis of this effect alone one might expect the shape of the tau per

turbation functions to be about the same for the source and receiver. However, the segment of 

the ray path above the mean source depth must also be taken into consideration since it lies pri

marily in the crust and occurs only at the receiver for teleseismic paths. Although much of this 

effect has been removed by making the focal depth and crustal corrections, Jeffreys' (1939) velo

city model was used for all the tectonic regions and thereby errors may have been introduced. 

Such errors are denoted by cn 4 in equation (2.23) and will contribute to Cn 2, particularly at the 

receiver, since the majority of shallow sources (h < 70 km) have focal depths near 33 km and 

thus the error in the crustal correction at the receiver will dominate. 

It is therefore a reasonable working hypothesis that velocity anomalies in the shallow man

tle are best constrained by the terms Cn
s2 (at the source), whereas the velocity anomalies in the 
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crust are best constrained by the differences in cn 2 between the receiver and source, Cn
R

2 - Cn
S
2' ' 

If Cn
R2 - Cn

s2 is positive, a crustal correction which is less than average is indicated. This could 

be interpreted as a crustal velocity which is greater than average, a crustal thickness which is 

less than average, or some combination thereof. Conversely if C!2 - Cn
s

2 is negative, a larger 

than average crustal correction is indicated, with a slow crustal velocity and/or a thick crust. 

Note that if the focal depths are not near 33 km, similar effects upon the focal depth correction 

could then have an appreciable effect upon Cn
s
2' 

Given that the second term in equation (2.26) is interpreted in terms of velocity anomalies 

III the crust and shallow mantle, it follows from equations (2.21) and (2.22) that the product 

Cn 2Cn 3 is a measure of the size of the anomaly, defined as the product of the relative velocity 

anomaly and its relative radial extent. Also note that as Cn 3 becomes small there will be a ten

dency for the cn 1 and cn 2 terms to trade off. This effect is most noticeable at the receivers, 

where the second. term in equation (2.26) is used to represent both velocity anomalies in the 

shallow mantle and errors in the crustal correction. Choosing a value of cn 3 appropriate for the 

shallow mantle will tend to shift part of the effect from the crust into the cn 1 term. Because of 

this tradeoff between cn 1 and cn 2, the difference cn 1 - Cn 2 is a useful quantity to consider, 

representing the tau perturbation in the limit of zero slowness, equivalent therefore to a vertical 

incidence perturbation. This difference is much less sensitive to Cn 3 than either cn 1 or Cn 2 • 

2.3.2 Data 

Approximately 7.5 years of P-wave data from the Bulletin of the International Seismologi

cal Centre (ISC), for source depths less than 70 km and epicentral distances between 10 and 100 

deg, were used to compile over 1.25 million mantle ray paths. A detailed treatment of the data 

reduction method is given in Chapter 1 and will not be repeated here. 

The global tectonic regionalization (GTR1) of Jordan (1981) is used III this study with 

modifications allowing for a separate characterization of oceanic trenches. The seven regIOns 

and their percentage of the earth's surface area are: 
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Region 1. Young oceans (13%) 
Region 2. Intermediate-age oceans (34%) 
Region 3. Old oceans (13%) 

Region 4. Active continents (19%) 
Region 5. Continental platforms (10%) 
Region 6. Continental shields (7%) 
Region 7. Oceanic trenches (4%) 

The oceanic regions are defined by equal increments in the square root of crustal age ( < 25 m.y., 

25-100 m.y., and >100 m.y.). Estimates of source and receiver tau perturbation functions are 

obtained for each of these tectonic regions. 

2.3.3 Least-squares Approximation of Perturbation Functions 

With N different tectonic regions there are N3 (in this case 343) possible tau estimates 

Tijk (p) for each value of slowness p. Some of these estimates are not available, primarily 

because of the lack of sources in continental shield regions and the absence of seismographic sta-

tions in young and old oceanic regions. The data are sufficient, nonetheless, to drtermine all of 
.. 

the T{(p) terms expressed by equation (2.7). However, a few of the perturbation terms 

expressed by equations (2.8) and (2.9) are not determinable or are unacceptable according to tau 

selection criteria for regionalized data (Chapter 1). These terms are flagged for later considera-

tion and are temporarily assigned the value corresponding to the weighted mean of the remain-

ing terms at those particular slownesses. This makes it possible to obtain preliminary estimates 

The preliminary estimates of OT/(p ) and OTt(p ) are then approximated by functions hav-

ing the form of equation (2.26) The c" 1 are fixed such that 

for OT" (PI) < 0 and I = 1, 2, 3 ... L (2.27) ,.. 

where L is the number of slowness intervals into which the tau data are divided. In this 

manner, the perturbation functions are made single-signed (positive), and the C,,2 and C,,3 terms 

are more easily determined by least-squares fitting procedures (Appendix C). These smooth 
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approximations to CT/(p) and CTkR(p) are then used to fill in the terms Tifk (p ) (Equation 2.2) 

which were flagged as missing in the first iteration such that a complete set of Tijk (p ) is thereby 

available2.1 . 

The entire process of calculating T/(p ), CT/(p ) and CTkR(p ) is then repeated to obtain the 

final estimates. A least-squares fitting of these final perturbation results, with Cn 1 held fixed, is 

denoted as the dotted curves in Figures 2.1a-g. The symbols represent the actual estimates. 

The corresponding standard deviations are on the order of 10-1 s depending on the variability in 

structure within the source and receiver regions (Tables 2.2a-g). The oscillations in the pertur-

bations fall well within the standard deviations, although not shown in the figures. The final 

perturbation. estimates show few systematic differences from the preliminary values, with the 

final estimates of OT/(p ) and OTt(p ) indicating a smoother dependence on p . 

The least-squares procedure described above is applied over the entire slowness range and 

r 
results in values of cn 2 and cn 3 which may correspond to physically unrealizable values of _a_ . 

Va 

The final estimates of OTiS(p) and OTkR(p) are again fit with a smooth curve having the func-

tional form of equation (2.26). However, in these fittings the coefficients cn 3 are fiXed at values 

corresponding to physically realizable slownesses Pa for velocity anomalies centered at depths of 

approximately 100 and 200 km, and instead the coefficients Cn 1 and cn 2 are determined by least 

squares. The singularity in the. perturbation functions as p approaches p" requires that the 

largest slownesses (13.8 to ll.4s/deg), corresponding to rays turning above approximately 420 

km, be excluded from the curve fitting. The resultant fits are shown as dashed curves in Figures 

2.1a-g. If all three coefficients are left free, the tradeoffs between coefficients cause an instability 

in convergence to a least-squares solution. 

Tables 2.1a,b show the results of this second curve-fitting procedure. By comparing 

Tables 2.1a and 2.1b, it is apparent that the value assumed for en 3 can affect the values 

obtained for cII 1 and cII 2 , but the difference CII 1 - Cn 2 is affected very little. This susceptibility 

of estimates of cII 1 and C II 2 to different values of Clla was discussed in Section 2.3.1. The fitting 

process, however, remains constrained by the rather stable flat portion of the perturbation data 



n Cn 1 ± 
(;)2 

± -1 
Cn I-C n 2 Cn 2Cn 3 Cn

R
2 -Cn

S
2 Cn 3 

(s) (s) (s) (s/deg) (s) 10-4 (s) 

Receiver 1 0.03 0.02 -0.37 0.02 13.85 0040 0.37 
Source -1.11 0.05 -0.74 0.04 -0.37 -9.37 

Receiver 2 0.03 0.02 0.03 0.02 13.80 0.00 0.17 
Source -0.21 0.03 -0.14 0.03 -0.07 -1.75 

Receiver 3 0.18 0.03 0.33 0.03 13.56 -0.15 0.51 
Source -0.34 0.04 -0.18 0.03 -0.16 -2.31 

Receiver 4 -0.18 0.05 -0.22 0.04 13.80 0.04 -0040 
Source 0.29 0.04 0.19 0.04 0.11 2.34 

Receiver 5 -0.06 0.04 0.13 0.03 13.62 -0.19 -0048 
Source 1.02 0.03 0.62 0.03 0041 7.88 

Receiver 6 0.00 0.05 0.24 0.04 13.56 -0.24 -0049 
Source 1.11 0.05 0.73 0.04 0.39 9.35 

Receiver 7 -0.13 0.05 0.01 0.04 13.68 -0.15 -0.26 
Source 0.36 0.06 0.27 0.05 0.09 3044 

Table 2.1a Source and receiver tau perturbation coefficients (Eqn. 2.26) (or prescribed 
values of cn 3 corresponding to an anomalous velocity at approximately 100 km depth. 

n Cn 1 ± Cn 2 ± cn-:1 Cn I-Cn Z Cn ZC n 3 
R S 

CnZ -Cn~ 

(s) (s) (s) (s) (s/deg) (s) 10-4 (s) 
Receiver 1 0.12 0.02 -0.28 0.02 13.14 0041 0.28 
Source -0.91 0.05 -0.56 0.04 -0.35 -.7046 
Receiver 2 0.02 0.02 0.02 0.02 13.14 0.00 0.13 
Source -0.18 0.03 -0.11 0.02 -0.07 -1.44 

Receiver 3 0.12 0.03 0.27 0.03 13.08 -0.15 0042 
Source -0.31 0.04 -0.15 0.03 -0.16 -1.99 

Receiver 4 -0.12 0.04 -0.16 0.03 13.14 0.05 -0.31 
Source 0.25 0.04 0.15 0.03 0.11 1.95 

Receiver 5 -0.09 0.03 0.10 0.03 13.02 -0.19 -0.38 
Source 0.88 0.03 0048 0.03 0040 6044 
Receiver .6 -0.06 0.04 0.18 0.03 12.96 -0.24 -0.38 
Source 0.93 0.05 0.56 0.04 0.37 7.54 

Receiver 7 -0.14 0.04 0.01 0.04 13.08 -0.15 -0.20 
Source 0.30 0.06 0.21 0.05 0.09 2.79 

Table 2.1b Source and receiver tau perturbation coefficients (Eqn. 2.26) for prescribed 
values of cn 3 corresponding to an anomalous velocity at approximately 200 km depth. 
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at small values of p, characterized by the differences c" 1 - C" 2. The quantity c" 2C" 3 is also 

tabulated in Tables 2.1a,b as are the differences in the C,,2 coefficients between the receiver and 

source perturbation functions . 

2.4 RESULTS 

The systematic dependence of the tau perturbation data on slowness p is apparent in Fig

ures 2.1a-g. The tendency for a rather flat curve at small values of p and a steepening o( the 

curve as p increases is consistent with the functional dependence suggested in equation (2.26). 

As described above, the dotted and dashed lines in the figures are least-squares fits of this func

tional form (2.26) and fit the general trends of the data quite well. 

Figure 2.1a shows the tau perturbation data for both sources and receivers in young oceans 

(region 1). While the curves for both sources and receivers are concave upward (C"2 < 0), indi

cating negative velocity anomalies, they are offset from .each other and are actually of opposite 

sig~ over most of the slowness range. For the sources C 11 is large and negative, indicating origin 

times that are systematically about 1 s late and/or focal depths which are systematically up to 7 

to 8 km too shallow. The product c" 2C" 3 at the source suggests a velocity variation of about 

-5% over a 100 km depth interval in the shallow mantle. These suggested errors in source 

parameters are entirely consistent with a shallow-mantle velocity which is slower than average, 

assuming that teleseismic phases which have passed through the anomalous region have played a 

dominant role in the determination of these parameters. Note that with this interpretation, the 

suggested errors in the hypocentral parameters tend to compensate for velocity anomalies in the 

shallow mantle. Receivers are also systematically slow, with tau perturbations of up to +0.85 s. 

The difference c"R2 -C;2 is positive a.nd suggests that compared to an average structure the cru

stal velocity in young oceans is greater or, more likely, that the crust is thinner. Identifying the 

effect of crustal correction errors on the_ C,,2 coefficient of the receiver tau perturbation function 

is significant and explains why the curvatures of the estimates of source and receiver perturba

tion functions need not be equal. Finally, the difference in the sign of the young ocean tau 
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perturbations is explained primarily by the offset introduced by c" 1 at the source. 

Estimates of perturbation functions for intermediate-age oceans (region 2), shown in Fig

ure 2.1b, are smaller than for young oceans. For the sources, the curve is similar in shape to 

that of young oceans and could also be interpreted in terms of systematic errors in hypocentral 

parameters. However the errors suggested are small, with origin times systematically about 0.2 

s late and/or focal depths systematically about 1 to 1.5 km too shallow. The product c 22 C 23 

indicates a velocity anomaly of about -1 % over a 100 km depth interval in the shallow mantle. 

The difference c"R2 - C;2 is positive and suggests that the crustal thickness in region 2 is less 

than average and/or the crustal velocity is greater than average. The coefficients c" 1 for the 

receivers are negligible for both values .of c" 3. The lack of a significant slowness bias in both 

tau perturbation functions suggests a fairly average shallow-mantle structure to approximately 

250 km below this tectonic region. 

The pattern of the tau perturbatiun functions changes somewhat for old oceans (region 3), 

as shown in Figure 2.1c. The perturbation curve for sources is similar to that in young and 

intermediate-age oceans, being primarily negative and concave upward. Again, it could be 

interpreted in terms of systematic errors in source parameters, with the origin times about 0.3 s 

late and/or focal depths located systematically a little over 2 km too shallow. The product 

c 32c 33 indicates a shallow-mantle velocity anomaly of -1 to -1.5% over a 100 km depth interval. 

Figure 2.1c shows that the receiver curve is now negative and concave downward (C n 2 > 0), 

with perturbations of up to -0.5 s for shallow propagation paths. The coefficient c" 2 is no longer 

insignificant as for receivers in intermediate-age oceans, but of a magnitude equal to that in 

young oceans though of opposite sign. The difference C:2 - c ~2 again suggests a crustal thick

ness which is less than average and/or a greater-than-average crustal velocity. The rec~iver c 31 

term is positive and sufficiently large that it may be attributed to contributions from variations 

in crustal structure. 

The tau perturbations for active continents (region 4), shown in Figure 2.1d, indicate con

siderable scatter and care must be exercised in their interpretation. However the perturbations 

". 

" 

.. 
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are mostly positive, with the receiver curve concave upward and the source curve concave down-

ward. A possible interpretation would give a velocity anomaly of + 1 % to + 1.5% spread over 

100 km of the shallow mantle and systematic errors in source parameters with origin times sys-

" 
tematically about 0.2 s early and/or focal depths systematically up to about 2 km too deep. A 

significant cn 1 term at the receiver is interpreted as for region 3 above. The difference 

,,. CnRz - c;z is negative and suggests that relative to an average structure the crustal thickness is 

greater and/or the crustal velocity is less. 

The reversal in the sign of shallow-mantle velocity anomalies (C nZC n3) indicated by active 

continents persists for the more stable continental regions, as does the sign of cnRz - cnsz. Fig-

ure 2.1e shows estimates of tau perturbations for continental platforms (region 5). A significant 

difference between source and receiver functions is evident, with the sign of the perturbation 

being different over most of the slowness range. The C In terms at the receiver are negligible. A 

significant cn 1 at the source suggests systematic err,ors in origin times, early up to about 1 s, 
. . . . 

and/or focal depths loc~ted about 6 to 7 km too deep. The source perturbation function is con-

cave downward, and the product CnZC n3 indicates a velocity anomaly of +4 to +5% over a 100 

km depth interval in the shallow mantle. 

The tau perturbations for continental shields (region 6), shown in Figure 2.1£, are very 

similar to those for continental platforms, with the CnZ terms being slightly larger than those for 

continental platforms, and cnZcn 3 indicating a. shallow-mantle velocity anomaly of +4.5 to +6% 

over a 100 km depth mterval. An interpretation similar to that given for the continental plat-

forms suggests errors in hypocentral parameters whereby origin times are systematically about 1 

s early and/or focal depths are systematically up to 6 to 7 km too deep. The receiver perturba-

tions are relatively constant, approximately -0.25 s, as for the platforms. The difference 

.. C!z - cnsz also suggests comparable errors in the crustal correction. The crustal thickness below 

shields is suggested to be greater than average and/or the crustal velocity to be less than aver-

age. The former interpretation would be in agreement with typical models of continental cru-

stal structure. 
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Figure 2.1a Estimates of source and receiver tau perturbation functions for 
young oceanic regions. Dashed and dotted curves are obtained by least-squares 
as described in text. 
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Figure 2.1h Estimates of source and receiver tau perturbation functions for 
intermediate-age oceanic regions. Dashed and dotted curves are obtained by 
least-squares as described in text . 
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Figure 2.1c Estimates of source and receiver tau perturbation functions for old 
oceanic regions. Dashed and dotted curves are obtained by least-squares as 
described in text. 
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Figure 2.1e Estimates of source and receiver tau perturbation functions for con
tinental platform regions. Dashed and dotted curves are obtained by least
squares as described in text. 
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Figure 2.1r Estimates of source and receiver tau perturbation functions for con
tinental shield regions. Dashed and dotted curves are obtained by least-squares 
as described in text. 
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Figure 2.1g Estimates of source and receiver tau perturbation functions for oce
anic trench regions. Dashed and dotted curves are obtained by least-squares as 
described in text. 
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Finally, Figure 2.1g shows the perturbation functions for oceanic trenches (region 7). The 

source function is small and concave downward. A shallow-mantle velocity anomaly of approxi

mately +2% over a 100 km depth interval is indicated. Errors in origin times, about 0.3 s too 

early, are suggested by estimates of C"l, and/or a mislocation of sources whereby focal depths 

are about 2 to 3 km too deep. The receiver function is negative (-0.15 s) and indicates no 

significant curvature. The difference C!2 - C;2 is negative, as for continental receivers, suggest

ing a characteristic crustal thickness which is larger than average and/or a crustal velocity 

which is less than average. Although the receiver tau perturbation function indicates a weak 

dependence on slowness, the C"l is significant. This suggests that errors in the crustal correction 

are attributable to shallow anomalies in crustal structure. 

2.5 DISCUSSION 

The tau perturbation data plotted in Figures 2.1a-g are the basic results of this study. 

The general trends in the data are summarized by the coefficients in Tables 2.1a,b. These 

results can be approached from a completely empirical viewpoint. In this sense, the perturba

tion estimates represent the source and receiver corrections that are required to account for 

lateral variations of P-wave travel times in a tectonically regionalized earth model. Such data, 

independent of any interpretation, could be incorporated into earthquake location programs. 

The functional form of the tau perturbation functions, as developed in Section 2.3.1, indi

cates the slowness dependence attributable to velocity anomalies in the shallow mantle, to velo

city variations in crustal structure, and to errors in hypocentral parameters. The scheme 

developed in this paper provides interpretations of the perturbations which seem quite reason

able. However, it should be emphasized once again that there are tradeoffs between the various 

parameters and the interpretations are therefore inherently nonunique. 

Nevertheless, several general observations can be made about the perturbation estimates 

which indicate systematic differences between the P-wave velocity structures of oceanic and con

tinental tectonic regions. The estimates of source tau perturbation functions for the oceanic 
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regions are generally quite different from the receiver estimates, as the former perturbation func

tions retain the same curvature whereas the latter show a dependence on crustal age. Estimates 

of errors in origin times, up to 1 s too late, and/or errors in focal depths, about 7 km too shal

low, for oceanic regions are largest for the young regions. It may be that in the process of locat

ing earthquakes with a laterally homogeneous earth model, errors are introduced which 

effectively compensate for any lateral inhomogeneity which may be present. However, such 

errors need not be large. 

The estimates of oceanic receiver tau perturbation functions show a very systematic 

dependence on age, with a progression from positive and concave upward curves for young oce

ans to negative and concave downward curves for old oceans. This discrepancy, compared to 

the curvature of the source perturbations, can be explained by a systematic crustal thinning 

from old to young oceans. Such variations in crustal structure induce errors in the focal depth 

and crustal corrections. The velocity used in these corrections is thereby systematically too low 

compared to an average and/or the assumed crustal thickne~s· is too large. The quantitative 

interpretation of these variations is subject to the tradeoffs. discussed in Section 2.3.1. These 

variations in crustal structure and the velocity anomalies suggested by estimat~s of source tau 

perturbations are, nonetheless, consistent with plate tectonic Inodels that predict seismic veloci

ties to vary as the square root of crustal age (Parsons and Sdater, 1977). This is also a basis for 

the oceanic regionalization (Jordan, 1981). 

The estimates of tau perturbation functions for continental tectonic regions are distinct 

from those of the oceans. The shallow-mantle velocity anomalies suggested by the source per

turbations are comparable to those of the oceans, but of opposite sign. The tau perturbation 

data for the receivers can again be explained by a systematic increase with age of the velocities 

in the shallow mantle. These perturbations are also indicative of errors in the hypoceittral 

parameters. Unlike for oceanic regions, where origin times are systematically too late and/or 

focal depths are systematically too shallow, continental source perturbations suggest origin times 

that are systematically too early, up to 1 s for shield sources, and/or focal depths which are 

• 
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systematically up to about 7 to 8 km too deep. The receiver functions show a definite change in 

curvature proceeding from active continents to more stable platforms and shields. In a manner 

similar to the interpretation of the systematically changing curvature from younger to older oce

anic receiver tau perturbations, these differences are also attributed to varying crustal structure. 

The variations with continental age may suggest increasing crustal thickness and/or a velocity 

which is less than average. The former interpretation is perhaps more justified. 

The estimates of tau perturbation functions for oceanic trenches show considerable scatter, 

but the pattern seems most similar to that of continental regions, although the magnitude of the 

perturbations is not as large. Positive velocity anomalies are suggested which could equally be 

in the crust or in the shallow mantle. Source perturbations indicate that focal depths are sys

tematically too deep and/or origin times are systematically too early. A crustal thickness 

greater than average is suggested. Velocity anomalies in the shallow mantle are positive (about 

+2%). This agrees with plate tectonic models and the results of previous authors (Sykes, 1966; 

Carder et aI., 1967; Cleary, 1967; Davies and MacKenzie, 1969). Similar anomalies at oceanic 

trench receiver stations have also been indicated by Oliver and Isacks (1967), Utsu (1967), and 

Cleary and Hales (1966). 

The estimates of source and receiver tau perturbations obtained in this study are not 

large, as they are generally less than 0.5 s and never exceed 1 s. The perturbations for sources 

are quite distinct for both oceanic and continental tectonic regions. For a common region, 

source and receiver terms can have opposite signs, attributable to errors in origin times and/or 

focal depths, as in young oceans, continental platforms and shields, and oceanic trenches, or 

opposite trends as in older oceans and active continental regions. The latter is indicative of 

errors in the data reduction, suggesting systematic variations from an average crustal structure. 

Bolt and Ntittli (1966), Cleary and Hales (1966), Cleary (1967), Herrin et aI. (1968), Herrin 

and Taggart (1968a), Lilwall and DouglaS (1970), Sengupta and Julian (1976), Dziewonski 

(1979), Dziewonski and Anderson (1983), and Dziewonski (1984) used variants of the time term 

method to obtain station corrections for teleseismic P-wave data. The results of these authors 
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are consistent with this study in terms of the correlation of the sign of the corrections with 

different tectonic regions. Cleary and Hales (1966) and Sengupta and Julian (1976) assumed the 

corrections are constant for a particular source and station pair, whereas the remaining investi

gators included azimuth-dependent terms. A characteristic of all the studies is that correction 

terms are only considered for the receiver end of the ray path. The source term is not explicitly 

determined and its effects are assumed to be eliminated given an even distribution of receiver 

stations. It is interesting that Sengupta and Julian (1976) reduce data scatter by using only 

deep earthquakes, thereby eliminating a source bias due to upper-mantle heterogeneity, and 

obtain correlation with large-scale tectonic features without azimuthally-dependent terms. 

The method presented here. differs from, previous studies in several ways. Independent 

travel-time perturbations at both the source and receiver are allowed. The corrections are func

tions of slowness, accounting for the particular ray propagation path, but are not considered 

functions of the azimuth. An important difference is that the method employs a weighting 

scheme which ensures that for each value of slowness the mantle is sampled uniformly with 

regard to the different tectonic regions. This reduces a potential slowness bias in travel-time 

corrections. 

In Figures 2.2a,b the data of the present study are used to show the inherently nonuniform 

sampling of the mantle. The histograms show the percent of ray paths, as a function of slow

ness, which have their turning points beneath region 3 (Figure 2.2a) and beneath region 4 (Fig

ure 2.2b). The old oceans are generally sampled less than the 13% of the global surface area 

they occupy. However there is a strong skew in the sampling, with the deep mantle being over

sampled and the shallow mantle severely undersampled, reHecting the proportionately larger 

turning-point sampling of old oceans by t\!leseismic ray paths. This is attributed to the paucity 

of seismic sources and stations in this tectonic region. On the other hand, the mantle beneath 

active continents is generally sampled considerably more than its 19% surface area, but the 

sampling is again nonuniform in depth. The pronounced low near 13 sJdeg may be due to weak 

arrivals in the shadow zone of an upper-mantle low-velocity zone. Rays which turn below 
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Figure 2.2& Histogram indicating the sampling of slowness intervals by turning
point tau estimates rl(p) for rays turning beneath old oceanic regions (region 3). 
W3 is the fractional surface area of region 3 (13%) according to the modified GTRI 
(Figure 1.2) geographical grid. 
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Figure 2.2b Histogram indicating the sampling of slowness intervals by turning
point tau estimates T/(p ) for rays turning beneath active continental regions. W 4 

is the fractional surface area of region 4 (19%) according to.the modified GTRI 
(Figure 1.2) geographical grid. 
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young and intermediate-age oceans and below continental shields were also found to sample a 

much greater portion of the data than expected from the global fractional surface area. The 

remaining regions indicated an undersampling. 

The results in Figure 2.2 illustrate how global travel-time data sets with no explicit 

weighting scheme can lead to a nonuniform sampling of the mantle in the form of a slowness 

bias. If the mantle is not laterally homogeneous, this nonuniform sampling could introduce 

artifacts into results based on such a data set. For instance, at most seismographic stations the 

natural seismicity patterns dictate that at a given epicentral distance and azimuth certain tec

tonic regions may be sampled quite differently from those at other distances and azimuths. This 

could lead to apparent dependences on distance or azimuth which are actually artifacts of the 

nonuniform sampling. This study has made an effort to reduce such biases. 

No baseline shifts have been used in the present study. However, the ISC source parame

ters are based on the Jeffreys-Bullen (19~8) travel-time tables, such that baseline errors in these 

tables could be present in the results of this study. Baseline biases would be included in the 

source perturbation terms and most likely interpreted as errors in origin times. However, the 

constraint of a zero weighted mean perturbation (Equation 2.4) has shifted such potential biases 

into estimates of the turning point tau function rl(p). The relocation of earthquakes and 

nuclear explosions using regionalized tau functions may help constrain these baseline terms, and 

will be the next phase of this research (Chapter 3). Estimates of baseline corrections could 

easily be incorporated into the formulation of constraint (2.4) for the source perturbations, or 

removed f~om 8.,s (p ) during the analysis of the results. 

2.6 CONCLUSIONS 

The method of tectonically regionalized tau estimates (Chapter 1) has been used to obtain 

estimates of tau perturbation functions for both the seismic source and receiver. These pertur

bations are equivalent to first-order travel-time corrections and are attributed to systematic 

variations in the crustal and shallow-mantle velocity structures beneath each tectonic region. 
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The travel-time corrections obtained from tau are functions of slowness, a construction which 

has not been previously considered. The independent assessment of travel-time biases at the 

source and receiver regions constrains effects typically assigned solely to the receiver. Careful 

attention is given to the difficult problem of uniformly sampling the earth at all depths. The 

estimates of source and receiver tau perturbations are consistently less than 1 s, although certain 

source and receiver pairs lead to total travel-time corrections of 1 to 2 s, in agreement with pre

vious studies. Curve fitting according .to the analytical form of the perturbation functions 

allows estimates of the effective anomaly depth interval and the percent velocity variation. 

Anomalous velocity structures of approximately 100 km extent centered at depths of 100 or 200 

km suggest velocity variations within ± 5% of the lateral mean. Spreading the velocity ano

maly over a greater depth interval would reduce the amplitude of the anomaly. The interpreta

tions are inherently nonunique. 

Separate tau perturbation functions for the source and receiver also allow estimates of sys

tematic regional biases in hypocentral parameters. This study suggests that oceanic sources are 

systematically mislocated with origin times that are too late and/or focal depths that are too 

shallow, while continental sources are systematically too deep and/or origin times too early. 

This clear trend may reflect variations in the actual (laterally varying) velocity structure from 

the Jeffreys (1939) model used by ISC for the determination of hypocentral parameters. 

The tau perturbations obtained are consistent with the expected behavior of the tectonic 

regions. Oceanic sources indicate negative velocity anomalies in the shallow mantle whereas 

sources in continental regions indicate positive anomalies. The magnitude of the anomalies 

correlates with increasing crustal age. In addition to the velocity anomalies suggested by the 

source perturbations, receiver functions indicate variations in crustal thickness. Compared to 

Jeffreys' (1939) velocity model, which was used in reducing the travel-time data to a spherical 

earth of radius 6338 km, oceanic crust thickens from younger to older regions and continental 

crust similarly thickens with age. 
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The travel-time variations obtained in this study are further support for the use of region

alized earth models in studies of mantle structure. The formulation of path-dependent correc

tions, parameterized by slowness, may also be generalized and applied to crustal reflection and 

. refraction data. 
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NOTES 

2.1 Only initial tau estimates Tiile (p) are used to obtain the final variances (j J~"i (p) in 

Tables 1.2a-g as discussed in Appendix B. The iteration in Section 2.3.3 nulls the number of 

observations niile (p ) and the variances (ji;1e (p ) of unavailable or unacceptable estimates Tijle (p ) . 
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APPENDIX C 

A simple least-squares curve fitting of the form 

(01) 

is undertaken. following equation (2.26) for the simultaneous fitting of the estimates of source 

and receiver tau perturbations. Oonsider a source or receiver tau perturbation estimate Sri (PI) 

for a given tectonic region i and slowness PI. The equations of condition are 

1 L 
Si = -Ewlri 

2 , =1 

where the residuals, in order to simplify derivatives of PI , are given by 

ril = ( Sri (PI) + '1i t2 - ( ai - bi PI 2 ) 

and '1i is a shifting term defined by 

'1i > I· min Sri (PI) I = 1, !!, 3 ... L 

(02) 

(03) 

(04) 

which removes the square-root sign ambiguity In determining Sri (PI). If Sri (PI) is zero (not 

available or does not satisfy selection criteria) the weight W, is zero. The sum of the weights 

equals unity. L is the number of slowness intervals into which the tau data are divided. The 

normal equations for each region i are then easily represented in partitioned matrix form 

where 

L 

E(Sril +'1i t2 
1=1 

L 
E (oril +'1i t 2

PI2 
1=1 

(05) 

{06) 

(07) 

I is the identity diagonal matrix and 7i and rare N x 1 column vectors of the curve-fitting 

coefficients (Equation 01) for each region i of N. 
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No sub-matrix in equation (C5) is singular and the system of 2N equations is easily 

inverted (Noble and Daniel, 1977) to obtain the vectors a and r. Define the matrices 

W= (-B +AA tl (C8) 

and 

X=I-AWA (C9) 

The solution vectors are then given by 

[
ai

]_ [X Awl 
. b; - -WA W 

1=1 
(C10) L 

E (CT,1 +11i t 2PI 2 
1=1 

The values obtained are listed in Table c.i below and are used to evaluate the travel-time 

corrections for source location (Chapter 3). 

i ai bi 

Receiver 1 8.8931E-02 . 1.1044E-04 
Source 0.1477E+00 3.2170E-04 
Receiver 2 0.1113E+00 -1.5102E-06 
Source 0.1175E+00 5.4837E-05 
Receiver 3 0.1182E+00 -2.0294E-04 
Source- 0.1267E+00 1. 1277E-04 
Receiver 4 1.0733E+00 3.3118E-05 
Source 0.1017E+00 -8.2553E-05 
Receiver 5 0.1266E+00 -4.2802E-05 
Source 8.0322E-02 -2.4187E-04 
-Receiver 6 0.1277E+00 -1.5826&04 
Source 8.0458E-02 -2.8916E-04 
Receiver 7 0.1221E+00 -1. 9717E-05 
Source 0.1001E+00 ..;1.6130E-04 

Table C.l Source and receiver tau perturba
tion coefficients ai andbi following equation 
(C1). f'/i (Eqn. C4) is set to 3 for every i. 
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APPENDIXD 

Variance of Tau Perturbations 

Estimates of the sample variances of the receiver tau perturbations OT/(p ) are given by 

where 

[ J 

~ ~ (Tij(kj(P) - Tij(kj(p)? 
i =1j=1 

O'ij (k j(p ) = ...:.-:.:....--=---------
IJ -1 

[ J 

~ ~ WiWjTij(kj(P) 

Tij(kj(P) = ..:..i_=..:..:1J:.-'=...,:/=--J ____ _ 

~ ~ wi Wj 
i =1j =1 

(D1) 

(D2) 

(D3) 

Subscripts in parentheses are held constant under summations, Similarly, the second variance 

term in equation (D 1) is given by 

[ J 

~ ~ (Tij (p ) - Tij (p ) )2 
O'i7 (p ) = .,;.i_=..:..1:..,j =-=-1 ______ _ 

IJ -1 

[ J 

~ ~ Wi Wj Tij (p) 

Tij (p ) = _i_=_1:..j ["....=..:..1 --:J,.-----

~ ~ WiWj 
i=1f=1 

The estimates of the sample covariance are given by 

I J 

~ ~ (Tij(l<j(P) - Tij(kj(p))( Tij (p) - Tij (p) ) 
i=1j=1 

O'ii (I< jO'ij (p ) = -..:..:...-=---------------
IJ -1 

(D4) 

(D5) 

(D6) 

Fora complete set of regionalized tau estimates Tifk , I and J equal N, the number of types of 

tectonic regions, The weights Wn are given by the fractional global surface area corresponding 

to region n (Table 1.1), 
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Estimates of the sample variances of the source tau perturbations bT/(p) are similarly 

denoted by 

where 

J 

E (T(i)j (p ) - T(i)j (p ) )2 
17(7)j(P) = .;,.j_=_I __ --:-____ _ 

J -1 

J 

E wi T(i)j (p ) 
() 

j=1 
11i)j P = ~--;J"-----

E Wj 
j=1 

and 

J 
E ( Tj (p ) - Tj (p ) )2 

2() 
j =1 

17 j P = -'------=-----
J -1 

J 

E Wj Tj(p) 
Tj (p ) = ...;..j-=-I-::

J
,.----

E Wj 
j=1 

and the covariance is given by 

J 

E ( T(i)j (p ) -11i)j (p ) )( Tj (p ) - Tj (p ) ) 

() 
j=1 

l7(i)jl7j P = -'---------------
J -1 

(D7) 

(D8) 

(D9) 

(DID) 

(D11) 

(DI2) 

The source and receiver tau perturbation variances are listed in Tables 2.2a-g. The number of 

degrees of freedom J for the estimates of source perturbation sample variances are not adjusted 

by subtracting 1 during the iteration (Section 2.3.3). This maximizes the contributions to the 

expectation operation of equation (2.8). However, in the final iteration the degrees of freedom 

for the source sample variances are adjusted. The number of degrees of freedom for the receiver 

variances equals IJ (49) and the estimates of sample variances are not significantly affected by 

using IJ - 1. 



p s"s ,r-s sll ,r-R 
(s/deg) (5) (52) (5) (52) 
13.80 0.322 0.008 0.856 0.083 
13.20 0.207 0.010 0.891 0.219 
12.60 0.176 0.010 0.706 0.168 
12.00 0.118 0.060 0.672 0.025 
11.40 0.065 0.003 0.641 0.015 
10.50 -0.011 0.004 0.574 0.018 
10.20 0.054 0.041 0.586 0.019 

9.60 -0.013 0.010 0.552 0.010 
9.30 -0.101 0.006 0.546 0.013 
9.00 -0.082 0.006 0.548 0.017 
8.85 -0.145 0.014 0.519 0.007 
8.70 -0.145 0.005 0.522 0.035 
8.55 -0.138 0.010 0.510 0.033 
8.40 -0.133 0.007 0.494 0.047 
8.25 -0.143 0.010 0.517 0.065 
8.10 -0.124 0.011 0.476 0.013 
7.95 -0.184 0.012 0.480 0.009 
7.80 -0.144 0.006 0.488 0.038 
7.65 -0.216 0.007 0.497 0.042 
7.50 -0.187 0.003 0.494 0.040 
7.35 -0.180 0.005 0.471 0.013 
7.20 -0.228 0.004 0.474 0.021 
7.05 -0.263 0.001 0.460 0.006 
6.90 -0.249 0.011 0.438 0.008 
6.75 ~0.283 0.008 0.455 0.015 
6.60 -0.263 0.007 0.470 0.035 
6.45 -0.289 0.004 0.435 0.007 
6.30 -0.321 0.010 0.444 0.006 
6.15 -0.327 0.005 0.431 0.007 
6.00 -0.372 0.013 0.421 0.015 
5.85 -0.352 0.009 0.413 0.012 
5.70 -0.306 0.003 0.447 0.025 
5.55 -0.291 0.002 0.442 0.050 
5.40 -0.342 0.010 0.407 0.007 
5.25 -0.332 0.005 0.398 0.008 
5.10 -0.317 0.001 0.433 0.046 
4.95 -0.331 0.023 0.401 0.014 
4.80 -0.378 0.013 0.404 0.010 
4.65 -0.322 0.010 0.406 0.015 
4.50 -0.331 0.003 0.412 0.008 

Table 2.2a Estimates of source (8) and 
receiver (R) tau perturbations and variances 
for young oceanic regions. 
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p 8"s u'2s 8rR u'2R 

(sjdeg) 1s) (s2) . (s) {S2) 

13.80 0.017 0.003 0.003 0.024 
13.20 0.125 0.019 0.001 0.029 
12.60 -0.011 0.005 -0.030 0.040 
12.00 0.005 0.013 0.048 0.037 
11.40 0.047 0.017 0.012 0.023 
10.50 0.001 0.002 -0.042 0.026 
10.20 -0.031 0.008 -0.005 0.060 

9.60 -0.049 0.004 -0.043 0.014 
9.30 -0.020 0.008 0.010 0.017 
9.00 -0.040 0.003 -0.041 0.021 
8.85 -0.017 0.005 -0.020 0.014 
8.70 -0.018 0.013 0.006 0.046 
8.55 -0.043 0.005 -0.009 0.019 
8.40 -0.105 0.011 -0.033 0.049 
8.25 -0.032 0.009 -0.025 0.019 
8.10 -0.050 0.003 -0.023 0.017 
7.95 0.010 0.004 -0.004 0.023 
7.80 -0.017 0.006 0.024 0.024 
7.65 0.073 0.037 0.024 0.041 
7.50 -0.021 0.005 0.030 0.039 
7.35 -0.073 0.001 -0.001 0.018 
7.20 -0.040 0.002 0.002 0.009 
7.05 -0.045 0.003 0.008 0.010 
6.90 -0.038 0.007 0.008 0.011 
6.75 -0.018 0.007 0.003 0.018 
6.60 .;0.075 0.005 -0.012 0.022 
6.45 -0.046 0.002 -0.028 0.010 
6.30 -0.029 0.001 -0.030 0.018 
6.15 -0.065 0.003 -0.017 0.015 
6.00 -0.045 0.011 0~014 0.026 
5.85 -0.074 0.003 -0.013 0.019 
5.70 -0.098 0.006 0.000 0.020 
5.55 -0.095 0.006 -0.020 0.025 
5.40 -0.095 0.000 -0.031 0.014 
5.25 -0.078 0.004 -0.016 0.009 
5.10 -0.072 0.008 -0.012 0.041 
4.95 -0.079 0.005 . 0.054 0.069 
4.80 -0.086 0.015 0.000 0.025 
4.65 -0.021 0.016 0.041 0.057 
4.50 -0.051 0.001 -0.003 0.012 

Table 2.2b Estimates of source (S) and 
receiver (R) tau perturbations and variances 
for intermediate-age oceanic regions. 
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p 0-1 u'lS oil u'lR 
(s/deg) (5) (52) (5) (52) 
13.80 0.079 0.006 -0.486 0.029 
13.20 0.089 0.051 -0.410 0.021 
12.60 0.097 0.008 -0.398 0.035 
12.00 0.007 0.031 -0.449 0.060 
11.40 -0.040 0.028 -0.378 0.086 
10.50 -0.002 0:009 -0.299 0.078 
10.20 -0.064 0.007 -0.283 0.036 

9.60 -0.034 0.007 -0.259 0.038 
9.30 -0.008 0.014 -0.273 0.012 
9.00 -0.094 0.011 -0.265 0.037 
8.85 -0.106 0.014 -0.261 0.007 
8.70 -0.112 0.002 -0.324 0.088 
8.55 -0.156 0.018 -0.270 0.014 
8.40 -0.113 0.045 -0.299 0.039 
8.25 -0.185 0.016 -0.263 0.035 
8.10 -0.104 0.005 -0 .. 250 0.013 
7.95 -0.110 0.003 -0.272 0.083 
7.80 -0.203 0.029 -0.255 0.024 
7.65 -0.210 0.050 -0.244 0.033 
7.50 -0.096 0.004 -0.255 0.083 
7.35 -0.119 0.000 -0.219 0.004 
7.20 -0.159 0.004 -0.211 0.007 
7.05 -0.080 0.014 -0.198 0.006 
6.90 -0.145 0.004 -0.230 0.022 
6.75 -0.176 0.015 -0.196 0.008 
6.60 -0.141 0.008 -LU85 0.006 
6.45 -0.129 0.008 -0.166 0.021 
6.30 -0.145 0.004 -0.156 0.014 
6.15 -0.109 0.013 -0.187 0.005 
6.00 -0.148 0.003 -0.185 0.011 
5.85 -0.171 0.006 -0.154 0.054 
5.70 -0.091 0.005 -0.177 0.011 
5.55 -0.114 0.007 -0.167 0.014 
5.40 -0.092 0.011 -0.163 0.007 
5.25 -0.069 0.009 -0.146 0.024 
5.10 -0.122 0.009 -0.108 0.102 
4.95 -0.142 0.007 -0.163 0.023 
4.80 -0.133 0.007 -0.139 0.010 
4.65 -0.198 0.012 -0.121 0.028 
4.50 -0.181 0.002 -0.120 0.008 

Table 2.2c Estimates of source (8) and 
receiver (R) tau perturbations and variances 
for old oceanic regions . 
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p o"s i2S oil i2R 
(s/deg) (s) (s2) (s) (s2) 

13.80 -0.076 0.034 0.051 0.034 
13.20 -0.155 0.028 0.084 0.137 
12.60 -0.021 0.007 0.096 0.293 
12.00 0.012 0.010 0.098 0.119 
11.40 -0.036 0.012 0.137 0.093 
10.50 -0.049 0.007 0.160 0.093 
10.20 0.045 0.011 0.058 0.062 

9.60 0.017 0.009 0.165 0.071 
9.30 0.035 0.009 0.111 0.076 
9.00 0.081 0.007 0.173 0.060 

·8.85 0.078 0.010 0.131 0.073 
8.70 0.041 0.045 0.156 0.041 
8.55 0.116 0.010 0.139 0.100 
8.40 0.164 0.013 0.186 0.139 
8.25 0.095 0.019 0.157 0.112 
8.10 0.067 0.012· 0.170 0.089 
7.95 -0.011 0.012 0.098 0.071 

.7.80 0.090 0.018 0.063 0.091 
7.65 -0.021 0.034 0.079 0.058 
7.50 -0.007 0.004 0.063 0.067 
7.35 0.076 0.003 0.066 0.039 
7.20 0.089 0.011 0.073 0.075 
7.05 0.053 0.008 0.095 0.067 
6.90 0.090 0.006 0.067 0.060 
6.75 0.093 0.004 0.064 0.084 
6.60 0.125 0.020 0.041 0.045 
6.45 0.066 0.020 0.093 0.035 
6.30 0.094 0.003 0.036 0.065 
6.15 0.098 0.004 0.069 0.037 
6.00 0.113 0.034 0.073 0.069 
5.85 0.158 0.017 0.068 0.035 
5.70 0.060 0.011 0.107 0.079 
5.55 0.064 0.046 0.091 0.053 
5.40 0.100 0.005 0.089 0.075 
5.25 0.040 0.014 0.053 0.039 
5.10 0.074 0.064 -0.014 0.050 
4.95 0.143 0.049 -0.020 0.092 
4.80 0.135 0.028 0.005 0.045 
4.65 0.052 0.025 -0.026 0.065 
4.50 0.073 0.008 0.017 0.056 

Table 2.2d Estimates of source (8) and 
receiver (R) tau perturbations and variances 
for active continental regions. 
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p orS ,rs oil ,rR 
(s/deg) J~) Ls2) (s) (s2) 

13.80 -0.142 0.004 -0.205 0.090 
13.20 -0.204 0.007 -0.286 0.216 
12.60 -0.100 0.002 -0.185 0.052 
12.00 -0.088 0.011 -0.323 0.120 
11.40 -0.031 0.001 -0.281 0.110 
10.50 0.073 0.005 -0.302 0.194 
10.20 0.092 0.002 -0.233 0.133 

9.60 0.169 0.006 -0.228 0.083 
9.30 0.155 0.001 -0.229 0.068 
9.00 0.195 0.006 -0.202 0.052 
8.85 0.166 0.001 -0.224 0.052 
8.70 0.221 0.004 -0.220 0.093 
8.55 0.199 0.004 -0.244 0.107 
8.40 0.236 0.007 -0.210 0.168 
8.25 0.236 0.003 -0.250 0.109 
8.10 0.228 0.002 -0.223 0.080 
7.95 0.242 0.002 -0.186 0.141 
7.80 0.196 0.004 -0.237 0.125 
7.65 0.243 0.008 -0.273 0.128 
7.50 0.285 0.006 -0.275 0.077 
7.35 0.295 0.001 -0.223 0.068 
7.20 0.267 0.000 -0.214 0.076 
7.05 0.290 0.000 -0.261 0.086 
6.90 0.283 0.001 -0.184 0.079 
6.75 0.273 0.002 -0.230 0.080 
6.60 0.323 0.001 -0.197 0.083 
6A5 0.319 0.001 -0.212 0.048 
6.30 0.304 0.002 -0.157 0.089 
6.15 0.359 0.004 -0.140 0.081 
6.00 0.363 0.004 -0.209 0.044 
5.85 0.355 0.001 -0.164 0.043 
5.70 0.416 0.012 -0.258 0.053 
5.55 0.384 0.002 -0.210 0.084 
5.40 0.385 0.003 -0.142 0.020 
5.25 0.405 0.001 -0.152 0.062 
5.10 0.386 0.004 -0.159 0.058 
4.95 0.362 0.003 -0.233 0.084 
4.80 0.405 0.001 -0.148 0.058 
4.65 0.376 0.001 -0.254 0.129 
4.50 0.415 0.004 -0.209 0.023 

Table 2.2e Estimates of source (8) and 
receiver (R) tau perturbations and variances. 
for continental platform regions. 
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p 8"s u'ls 8"R u'lR 
(s/deg) (s) (s2) (s) Is~ 
13.80 -0.270 0.005 -0.405 0.094 
13.20 -0.280 0.008 -0.632 0.308 
12.60 -0.130 0.025 -0.316 0.294 
12.00 -0.149 0.002 -0.395 0.174 
11.40 -0.107 0.000 -0.421 0.131 
10.50 0.039 0.007 -0.249 0.152 
10.20 -0.013 0.003 -0.316 0.142 

9.60 0.058 0.000 -0.387 0.158 
9.30 0.081 0.000 -0.406 0.064 
9.00 0.098 0.001 -0.406 0.127 
8.85 0.106 0.001 -0.330 0.101 
8.70 0.116 0.001 -0.399 0.118 
8.55 0.124 0.001 -0.336 0.041 
8.40 0.138 0.003 -0.317 0.134 

·8.25 0.141 0.001 -0.338 0.095 
8.10 0.154 0.000 -0.302 0.054 
7.95 0.171 0.000 -0.267 0.108 
7.80 0.187 0.005 -0.345 0.116 
7.65 0.167 0.005 -0.340 0.085 
7.50 0.225 0.011 -0.251 0.118 
7.35 0.238 0.001 -0.209 0.052 
7.20 0.266 0.006 -0.296 0.056 
7.05 0.266 0.002 -0.301 0.024 
6.90 0.243 0.002 -0.281 0.051 
6.75 0.292 0.015 -0.284 0.054 
6.60 0.296 OJd3 -0.247 0.055 
6.45 0.290 0.001 -0.240 0.072 
6.30 0.306 0.004 -0.194 0.078 
6.15 0.297 0.000 ;'0.273 0.046 
6.00 0.297 0.001 -0.322 0.061 
5.85 0.305 0.001 -0.261 0.082 
5.70 0.360 0.002 -0.305 0.062 
5.55 0.398 0.011 -0.255 0.070 
5.40 0.359 0.000 -0.262 0.036 
5.25 0.360 0.001 -0.246 0.037 
5.10 0.375 0.001 -0.198 0.094 
4.95 0.362 0.001 -0.176 0.103 
4.80 0.395 0.001 -0.240 0.042 
4.65 0.383 0.002 -0.266 0.100 
4.50 0.406 0.001 -0.214 0.090 

Table 2.2f Estimates of source (S) and 
receiver (R) tau perturbations and variances 
for continental shield regions. 
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,if. 

.. 

p 8-1 UJ-s 8-,8 c?R 
(sjdegl (s) Ls~ (s) (s2) 

13.80 -0.264 0.027 -0.249 0.128 
13.20 -0.295 0.028 -0.154 0.065 
12.60 -0.225 0.247 -0.187 0.059 
12.00 -0.030 0.033 -0.103 0.157 
11.40 -0.047 0.054 -0.167 0.067 
10.50 0.014 0.027 -0.105 0.088 
10.20 -0.116 0.078 -0.086 0.155 
9.60 -0.039 0.021 -0.126 0.075 
9.30 -0.165 0.040 -0.220 0.072 
9.00 -0.129 0.028 -0.176 0.039 
8.85 -0.009 0.009 -0.146 0.033 
8.70 0.040 0.077 -0.185 0.079 
8.55 0.057 0.043 -0.168 0.033 
8.40 0.082 0.121 -0.154 0.108 
8.25 0.051 0.084 -0.144 0.089 
8.10 0.004 0.077 -0.263 0.106 
7.95 0.019 0.035 -0.172 0.065 
7.80 0.029 0.023 -0.065 0.079 
7.65 -0.039 0.032 -0.125 0.225 
7.50 0.022 0.098 -0.205 0.112 
7.35 0.075 0.015 -0.202 0.088 
7.20 0.046 0.024 -0.166 0.069 
7.05 0.049 0.016 -0.187 0.055 
6.90 0.043 0.039 -0.107 0.057 
6.75 0.004 0.013 -0.094 0.074 
6.60 0.033 0.004 -0.097 0.029 
6.45 0.128 0.015 -0.126 0.051 
6.30 0.016 0.017 -0.118 0.074 
6.15 0.084 0.014 -0.148 0.035 
6.00 0.105 0.010 -0.146 0.038 
5.85 0.152 0.009 -0.183 0.074 
5.70 0.169 0.037 -0.208 0.035 
5.55 0.156 0.028 -0.187 0.094 
5.40 0.146 0.014 -0.141 0.133 
5.25 0.132 . 0.010 -0.131 0.081 
5.10 0.061 0.008 -0.140 0.129 
4.95 -0.010 0.026 -0.242 0.179 
4.80 0.049 0.014 -0.094 0.084 
4.65 0.009 0.035 -0.049 0.149 
4.50 0.009 0.028 -0.108 0.020 

Table 2.2g Estimates of source (S) and 
receiver (R) tau perturbations and variances 
for oceanic trench regions . 
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CHAPTER 3 

ESTIMATION OF TRAVEL TIMES FOR SOURCE 

LOCATION IN A LATERALLY HETEROGENEOUS EARTH 

SUMMARY 

A method is presented to obtain travel times from estimates of tectonically 
regionalized P-wave tau functions and slowness-dependent source and receiver 
corrections. A quadratic programming algo~ithm interpolates the tau estimates con
strained by the analytical properties of tau and the statistical uncertainties. The 
regionalized travel-time estimates are used to locate seismic sources in the epicentral 
distance range 15 to 95 deg. Since all the information on lateral velocity variations 
is contained in the tau functions, seismic sources in a laterally heterogeneous earth 
are located without explicitly defining a laterally varying velocity model. The for
mulation is efficient in that the travel-time estimates and .corrections are obtainable 
for any source and receiver pair on the globe and requires minimal computation 
time. 

The P travel-time data are provided by the Bulletin 'of the ISC. Twenty-eight 
disclosed nuclear explosions at Nevada Test Site (NTS) allow .estimation of a 
travel-time baseline bias. Azimuthal corrections for NTSevents are also obtained. 
Nuclear explosions at NTS are then located, as are events in Eastern Kazakh and 
Novaya Zemlya in the Soviet Union, and in the Tuamotu Archipelago in French 
Polynesia. Three earthquakes along the San Andreas fault zone in west central Cal
ifornia are also relocated for comparison with hypocentral parameters provided by 
local seismographic networks. All events are also located using the Jeffreys-Bullen 
(1958) P Tables and PREM (Dziewonski and Anderson, 1981) with a set of azimu
thal station corrections (Dziewonski, 1979). A comparison of the reduction in sam
ple variances of travel-time re'siduals provides a measure·of the ability of tectoni
cally regionalized tau functions to characterize lateral variations in mantle and cru
stal P velocities. Mean epicentral mislocations for NTS. events are about 3 km 
whereas mislocations using J-B and PREM are about 7 km. For NTS and partiw
larly Eastern Kazakh, the tau formulation yields consistently smaller sample vari
ances, with a mean reduction of 30% compared to using J·B and 15% compared to 
using PREM. 
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3.1 INTRODUCTION 

The geometrical problem of locating a seismic source given arrival times at a distribution 

of receivers is affected by variations in the velocity model assumed to characterize the propaga

tion paths. A common approach in a laterally varying earth is to represent the travel time of 

an arbitrary ray path as the sum of contributions from the "mean path," corrections for 

anomalous velocity structures at the source and receiver regions, and an azimuthal term which 

accounts for the particular source-receiver pair. Such "time term" methods, adopted from 

refraction seismology (c.f. Willmore and Bancroft, 1960), have been used in studies of teleseismic 

P-wave data by several authors, notably Bolt and Nuttli (1966), Cleary and Hales (1966), Herrin 

et al. (1968), Herrin and Taggart (1968a,b), Lilwall and Douglas (1970), Sengupta and Julian 

(1976), Dziewonski (1979), Dziewonski and Anderson (1983), and Dziewonski (1984), particularly 

for calculating station corrections. 

In this paper, a method of locating seismic sources m a laterally heterogeneous earth is 

proposed which uses empirically determined regionalized tau functions and slowness-dependent 

corrections at both the source and receiver. Estimates of corresponding regionalized travel times 

are obtained for epicentral distances in the range 15 to 95 deg without explicitly specifying a 

laterally varying velocity model. The method is demonstrated and tested by relocating a set of 

ninety-seven selected events from five different geographical regions. Disclosed locations of 

nuclear explosions at Nevada Test Site (NTS) allow the estimation of a travel-time baseline bias 

and provide an absolute measure of epicentral mislocations at NTS. The sample varIances 

obtained from travel-time residuals are compared to those calculated by locating with the 

Jeffreys-Bullen (1958) P Tables and with PREM (Dziewonski and Anderson, 1981) using a set of 

azimuthal station corrections (Dziewonski, 1979). 

The direct use of travel-time data for hypocenter determination dates from the early days 

of seismology (e.g. Z5ppritz, 1907). However, the estimation of travel times from tau functions 

has not been previously presented, in particular given a global network of stations and account

ing for lateral variations in mantle P velocity. The attention to lateral heterogeneity is not 
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limited to source and receiver corrections for crustal and shallow-mantle velocity structures 

sInce the entire propagation path is associated with depth-dependent variations parameterized 

by the ray slowness. 

3.2 METHOD 

3.2.1 Regionalized Tau Function 

The tau functions of seismic rays in a tectonically regionalized earth are characterized by 

the regions associated with the source, receiver, and the turning-point of a given propagation 

path, 

(3.1) 

for a source (S) in tectonic region i, a receiver (R) in region k, and a turning point (T) below 

region j corresponding to its radial projection on the earth's surface (Chapter 1). The tau per-

turbations OT/{p ) and OTI<R{p ) satisfy the relations 

N N 
~ Wi OT/{p ) = ~ WI< OT!{p ) = 0 (3.2) 
i=1 1<=1 

at any given slowness p , where Wn is the fractional global surface area of region n for N types 

of tectonic regions (Table 1.1). A global tectonic regionalization based on GTRI of Jordan 

(1981) is used to parameterize the ray paths according to equation (3.1). The seven types of tec-

tonic regions used correspond to three oceanic regions characterized by the square root of crustal 

age (< 25 m.y., 25-100 m.y., > 100 m.y.), active continents, continental platforms and shields, 

and oceanic trenches. Since the regionalization assumes that a characteristic velocity structure 

can be associated with each tectonic region, the use of regionalized tau estimates for hypocenter 

determination is subject to the assumption that the tectonic regions at the given set of receivers 

arid trial sources are representative of the mean velocity structures. 

The epicentral distance of a ray path with slowness p and corresponding Tijl< (p ) is given 

by the negative sum of the slowness derivatives of each term in equation (3.1). For near-radial 
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propagation paths, however, variations in epicentral distances due to anomalous velocity struc-

tures at the source and receiver are less sensitive. This is consistent with the form of the tau 

perturbations for slownesses less than about 11.4 s/deg (Chapter 2), corresponding to distances 

less than about 20 deg. For the purposes of this study, only travel-time data beyond 15 deg are .. 
used and the tau perturbations are therefore equivalent to first-order travel-time corrections at 

epicentral distances given by 

dT.T d 
.el . (p ) = - -) (p) + 0 ( --8r(p ) ) 

) dp dp 
(3.3) 

The corresponding regionalized travel times Tij/, (p ) are then estimated by 

Tij/, (p ) = Tij/, (p ) + p .elj (p ) (3.4) 

The information on lateral velocity variations is entirely contained in the TiP' (p ) domain, such 

that travel times of ray paths for any given epicentral distances are estimated without the need 

to trace rays through a laterally heterogeneous velocity model. 

3.2.2 Tau Interpolant 

In order to estimate travel-times for mantle ray paths, a continuous tau function is desired 

from the discrete tau estimates. The reliability of estimated travel times is critically dependent 

on an interpolant which incorporates the analytical properties of the tau function, the assump-

tions about the travel-time data, and the robust statistical information provided by the tau 

method. Difficulties with curvature for example, typical of third- and higher-order interpolants, 

may violate assumptions made in the estimation of tau (Bessonova et aI., 1976; see also Chapter 

1) and may yield improper estimates of epicentral distances (Equation 3.3) and corresponding 

travel times (Equation 3.4). In this study, the computation of a tau interpolant is posed as a 

quadratic programming problem for a cubic spline which in a least-squares sense minimizes devi-

at ions from the tau estimates subject to linear equality and inequality constraints. Minimiza-

tion of an L 2 norm is justifiable in that errors in epicentral distance and travel time are 

assumed normally distributed and tau estimates are thereby t-distributed . (Bessonova et al., 
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1976). 

Following the statistical tau method of Bessonova et al. (1976), consider an epicentral dis-

tance interval [~m '~m +1] in which the tau function r (Pm) is given by 

r(Pm) = T(~) - Pm ~ (3.5) 
.. 

and has an extremum denoted by r (p 0)' k tau estimates are constructed for a sequence of 

non-overlapping intervals [~m ,.6. m +1] and slownesses' Pm whereby 

(3.6) 

The first derivatives of tau at internal nodes impose 2(k -2) linear inequality constraints. To 

obtain a full-rank system of equations, two endpoint equality conditions are given by 

(3.7) 

for m equal to 1 and k-l. 

Since the raw travel-time data were based on first arrivals only and do not include triplica-

tions (Chapter 1), a single-valued .6.(p) is required. Furthermore, r(p) is monotonically 

decreasing and for bending rays is convex to the P axis. These conditions are ensured by con-

straining the curvature of interpolated tau between data nodes, 

(3.8) 

where primes denote derivatives with respect to slowness, providing 3(k-l) linear inequality 

constraints. The last condition in (3.8) is explicitly satisfied at any slowness smce 

- r I (p) = ~(p ). 

Define a cubic spline to interpolate the k tau estimates (nodes), establishing a system of k 

equations and, n = 4(k -1) unknown spline coefficients. Let E, 0, and G, denote k x n, 

3(k-2)+2 x n, and 2(k-2)+3(k-l) x n block diagonal real matrices, and let X, 1, (I, and k, . . 

denote n x 1, k x 1, 3(k -2)+2 x 1, and 2(k -2)+3(k -1) x 1 real column vectors. x is the 

column vector of unknowns and 1 that of tau estimates. (I and k' establish the constraints of 
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equality and inequality, respectively. Matrix E associates the constant terms in the spline with 

the values of tau at the nodes. Matrix C consists of the usual 3(k -2) spline continuity equa-

tions for tau, first and second derivatives of tau, and two endpoint conditions. Matrix G associ-

ates spline coefficients with slopes and curvature. A weighting matrix 

.. 
W d · ( -I -I) = lag 0'1 , ••• , O'k (3.9) 

may be used according to uncertainties 0' in the tau estimates. The problem is then to find x 

such that the Euclidean (least squares) norm 

I I W(Ex - r) I I (3.10) 

is minimized subject to 

Cx =1 (3.11) 

and 

Gx?f . (3.12) 

The matrix transformations to solve this quadratic programming problem are provided by Han-

son (1970) and Lawson and Hanson (1972) (see Appendix E). 

An advantage of a cubic spline tau interpolant is that given an estimate 

(3.13) 

for 

Pm < P < Pm+1 (3.14) 

it is possible to obtain the critical slowness Pt for the epicentral distance A{p ) I P, simply as 

the solution to the quadratic equation 

(3.15) 
.. 

for 

(3.16) 
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The corresponding travel time is then given by 

(3.17) 

which is expressible entirely in terms of the tau spline coefficients. The computation time is 

therefore minimal. The method is similar to the suggestion of Bulandand Chapman (1983). In 

addition, the quadratic programming ensures physically realizable travel-time functionals. 

3.3 ANALYSIS 

3.3.1 Data 

In order to test the method of locating seismic sources with tectonically regionalized tau 

functions, an ideal set of events would be distributed uniformly in the earth and have known 

locations. While such a data set is not available, it is possible to select events for which some of 

the source parameters are reasonably well constrained. Nuclear explosions are useful in this 

respect since the actual locations are known in certain cases. Earthquakes occurring within a 

dense local network can also provide more accurate estimates of locations than are normally 

available using teleseismic data. However, since the tau functions used in this study are for 

mantle ray paths encompassing the distance range 15 to 95 deg, it can be anticipated at the 

outset that there will be a strong tradeoff between origin time and focal depth for events located 

only with data in this range. Given that it will be necessary to fix the focal depth in the loca

tion process, events for which the focal depths are well constrained are particularly desirable. 

A portion of the International Seismological Centre (ISC) P-wave data set used to obtain 

the regionalized tau estimates and source and receiver corrections, corresponding to the periods 

January 1978 through January 1981 and April 1981 through October 1981, was searched for 

events at Nevada Test Site (NTS), Eastern Kazakh and Novaya. Zemlya in the Soviet Union, 

Tuamotu Archipelago in French Polynesia, and in west central California along the San Andreas 

fault zone. These events satisfy the above criteria. The hypocenters of .the twenty-eight NTS 

nuclear explosions are known (Howard and Richardson, 1984) and are listed in Table 3.1. 

.. 

.. 
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Suggested hypocenters of the California events (Table 3.6) are provided by the National Earth

quake Information Service (NElS) from local network data. Estimates of the locations of the 

remaining nuclear test site events are as given by ISC. Although one would prefer to apply the 

results of the previous studies to determine locations of a statistically independent data set, the 

data used here are a small subset (approximately 1.2%) of the initial 1.25 million ray paths. 

3.3.2 Travel Time Estimates 

Quadratic programming provides a continuous tau function which satisfies the analytical 

and statistical constraints previously discussed in Section 3.2.2. However, difficulties can be 

encountered when it is applied to empirical tau data. In some cases the strict application of the 

constraints on .:l(p ) (Equation 3.6) results in tau residuals at the nodes which exceed the stan

dard deviations. This is common in the upper-mantle portions of the tau data of some regions, 

and is not surprising since only first-arrival data were used in constructing the tau estimates. 

An attempt was made instead to constrain tau and minimize the residuals of a .:l(p ) interpolant 

from interval midpoints, but it was not always possible to obtain a solution to the system of 

equations and inequalities. These difficulties indicate that the empirical data are not entirely 

consistent (see also Orcutt et al., 1980) and that the p values associated with some of the .:l(p ) 

intervals need adjustment. While this may have an insignificant effect upon tau in that errors 

in tau are second-order in . p , it does have an effect when one attempts to combine r (p ) and 

.:l(p ) in a consistent manner such as required in the present study. 

If the linear inequality constraints on .:l(p) are relaxed, most tau derivatives continue to 

lie within the appropriate .:l(p) intervals and r (p ) is nevertheless monotonically decreasing if 

the constraints on curvature (Equation 3.8) are maintained. However, the residuals correspond

ing to upper-mantle estimates of turning-point tau functions, particularly for active continental 

regions and oceanic trenches, are significantly reduced. This behavior is attributed to the effect 

of a shallow-mantle low-velocity zone beneath these regions. Figures 3.1a,b show .:l(p) func

tions for intermediate-age oceans and active continental regions for relaxed constraints. The 
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Figure 3.1a ~ i (p) (Eqn. 3_3) obtained from quadratic programming of cubic 
splined turning-point tau functions r/(p) for intermediate-age oceanic regions_ 
Crosses denote the midpoints of ~(p ) intervals used to estimate tau_ Condition 
(3_6) is relaxed_ 
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Figure 3.lh t:..j (p) (Eqn. 3.3) obtained from quadratic programming of cubic 
splined turning-point tau functions r/(p) for active continental regions. Crosses 
denote the midpoints of t:..(p ) intervals used to estimate tau. Condition (3.6) is 
relaxed . 
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crosses denote the midpoints of the 6. intervals (Equation 3.6) used in the travel-time data 

reduction. Further deviations are noted around 15 deg and are associated with using only first 

arrivals for the tau estimation, yielding a smoothed travel-time curve through the upper-mantle 

triplications (Chapter 1). The deviations from about 25 to 30 deg are related to ·similar compli

cations noted in the transition from the upper to lower mantle. Rather than attempt break

points in the spline interpolation and allow for a discontinuity in the corresponding tau func

tions, only epicentral distances greater than 15 deg are used for hypocenter location. This latter 

set of (underconstrained) tau interpolants is used in this study as the epicenter determinations 

are more sensitive to residuals in tau and travel time than to variations in epicentral distance. 

The cubic spline coefficients are provided in Tables E.1a-g and E.2a-g. 

For surface sources, a further adjustment is required. An analysis of the source and 

receiver travel-time corrections is given in Chapter 2. Briefly, the receiver tau perturbations 

8T/(p) are attributed to systematic regional variations ir crustal and shallow-mantle velocity 

structure, whereas the source perturbations 8T/(p ) account for shallow-mantle variations and 

systematic errors in hypocentral parameters. Only variations in crustal structure below the 

mean focal depth have an effect upon 8T/(p ) because only this portion of the crust (approxi

mately the lower half) is sampled by ray paths at the source. At the receiver, rays sample the 

entire crust. However, in the case of surface sources, such as nuclear explosions, the ray paths 

propagate through the entire crust at both the source and receiver regions. Therefore, the 

corresponding tau functions (denoted by an asterisk) are better represented by 

(3.18) 

where the receiver perturbation function is used at both the source region i and receiver region 

k. Crustal variations from a mean velocity model are therefore incorporated both below the sur

face source and below the receiver. 

.'" 

.. 



,. 

115 

3.3.3 Baseline Bias 

All computations of focal parameters by ISC are based on the Seismological Tables of 

Jeffreys and Bullen (1940). Since the ISC events are not relocated at the outset and the travel-

time data reduction for estimation of tau uses the Jeffreys (1939) velocity model, any baseline 

bias in the Jeffreys-Bullen travel times necessarily persists. A travel-time baseline bias is deriv-

able from systematic errors in the determinations of focal depths and/or origin times and is 

thereby slowness dependent. The analysis of slowness-dependent travel-time source corrections 

suggests systematic differences in hypocentral parameters, particularly between oceanic and con-

tinental tectonic regions (Chapter 2). The baseline bias is assessed at the source, and since the 

functional form is similar to that of the travel-time corrections, a necessary consideration in this 

study is that a travel-time baseline be defined by the condition 

N 
L: Wi Sr/(p ) = Bo(p) (3.19) 

i=-1 

or, equivalently, 

N 

Bo(p) = L: B;(p) (3.20) 
.i=1 

where Bi (p ) are regionalized variations from the mean baseline bias, attributable to systematic 

regional differences }nfocal depths and origin times for each source region i. B o(p ) is the non

zero component of the (weighted) mean o~ the source tau perturbations. If the constraint 

N 
~ s.. 
~ Wi Dri (p ) = 0 (3.2) 

i ::::::11 

is maintained, it can easily be shown that the mean baseline bias B o(p ) is incorporated in the 

turning-point tau functions rl(p) (see Section 1.2.3, Chapter 1). Although the relative 

differenc~s between regionalized tau or inverted velocity functions are not affected by the pres-

ence of a baseline bias, the mean bias is present in comparisons with other mean models (e.g. 

Figure 1.3, Chapter 1, and Figure 1.6b). It can also be shown that estimates of Sr/(p) are 

biased by the differences B; (p ) - B o(p ). 



Event Date Location Elev Depth N Mb 
(m) (m) 

1 REBLOCHON 78-02-23 37.1237 -116.0638 1288 658 168 5.6 
2 ICEBERG 78-03-23 37.1000 -116.0499 1266 640 175 5.6 
3 FONDUTTA 78-04-11 37.2996 -116.3267 2099 633 148 5.3 
4BACKBEACH 78-04-11 37.2335 -116.3685 2066 611 152 5.5 
5 LOWBALL 78-07-12 37.0787 -116.0438 1252 564 185 5.5 
6PANm 78-08-31 37.2759 -116.3573 2040 681 176 5.6 
7 DIABLO HAWK 78-09-13 37.2088 -116.2108 2239 388 31 4.6 
8 QUARGEL 78-11-18 37.1269 .;116.0839 1302 542 122 5.1 
9 FARM 78-12-16 37.2734 -116.4103 2006 689 198 5.5 

10 QUINELLA 7g.;02-08 37.1025 -116.0548 1268 579 178 5.5 
11 KLOSTER 7g.;02-15 37.1520 -116.0718 1324 536 43 4.8 
12 HEARTS 79-0g.;06 37.0881 -116.0528 1259 640 207 5.8 
13 SHEEP SHEAD 7g.;0g.;26 37.2291 -116.3641 2060 640 151 5.6 
14 PEPATO 7g.;06-11 37.2897 -116.4553 1941 681 176 5.5 
15 FAJY 79-06-28 37.1432 -116.0875 1330 537 92 5.0 
16 BURZET 7g.;08-03 37.0840 -116.0668 1262 450 48 4.5 
17 OFFSHORE 7g.;08-08 37.0147 -116.0080 1209 396 30 4.8 
18 NESSEL 7g.;08-29 37.1212 -116.0666 1286 464 53 4.7 
19 LIPTAUER 80-04-03 37.1499 -116.0823 1335 417 49 4.7 
20 PYRAMID 80-04-16 37.1011 -116.0305 1293 579 131 5.3 
21COLWICK 80-04-26 37.2484 -116.4224 1973 633 173 5.4 
22 MINER'S mON 80-10-31 37.2383 -116.2052 2239 390 59 4.7 
23 TAFI 80-07-25 37.2563 -116.4774 1886 680 159 5.5 
24 KASH 80-06-12 37.2817 -116.4539 1938 645 170 5.6 
25 SERPA 80-12-17 37.3248 -116.3152 2055 573 72 5.1 
26 BASEBALL 81-01-15 37.0871 -116.0447 1259 564 152 5.6 
27 HARZER 81-06-06 37.3034 -116.3256 2100 637 190 5.5 
28 PALIZA 81-10-01 37.0816 -116.0088 1287 472 66 4.9 

Table 3.1 Nevada Test Site (NTS) events (Howard and Richardson, 1984). N is the 
number of observations (stations) at epicentral distances> 15 deg. The elevation at 
the source and the burial depth are listed. Mb is body wave magnitude as reported 
in the Bulletin of the ISC. The locations are the disclosed values according to Howard 
and Richardson (1984). 
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The fact that the NTS events have known locations (Table 3.1) can be used to determine 

the mean baseline bias B o(p). In the first attempt to do so, the tau functions for surface 

sources (Equation 3.18) ~ere used to calculate travel-time residuals, accounting b~th for eleva

tions at the sources and the depths of burial. The residuals between the tau-derived P travel 

times and the P times as given in the ISC data were fit with a constant and gradient to obtain a 

slowness-dependent mean baseline correction function B o(p). Uniform reduction was not used 

to weigh these residuals (see Section 3.4) so that all station residuals are treated equally regard

less of the particular travel-time distribution of each event. However, residuals greater than ± 5 

s were not used and only ray paths with slownesses between 9.5 and 4.5 sjdeg contribute to the 

baseline estimation to avoid the effects of lateral velocity variations in the upper mantle. The 

linear baseline correction so obtained was then used to relocate the NTS events. An obvious 

azimuthal bias was observed in that all but two events, NESSEL (18) and TAFI (23), were sys

tematically located several kilometers to the northeast of the known epicenters. 

These first results suggested that an azimuthal bias existed as NTS which would also have 

to be estimated. Previous authors have suggested azimuthal va~iations at NTS due to rather 

heterogeneous crustal and shallow-mantle velocity structure (e.g. Spence, 1974; Taylor, 1983). 

In order to determine a travel-time baseline bias which is less dependent on the effects of local 

velocity structure at NTS, .the 3181 station residuals at the fixed known locations were then fit 

in a least-squares sense by the functional form 

Bo(p ; t/l)NTS = A + Bp + G cost/l + D sint/l (3.21) 

to simultaneously estimate the azimuthal (t/l) dependence (measured east of north) and a linear 

slowness dependence. The r.m.s. deviation of the fit is 0.83 s. For this study, events at Pahute 

Mesa and Yucca Flat were not treated separately. The azimuthal terms in Bo(p; t/l)NTS are 

given by -0.52 cost/l - 0.29 sint/l (s) and are then used to relocate the NTS events, the results of 

which are given in Table 3.2 and discussed in Section 3.4. However, only the A + Bp terms 

are interpreted as the mean (global) baseline bias to be used to relocate events in the other 

nuclear test sites. The obtained P travel-time correction of -2.43 + 0.092p (s) is consistent with 
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the PREM baseline (Dziewonski and Anderson, 1981) estimated from surface focus P-wave 

travel-time residuals. 

3.4 RESULTS· 

Three hypocentral location schemes are undertaken whereby travel-times are estimated 

from the Jeffreys-Bullen (JB) P Tables (1958), isotropic PREM (Table VI, Dziewonski and 

Anderson, 1981) at a reference period of 1 s with a set of azimuthal station corrections 

(Dziewonski, 1979), and from regionalized tau functions (TAU) as described in Section 3.2.2. 

The PREM model gives P travel times for unit increments in epicentral distances beyond 25 

deg. From 15 to 25 deg, P times are taken from class I events (away from subduction zones) in 

Table 1 of Dziewonski and Anderson (1983), which match well with PREM at 25 deg. This 

entire set of travel times is then fit with a standard cubic spline interpolant and the slownesses 

agree with the values given by Dziewonski and Anderson (1981,1983). 

The hypocentral parameters are determined using a nonlinear Levenberg-Marquardt solu

tion algorithm (Brown and Dennis, 1972). Uniform reduction (Jeffreys, 1961) is used to weigh 

the travel-time residuals. This eliminates the subjectivity of defining a window over which 

travel-time residuals are acceptable. Since the weights in the uniform reduction are functions of 

the residuals, they are determined only every 10 iterations of the location. All estimates of sam

ple variances are obtained from the sums of the squares of the weighted residuals. These vari

ances provide a measure of the goodness of fit of predicted times to the distribution of observa

tions and allow for statistical comparison of the different location algorithms, the optimal loca

tion yielding the smallest sample variance (Buland, 1986). Furthermore, the sample variances 

control the L 2 convergence of the location program. 

The mislocation vectors for each location scheme are also calculated for each source 

region. For all three location schemes, the estimated epicentral uncertainties in latitude and 

longitude, determined by standard least-squares procedures, are between 1 and 2 km for the 

better locations. In the case of NTS explosions the reference epicenters are the disclosed values 

.. 

.. 
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(Howard and Richardson, 1984) (Table 3.1), and for the west central California events are given 

by the NElS locations (Table 3.6). All other events are referenced to the locations given by 

lSC. However, initial estimates of hypocentral parameters are given by these lSC and NElS 

locations. The focal depths are at the surface for the nuclear test site events (including NTS). 

NElS hypocenter determinations are better constrained by local seismographic networks and are 

therefore more reliable than the locations given by lSC. Given that the initial estimates of the 

source locations are reasonably close to the actual hypocenters, the uniform reduction is not 

biased (Buland, 1986). However, in both cases the tradeoff between focal depth and origin time 

cannot be controlled (Section 3.3.1). 

Table 3.2 gives the relocation parameters for the twenty-eight NTS events. The regional

ized tau scheme (TAU) yields the most locations with smaller mislocations, with a mean of 3.32 

± 2.35 km. The mean mislocations using JB and PREM are 7.33 ± 3.76 and 6.59± 4.62 km, 

respectively. The improvement in location accuracy using TAU is significant, perhaps expect

edly since TAU is calibrated with the NTS events. The histogram of mislocation vector magni

tudes, shown in Figure 3.2, indicates that twenty of the twenty-eight events located using TAU 

are within 4 km and twenty-five are within 6 km of the disclosed epicenters. The success of the 

TAU scheme particularly correlates with the size of the explosion, where the largest mislocations 

correspond to events DIABLO HAWK (7), KLOSTER (11), OFFSHORE (17), and NESSEL (18), 

with less than about 50 observations. The azimuthal dependence of NTS locations using TAU is 

no longer evident using the NTS azimuthal corrections obtained in this study. 

Sample variances for NTS events are typically less than 0.50 S2 using TAU, with a mean 

of 0.32 s2. The mean sample variance using JB is 0.52 s2 and 0.31 s2 using PREM. The 

corresponding median sample variances are 0.50 (JB), 0.33 (PREM) , and 0.31 S2 (TAU). The 

variances are normally distributed. The sample variances yielded by TAU and PREM are either 

much less than or comparable to JB, and for events LOWBALL (5), QUARGEL (8), BURZET 

(16), NESSEL (18), and COLWlCK (21) are significantly less using TAU than using PREM. 

Events FONDUTTA (3), KLOSTER (11), LIPTAUER (19), PYRAMID (20), SERPA (25), and 



JB PREM TAU 
Event c?- ar ¢J c?- ar ¢J c?- ar ¢J 

(52) (km) (deg) (52) (km) (deg) (52) (km) (de g) 
1 0.50 1.11 38.28 0.30 3.28 94.89 0.28 1.74 145.58 
2 0.63 5.46 35.57 0.39 2.51 142.27 0.35 2.85 132.02 
3 0.39 4.36 84.17 0.13 8.72 38.94 0.27 2.54 95.33 
4 0.60 4.93 62.89 0.34 7.70 74.18 0.31 0.70 109.86 
5 0.56 9.65 31.81 0.76 6.71 29.29 0.58 1.68 253.59 
6 0.45 5.16 28.85 0.60 3.67 159.63 0.53 1.90 57.12 
7 0.16 10.27 219.37 0.07 2.64 138.51 0.00 5.47 321.56 
8 0.36 3.54 316.10 0.71 3.49 209.67 0.18 1.72 10.24 
9 0.58 5.29 12.24 0.33 6.96 56.07 0.25 0.62 279.80 

10 0.51 10.38 30.87 0.35 7.64 174.05 0.33 1.60 127.26 
11 1.31 7.46 46.38 0.23 2.86 45.26 0.78 9.24 41.65 
12 0.51 5.92 24.26 0.41 4.12 140.14 0.45 1.24 148.12 
13 0.27 2.96 85.22 0.42 1.88 294.18 0.35 4.68 151.33 
14 0.49 7.56 40.42 0.34 4.43 69.10 0.36 2.08 6.68 
15 0.43 2.54 20.23 0.39 11.02 12.34 0.31 3.05 54.61 
16 0.19 7.36 83.01 0.34 10.92 148.18 0.16 4.02 230.19 
17 0.93 4.99 323.25 0.34 14.37 13.78 0.32 9.54 45.00 
18 0.43 16.44 47.24 0.33 20.79 245.94 0.15 7.65 14.81 
19 0.84 12.91 23.20 0.00 1.93 308.32 0.27 2.30 355.12 
20 0.41 8.90 25.84 0.12 - 4.39 106.91 0.45 5.89 75.22 
21 0.44 6.26 7.84 0.39 8.23 54.01 0.17 1.80 9.38 
22 0.28 8.13 260.89 0.15 14.64 4 •. 99 0.17 3.44 123.64 
23 0.39 8.22 12.81 0.23 0.73 355.90 0.33 2.74 246.58 
24 0.52 8.44 31.06 0.33 5.24 188.43 0.27 2.59 198.39 
25 0.69 16.64 16.85 0.05 7.06 110.24 0.23 1.77 312.47 
26 0.57 4.49 3.84 0.27 1.79 40.72 0.39 2.85 148.85 
27 0.50 10.47 14.03 0.34 8.28 164.11 0.34 4.64 47.66 
28 0.53 5.43 312.18 0.00 8.50 198.11 0.33 2.72 0.33 

Table 3.2 Relocation parameters for NTS events for JB, PREM, and TAU location 
schemes. c?- is the sample variance, ar the mislocatioI' . .from the disclosed epicenter 
(Table 3.1), and ¢J is the azimuth (measured east of north) of the mislocation vector 
from the relocation to the known epicenter. Azimuthal corrections of 
-0.52 cos¢J - 0.29 sin¢J (5) are applied in TAU. 

120 

.. 



10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

o 

121 

- I'"' 

0 ~ I -
JB PREM TAU -

- I/o 

-
- ~ 

- ~ I 

- ~ :I-
~ 

~ v 
- ~ 

I'"' 

~ V ~ ~ 
~ v ~ It V V-

I I T I T I I I I I 

o 2 4 6 8 10 12 11 16 18 20 22 

MISLOCATION (I<M) 

Figure 3.2 Histogram of frequency of relocations for given 2 km interval misloca
tions from disclosed NTS epicenters. JB, PREM, and TAU location schemes are 
shown. 
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PALIZA (28) yield significantly smaller sample variances with PREM. However, only for event 

(11) and to a lesser extent event (20) are the mislocations also significantly smaller. 

Origin times given by ISC are on average about 0.88 s too early for NTS events. Esti

mates of origin times indicate that JB solutions on average yield origin time estimates that are 

about 1.46 s earlier than known detonation times whereas PREM and TAU yield origin times 

that are respectively 0.45 and 0.10 s too late. The discrepancy using JB reflects a baseline bias 

in the predicted travel times. However, the TAU locations in particular indicate that this 

method can predict origin times of NTS explosions with an average error of only 0.10 s. 

The rOelocation parameters for forty-nine events in Eastern Kazakh are given in Table 3.3. 

Since actual hypocenters are not known, the mislocation vectors are relative to the ISC loca

tions. The JB locations generally vary little from the initial ISC estimate, indicating the con

sistency in both location algorithms and the lack of actual data within 15 deg in epicentral dis

tance. Regionalized travel times (TAU) yield sample variances typically less than 0.60 s2. with a 

mean and median of 0.34 s2. The mean and median sample variances for JB relocations are 0.60 

and 0.63 s2 respectively and equal 0.44 and 0.43 s2 respectively fo~' PREM. T~e range in the 

PREM sample variances is twice that of JB or TAU. The reduced variances yielded by TAU 

are an indication of the ability of the tectonic regionalization to characterize ray paths from 

Eastern Kazakh. The TAU sample variances are usually less than using PREM. The baseline 

obtained from NTS explosions, including potential residual static and slowness-dependent effects 

due to velocity structure particular to NTS, appears consistent with events in this source region 

(c.f. Rodean, 1979). There is no apparent correlation of variance reduction with sample size. 

Estimates of origin times using PREM are about 1.5 s later than the times given by ISC and are 

about 1.7 s later using TAU. JB origin times on average are 0.3 s later than ISC. 

Only five events were compiled from Novaya Zemlya. The relocation parameters are 

given in Table 3.4. The number of observations per source is systematically the largest 

obtained. Estimates of origin times using PREM are typically between 3 and 4 s late compared 

to the ISC times and 2.6 s late using TAU, whereas JB yields values less than 0.7 s later than 

.. 
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JB PREM TAU 
Date ISC Location N q2 t:.r tP q2 t:.r tP q2 t:.r tP 

(sZ) (km) (deg) (sZ) (km) (deg) (s2) (km) (deg) 
78-03 49.7128 78.0649 248 0.84 2.21 24.67 0.79 7.46 178.33 0.58 4.49 201.62 
78-04 49.7169 78.1783 182 0.68 1.47 144.44 1.13 6.10 89.15 0.26 5.56 192.17 
78-05 49.8883 78.1979 55 0.23 2.29 175.87 0.00 7.86 14.04 0.01 1.98 61.89 
78-06 49.8788 78.8136 271 0.82 2.62 136.33 0.62 2.20 230.49 0.58 2.78 178.04 
78-07 49.8381 78.9146 274 0.82 0.74 119.24 0.72 2.38 272.45 0.63 1.87 226.53 
78-OS 49.8173 78.1033 146 0.79 3.14 156.68 0.41 8.77 302.27 0.23 9.86 218.19 
78-OS 49.9843 79.0165 241 0.77 1.34 119.04 0.40 3.88 131.71 0.32 3.06 186.00 
78-09 49.9074 78.9377 270 0.74 1.68 179.22 0.53 3.82 245.06 0.52 2.40 215.41 
78-09 49.8933 78.4130 20 0.14 54.93 87.89 0.00 10.16 130.17 0.00 8.42 38.17 
78-10 49.7239 78.2087 134 0.61 3.07 168.27 0.94 4.41 106.24 0.37 10.94 206.32 
78-11 50.0281 78.9757 256 0.74 1.56 101.49 0.81 3.95 63.54 0.34 4.21 190.34 
78-11 49.8574 78.0458 174 0.65 1.23 130.11 0.55 3.20 155.40 0.40 3.62 i55.92 
78-11 49.9265 78.7745 207 0.48 0.49 39.48 0.61 29.58 265.53 0.31 2.34 203.59 
78-12 49.9192 78.2007 33 0.21 6.89 207.16 0.14 14.95 247.45 0.06 11.70 222.65 
78-12 49.8961 78.2178 49 0.39 3.91 221.50 0.26 9.59 241.47 0.33 14.05 227.03 
79-02 50.0785 78.8769 174 0.50 0.40 41.25 0.33 10.30 179.94 0.53 9.76 213.62 
79-05 49.7987 78.1245 137 0.71 2.60 186.62 0.09 5.13 227.93 0.36 7.53 212.00 
79-05 49.8351 78.1862 131 0.45 1.73 178.12 0.55 4.41 164.59 0.42 3.56 200.60 
79-09 49.7557 78.0489 30 0.47 3.46 104.01 o~oo 52.97 47.69 0.18 4.47 126.79 
79-10 49.8097 78.1281 105 0.43 1.33 137.99 0.38 7.99 256.88 0.32 14.40 237.89 
79-10 49.9611 79.0676 296 0.89 0.50 117.61 0.36 5.05 295.78 0.47 2.86 220.91 
79-11 49.8116 78.2078 40 0.36 4.69 221.71 0.00 9.91 69.71 om 3.05 70.31 
79-12 49.88OS 78.8357 271 0.62 1.52 83.37 0.38 3.42 235.89 0.38 2.30 194.81 
79-12 49.8174 78.2735 36 0.38 4.13 148.14 0.07 18.95 75.24 0.08 10.98 98.45 
79-12 49.9250 78.7960 274 0.74 2.76 63.96 0.43 2.32 326.05 0.34 1.66 227.30 
79-06 49.8855 78.9159 322 0.58 2.15 41.62 0.44 3.10 268.80 0.42 1.45 226.90 
79-07 50.0483 79.0631 281 0.68 1.75 172.54 0.65 4.51 225.73 0.52 4.07 202.14 
79-07 49.9035 77.8251 129 0.67 1.34 28.99 0.48 7.47 140.54 0.37 7.80 200.04 
79-OS 49.8602 78.9417 328 0.61 3.47 41.69 0.51 2.83 321.62 0.58 0.95 46.65 
79-OS 49.9278 78.9812 331 0.74 1.67 196.70 0.51 1.74 330.84 0.45 4.85 230.42 
80-04 49.9996 77.8631 58 0.43 1.98 95.92 0.30 3.34 203.42 0.20 7.45 232.97 
80-04 49.8224 78.OS45 98 0.41 2.81 127.22 0.47 6.94 173.92 0.58 6.54 181.17 
80-04 49.9208 78.8101 215 0.49 0.94 354.80 2.04 5.06 198.95 0.15 5.33 172.10 
80-05 49.7498 78.1069 171 0.71 1.13 133.26 0.70 0.78 313.56 0.41 7.35 198.48 
80-10 49.9374 79.1041 295 0.78 0.76 15.53 0.50 3.96 308.94 0.54 2.00 288.80 
80-07 49.8148 78.1448 153 0.59 1.71 184.41 0.15 2.99 101.21 0.17 4.96 191.46 
80-09 49.9360 78.8633 319 0.82 3.43 65.15 0.49 1.46 257.83 0.58 0.98 145.39 
80-09 49.8053 78.0794 55 0.33 8.22 46.16 0.00 13.07 135.77 0.01 3.27 289.05 
80-06 49.9539 79.0547 219 0.69 2.13 185.14 0.46 6.64 158.78 0.30 5.33 181.24 
80-06 49.9055 78.8614 208 0.71 0.93 127.76 0.25 3.53 253.24 0.35 9.07 203.30 
80-12 49.8669 78.9670 286 0.56 2.65 17.18 0.38 3.67 348.49 0.37 1.65 300.04 
80-12 50.0084 79.0262 240 0.67 2.70 25.90 0.48 7.36 203.30 0.46 6.36 211.34 
81-04 49.8700 78.8964 333 0.56 2.06 31.64 0.51 2.11 285.18 0.32 2.72 307.81 
81-05 49.9393 79.0133 181 0.48 0.53 159.91 0.31 5.75 130.26 0.23 8.47 182.33 
81-06 49.7248 78.0886 107 0.58 0.97 145.12 0.00 6.65 306.20 0.28 8.53 200.00 
81-07 49.7884 78.1690 123 0.43 0.80 151.41 0.00 14.94 94.15 0.23 9.06 178.53 
81-OS 49.7518 78.0710 90 0.45 1.12 138.70 0.41 9.35 54.17 0.22 11.81 239.08 
81-09 49.8896 78.9757 341 0.74 0.89 144.07 0.43 3.16 267.89 0.39 1.64 275.25 
81-10 49.8763 78.8853 306 0.89 1.47 83.81 0.52 0.81 253.78 0.40 0.82 226.83 

Table 3.3 Relocation parameters for events in Eastern Kazakh. (72 is the sample variance, 
.:lr the mislocation from the ISO epicenter, and tP is the azimuth (measured east of north) of 
the mislocation vector relative to the 1St location. 
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JB PREM TAU 
Da.te ISC Location N ~ tlr tP u2 tlr tP u2 tlr tP 

(52) (km) (deg) (52) (km) (deg) (52) (km) (deg) 

78-08 73.3145 54.6971 286 0.35 4.32 8.16 0.45 1.07 133.95 0.26 2.29 124.79 
79-09 73.3725 54.5783 283 0.38 7.40 96.89 0.79 6.00 130.04 0.41 6.65 139.55 
79-10 73.3409 54.7326 270 0.58 3.20 84.25 0.34 2.78 251.30 0.48 4.12 164.14 
80-10 73.3613 54.8199 266 0.74 5.87 102.13 0.57 5.10 124.33 0.56 5.65 lSO.21 
81-10 73.3232 54.5540 289 0.49 10.07 85.68 0.66 6.05 114.13 0.42 8.14 110.47 

Table 3.4 Relocation parameters for events in Novaya Zemlya. Notation as in Table 3.3. 

JB PREM TAU 
Date ISC Location N u2 tlr tP u2 tlr tP r? tlr tP 

(52) (km) (deg) (52) (km) (deg) (52) (km) (deg) 

78-11 -21.8467 -138.9959 130 0.48 5.21 160.72 O.SO 4.71 179.71 0.56 8.82 158.05 
78-12 -21.8646 -138.9386 22 0.19 6.53 243.15 0.03 26;84 121.59 0.11 22.07 108.13 
79-03 -21.8804 -139.0443 27 0.24 7.55 159.59 0.07 55.67 328.27 0.48 6.99 220.09 
79-06 -21.8062 -138.9844 36 0.39 13.75 140.42 0.01 10.69 189.63 0.17 12.23 146.42 
79-07 -21.8584 -139.0043 152 0.42 2.16 191.91 0.61 3.97 175.83 0.43 5.41 134.45 
80-03 -21.8610 -138,9688 74 0.43 3.30 267.80 0.10 4.16 225.22 0.24 10.16 146.66 ' 
80-04 -21.7661 -138.11165 29 0.22 5.88 155.98 0.22 5.77 276.39 0.02 2.98 192.35 
80-07 -21.8557 -139.0000 106 0.45 1.59 203.31 0.37 15.24 150.46 0.56 6.52 140.48 
80-06 -21.8269 -138.9971 43 0.41 5.97 170.71 0.34 10.37 213.67 0.46 7.39 160.11 
80-12 -21.8729 -138.9595 67 0.31 13.31 159.56 0.08 62.35 343.24 0.54 10.71 141.28 
81-07 -22.1818 -138.7304 32 0.14 4.24 191.64 0.00 104.64' 40.63 0.15 10.61 158.20 
81-08 -21.8867 -138.8813 40 0.56 8.19 178.53 0.82 13.69 352.99 0.53 12.07 155.47 

Table 3.5 Relocation parameters for events m the Tuamotu Archipelago. Notation as in 
Table 3.3. 

.. 
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ISC in all but two cases. Regionalized travel times give results similar to using JB, while PREM 

does not systematically yield sample variances less than JB. The mean variances for JB, 

PREM, and TAU are 0.51, 0.56, and 0.43 s2, respectively. Furthermore, there may be an azimu-

thaI bias in that generally the relocations using each scheme are clustered within small azimu-

thaI windows. 

Relocation parameters for events in the Tuamotu Archipelago are shown in Table 3.5. 

The mean sample variance using TAU is 0.35 s2, whereas JB and PREM yield 0.33 and 0.26 s2. 

Only three Tuamotu events listed have more than one-hundred travel time observations,. and 

this is reflected in the larger range in PREM and TAU sample variances. Estimation of hypo-

central parameters in the presence of lateral velocity variations appears to be more sensitive to 

sample size. Furthermore, the large differences in JB locations from those given by ISC also 

suggest that travel time observations for events in this region are better constrained by data 

from stations within 15 deg. The mislocations relative to ISC using TAU are, however, 

significantly less erratic than using PREM. As for events in Novaya Zemlya, there is also the 

suggestion of an azimuthal bias, particularly with TAU, in that all relocations but two are 

within a 50 deg azimuthal window from about 140 to 190 deg. This residual azimuthal"depen-

dence after slowness-dependent corrections are applied may be attributed to the character of 

oceanic ray paths or to rays propagating through a subducted lithospheric slab. A few accu-

rately constrained events would help estimate neccesary corrections for this region, as was done 

for events at NTS. 

Date Time Epicenter Z N Mb 
h m s (km) 

79-08-06 170522.7 37.1 -121.5 6 179 5.4 
80-01-24 190009.5 37.9 -121.8 11 154 5.3 
80-01-27 023336.0 37.7 -121.7 15 101 5.0 

Table 3.6 West central California events in the San Andreas 
fault zone (Coyote Lake earthquake and two Livermore 
sequence earthquakes). Hypocentral parameters are as given 
by NElS. Z is the focal depth, N the number of observations 
(stations), and Mb the body wave magnitude. 
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Finally, the relocation parameters for three moderate earthquakes in west central Califor-

nia (Coyote Lake, and two Livermore sequence events) are given in Table 3.7. The difference 

with locating surface sources is that one must now account for focal depths, dictating the use of 

8r/(p) as the source travel-time correction. The relevant baseline bias is then Bi (p ) for this 

source region (active continents) rather than the mean Bo(p), following arguments as given in 

Section 3.3.3. The determination of B; (p ) from a set of well-constrained earthquakes was pre-

cluded given that most. earthquakes are of small magnitude and there is considerable scatter in 

the travel-time observations. A slowness-independent estimate of the difference B; (p ) - B o(p ) 

may be obtained from the constant term in the source tau perturbation function for active con-

tinental regions. However B o(p) was used, as a constant adjustment would only affect esti-

mates of the origin time for a fixed focal depth. The initial hypocentral estimates are given by 

the NElS location (Table 3.6), including the listed origin times. The first event listed in Table 

3.7 indicates that the· TAU location yields the significantly smallest sample variance, 0.28 s2 

compared to about 1.35s2 for JBand PREM, and greater agreement with the NElS hypocentral 

parameters. Event 2 suggests scatter in the data. Event 3 yields about the same epicentral 

mislocation using PREMand TAU, about half that using JB, but the sample variance yielded 

by PREM is significantly less. The differences between using the source correction and the 

receiver correction at the source for the TAU location scheme are not particularly significant. 

JB PREM TAU 
Event 

., 
t::.r <P q2 t::.r <P q2 t::.r <P <r 

(52) (km) (deg) (s2) (km) (deg) (s2) (km) (deg) 
1 1.34 ·9.00 305.31 1.35 5.89 318.81 0.28 1.44 260.52 

0.30t 1.47 253.84 
2 3.60 10.37 135.39 3.00 8.71 120.33 2.55 12.01 108.31 

2.83t 10.23 124.12 
3 0.62 7.71 6.64 0.23 3.85 12.33 0.55 3.27 354.93 

0.55t 4.59 358.38 

Table 3.7 Relocation parameters for west central California events. q'2 is the 
sample varian~e, Ar the mislocation from the NElS epicenter, and ¢ is the 
azimuth (meastlred east of north) of the mislocation vector relative to the NEIS 
location. Daggers (t) for TAU relocations denote use of the receiver correction 
function or/(p ) at the source. 

.. 



... 

,~ 

127 

There are insufficient data in this study to establish one location scheme as being optimal 

1D all situations, but it is clear that the use of regionalized models for certain source regions 

often leads to improved locations. This is particularly true for events at NTS, Eastern Kazakh, 

and Novaya Zemlya, where sample variances obtained from travel-time residuals are reduced on 

average by about 30% with respect to JB and 15% with respect to PREM. Furthermore, it was 

possible to estimate azimuthal biases at NTS which not only improve locations in that region 

using regionalized travel times but allow estimation of a mean baseline bias in the Jeffreys

Bullen (1958) P times. The agreement of regionalized travel time estimates with PREM 

(Dziewonski and Anderson, 1981) is also consistent with the similarities of a smoothed PREM 

mantle P velocity model and the mean obtained from regionally weighted velocity functions 

obtained by inverting the respective tau functions (Chapter 1). The mean slowness-dependent 

baseline correction of -2.43 + 0.092p (s) obtained in this study is also comparable. 

The reduction of sample variances yielded by travel-time estimators with either azimuthal 

station corrections or slowness-dependent regionalized corrections at both the source and 

receiver indicates that the functional form of empirical corrections depends only on which vari

able is taken as independent. However, slowness-dependent corrections are analytically deriv

able (Chapter 2) and are therefore interpretable in terms of physically realizable velocity varia

tions. Once an initial set of regionalized corrections is obtained, source and receiver corrections 

may be estimated at any point on the earth and for any ray path whose slowness is in the range 

of the tau estimates. The methods to obtain azimuthal corrections employed by the authors 

sited in Section 3.1 may also be used after slowness corrections are applied. In particular, this 

has been carried out in this study for a set of NTS explosions. The relocations of events in the 

Tuamotu Archipelago and to a lesser extent at Novaya Zemlya also suggest the assessment of 

potential residual azimuthal dependences in addition to corrections for slowness sampling biases. 

The comparison of PREM and TAU relocations in this study suffers in that the azimuthal 

corrections used in the PREM scheme (Dziewonski, 1979) are only for 759 stations out of over 

1000 and several consist only of the constant (azimuthally independent) terms. In order to 
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compare these azimuthal corrections to the estimates of regionalized travel-time corrections, the 

set of station corrections was regionalized according to the model given in Chapter 1. Region-

ally weighted means of each azimuthal coefficient were obtained. Of particular note are the 

constant terms which indicate that young oceanic regions require a mean correction of about 
.~ 

1.05 s which decreases to about 0.35 s for older oceans. The mean correction for oceanic trench 

regions is less than 0.1 s. However, continental platforms and shields indicate mean corrections 

of almost -0.2 and -0.5 s respectively. These values are comparable to the zero-slowness limit of 

the receiver tau perturbations obtained in Chapter 2. The mean azimuthal station correction 

over all coefficients and regions is about 0.25 s. Therefore, although certain station corrections 

reach ± 2 s, the weighted means over the various types of tectonic regions agree with previous 

results and are not particularly larger. 

3.5 CONCLUSIONS 

The method presented In this study provides a means of obtaining travel times m a 

laterally varying earth. Regionalized tau estimates are interpolated using a quadratic program-

ming algorithm which ensures that estimates of tau functions satisfy both the analytical and . 
statistical properties of tau. The advantages of using tau to parameterize travel-time data are 

extended to the problem of hypocenter determination. A constrained· cubic spline interpolant 

permits all necessary parameters. - ray slowness,· epicentral distance, and travel time - to be 

estimated entirely in terms of the spline coefficients. Although the various regionalized tau 

functions may be inverted to obtain corresponding velocity-depth functions, the estimation of 

travel times for source location does not rely on a ray tracing scheme as all the information on 

lateral velocity variations is contained in the T - P domain and is easily transformed to T - ~. 

The reduction of sample variances, estimated from travel-time residuals, using regionalized 

travel times indicates that the tectonic regionalization model successfully accounts for lateral 

velocity variations. Particularly for events at NTS, EaStern Kazakh, and Novaya Zemlya, the 

sample variances are reduced an average of 30% and 15% compared to using the Jeffreys-Bullen 



129 

(1958) P tables and PREM (Dziewonski and Anderson, 1981) P times, respectively, the latter 

with a set of azimuthal station corrections (Dziewonski, 1979). The method presented is 

efficient in that seismic sources at teleseismic distances may be located in a laterally heterogene

ous earth without intensive computation, as all variations in velocity are contained in tau and 

parameterized by a global tectonic regionalization. 

Source and receiver travel-time corrections may be extended for larger slownesses by 

accounting for the depth of suspected velocity anomalies in relation to the turning points of 

shallow propagation paths. For epicentral distances less than 15 deg, various shallow-mantle 

and crustal models obtained in other studies may also be compiled for each tectonic region. 

Local and regional seismographic networks could then supplement teleseismic data. The exten

sion of the tectonically regionalized tau method to S-wave data is currently in progress. A set 

of slowness-dependent S corrections may further improve hypocenter determination. Considera

tion of the method presented in this study by agencies such as the ISC (Adams et al., 1982) may 

then be suggested, provided further testing with well-constrained earthquakes distributed 

throughout the eart~ is carried out. 
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APPENDIXE 

Quadratic Programming 

The following algorithm is according to Hanson (1970) and Lawson and Hanson (1972). 

Consider the least-squares minimization problem as posed in Section 3.2.2 in equations 3.10 

through 3.12. An orthogonal transformation allows the equality constraints to be eliminated ini-

tially with a corresponding reduction in the number of independent variables. Denote K as the 

matrix operator which triangularizes 0 from the right: 

(El) 

where the R.H.S matrix is partitioned into mec = 2(k -2)+3(k -1) and n -mec columns. Intro-

duce the orthogonal change of variables 

(E2) 

where 'fit and 112 are mec x 1 and (n -mec ) x 1, respectively. Then Y 1 is determined as the 

solution of the lower triangular system of equations 

. OYI = II (E3) 

and Y 2 is the solution of the least-squares problem of minimizing 

(E4) 

subject to the inequality constraints 

(E5) 

The initial equality constraints Ox = II are therefore used to reduce the rank of the system. 
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A singular value decomposition of E2 is then obtained, 

(E6) 

where U is mec x mec orthogonal, V is n -mec x n -mec orthogonal, and S is the (n -mec ) x 

(n -mec ) diagonal matrix of singular values. With two orthogonal change of variables 

(E7) 

w = Sz - 11 (E8) 

the objective function to be minimized is now written 

~(x ) = I I w I I 2 + I I f 2 I I 2 (E9) 

where 

-+ T-+ -+ 
f i = U i (f - ElY I) , i =1,2 (ElO) 

if U is partitioned into n -mec and mec -( n -mec ) columns. If the system is of full rank, mec 

equals n -mec and 12 is not defined. The problem is now to minimize I I w I I subject to 

(Ell) 

Lawson and Hanson (1972) outline the steps to solve this least-distance programming problem 

through a sequence of Householder transformations. Mter obtaining the solution ~ , ? is given 

by 

( ~ + 11 )S-I = ? (EI2) 

and 

(EI3) 

Finally, ~ is obtained by 

E(14) 

where K is the initial lower triangularizing matrix operator (Equation E2). 



p a b c d 
13.80 0.359181E+01 -0.100000E+02 0.326083E+01 0.124763E+OO 
13.20 0.107388E+02 -0.137782E+02 0.303625E+01 0.168681E+01 
12.60 0.197344E+02 -O.156000E+02 -0.220917E-05 -0.148148E+01 
12.00 0.294144E+02 -0.172000E+02 0.266667E+01 0.148148E+01 
11040 OA03744E+02 -0.188000E+02 0.304846E-05 -0.864192E+OO 
10.50 0.579244E+02 -0.209000E+02 0.233332E+01 0.259255E+01 
10.20 0.643344E+02 -0.216000E+02 0.241244E-04 -0.268515E+01 
9.60 0.778744E+02 -0.245000E+02 OA83330E+01 0.370363E+Ol 
9.30 0.855594E+02 -0.264000E+02 0.150004E+Ol -0.370364E+Ol 
9.00 0.937144E+02 -0.283000E+02 OA83332E+Ol . -0.666661E+Ol 
8.85 0.980907E+02 -0.302000E+02 0.783329E+Ol 0.174072E+02 
8.70 0.102738E+03 -0.313750E+02 0.701668E-04 -OA62959E+02 
8.55 0.107601E+03 -0.345000E+02 0.208332E+02 OA62956E+02 
8040 0.113088E+03 -0.376250E+02 0.177953E-03 -0.203696E+02 
8.25 0.1l8801E+03 -0.390000E+02 0.916651E+01 -0.963014E+01 
8.10 0.124889E+03 -0.424000E+02 0.135001E+02 0.518539E+Ol 
7.95 0.131536E+03 -0.461000E+02 0.111667E+02 0.231481E+02 
7.80 0.138624E+03 ~0.478875E+02 0.749998E+OO 0.166669E+01 
7.65 0.145818E+03 -0.480000E+02 -0. 132295E-04 -0.237038E+02 
7.50 0.153098E+03 -0.496000E+02 0.106667E+02 -0.133333E+02 
7.35 0.160823E+03 -0.537000E+02 0.166667E+02 0.370370E+02 
7.20 0.169128E+03 -0.562000E+02 -0.532907E-14 -0. 174622E+02 
7.05 0.177617E+03 -0.573787E+02 0.785801E+Ol -0.211256E+01 
6.90 0.186408E+03 -0.598787E+02 0.880866E+Ol 0.195748E+02 
6.75 0.195522E+03 -0.612000E+02 0.355271E-14 -0.251852E+02 
6.60 . 0.204787E+03 -0.629000E+02 0.113333E+02 0.251852E+02 
6.45 0.214392E+03 -0.646000E+02 0.349126E-05 -0.323405E+02 
6.30 0.224191E+03 -0.667830E+02 0.145532E+02 0.226682E+02 
6.15 0.234459E+03 -0.696188E+02 OA35254E+01 -0.153441E+02 
6.00 0.245052E+03 -0.719603E+02 0.112574E+02 0.796374E+Ol 
5.85 0.256072E+03 -0.748000E+02 0.767372E+Ol 0.169166E+02 
5.70 0.267408E+03 -O.759602E+02 O.612569E-Ol -0.151315E+02 
5.55 O.278854E+03 -0.770000E+02 0.687042E+01 -0.111716E+02 
5040 0.290597E+03 -0.798152E+02 O.1l8977E+02 0.190298E+02 
5.25 0.302772E+03 -O.821000E+02 0.333426E+Ol -0.126910E+Ol 
5.10 0.315167E+03 -0.831859E+02 0.390536E+01 -0.628852E+OO 
4.95 0.327735E+03 -O.844000E+02 OA18834E+01 -0.358710E+02 
4.80 0.340610E+03 -0.880778E+02. 0.203303E+02 0.221293E+02 
4.65 0.354204E+03 -0.926832E+02 0.103721E+02 -0.289660E+02 

Table E.la Cubic spline coefficients from fully-constrained quadratic program
ming of turning-point tau estimates T/(p) for young oceanic regions. Norm of 
residuals = 1.69 s. 
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p a b c d 

13.80 0.242744E+01 -0.107200E+02 0.472120E+01 0.139729E+01 
13.20 0.102573E+02 -0.148764E+02 0.220607E+01 0.122559E+01 
12.60 0.197125E+02 -0.162000E+02 -0.181330E--06 -0.103629E+01 
12.00 0.296564E+02 -0.173192E+02 0.186533E+01 0.103629E+01 
11.40 0.404956E+02 -0.184384E+02 -0. 176619E--06 -0.930980E+00 
10.50 0.577688E+02 -0.207007E+02 0.251365E+01 0.141747E+01 
10.20 0.641670E+02 -0.218261E+02 0.123792E+01 -0.100773E+01 

9.60 0.779260E+02 -0.244000E+02 0.305184E+01 0.339093E+01 
9.30 0.854291E+02 -0.253156E+02 -0.355271E-14 -0.105351E+Ol 
9.00 0.930522E+02 -0.256000E+02 0.948161E+00 -0.458089E+02 
8.85 0.970681E+02 -0.289765E+02 0.215622E+02 0.477213E+02 
8.70· 0.101739E+03 -0.322240E+02 0.876062E--01 -0.333289E+02 
8.55 0.106687E+03 -0.345000E+02 0.150856E+02 0.174668E+0l 
8.40 0.112195E+03 -0.389078E+02 0.142996E+02 0.260016E+02 
8.25 0.118265E+03 -0.414426E+02 0.259892E+01 -0. 138236E+02 
8.10 0.124587E+03 -0,431553E+02 0.881954E+01 0.195990E+02 
7.95 0.131193E+03 -0,444783E+02 -0. 177636E-14 -0.260602E+02 
7.80 0.137952E+03 -0,462373E+02 0.117271E+02 0.989699E+01 
7.65 0.145118E+03 -0.490874E+02 0.727345E+01 -0.743731E+00 
7.50 0.152648E+03 -0.513196E+02 0.760813E+01 -0.885797E+01 
7.35 0.160547E+03 -0.542000E+02 0.115942E+02 0.219002E+02 
7.20 0.168864E+03 -0.562000E+02 0.173911E+01 0.386470E+01 
7.05 0.177320E+03 ' -0.564609E+02 O.OOOOOOE+OO -0.392109E+02 
6.90 0.185921E+03 -0.591076E+02 0.176449E+02 0.307245E+02 
6.75 0.195081E+03 -0.623272E+02 0.381888E+01 0.848640E+01 
6.60 0.204487E+03 -0.629000E+02 0.976996E-14 -0.336742E+02 
6.45 0.214036E+03 -0.651730E+02 0.151534E+02 0.316370E+02 
6.30 0.224046E+03 -0.675835E+02 0.916727E+00 -0.328240E+02 
6.15 0.234315E+03 -0.700742E+02 0.156875E+02 0.348612E+02 
6.00 0.245061E+03 -0.724273E+02 0.532907E-14 -0.848457E+01 
5.85 0.255954E+03 -0.730000E+02 0.381806E+01 -0. 140225E+02 
5.70 0.267037E+03 -0.750919E+02 0.101282E+02 0.290064E+00 
5.55 0.278528E+03 -0.781108E+02 0.999764E+01 0.222170E+02 
5.40 0.290394E+03 -0.796105E+02 -0.302757E--06 -0.354419E+02 
5.25 0.302455E+03 -0.820028E+02 0.159488E+02 0.353694E+02 
5.10 0.314995E+03 -0.844000E+02 0.326156E--01 -0.100163E+02 
4.95 0.327690E+03 -0.850859E+02 0.453996E+01 -0.199934E+02 
4.80 0.340622E+03 -0.877974E+02 0.135370E+02 0.632183E+01 
4.65 0.354075E+03 -0.914318E+02 0.106922E+02 -0.460821E+02 

Table E.lb Cubic spline coefficients from fully-constrained quadratic program
ming of turning-point tau estimates r/(p) for intermediate-age oceanic regions. 
Norm of residuals = 0.54 s. 
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p a b c d 
13.80 0.266012E+00 -0.108000E+02 0.700000E+01 0.305555E+01 
13.20 0.860601E+01 -0.159000E+02 0.150000E+01 0.833334E+00 
12.60 0.185060E+02 -0.168000E+02 -0.601673E-06 -O.751379E+OO 
12.00 0.287483E+02 -0.176115E+02 O.135248E+Ol 0.380871E+OO 
11.40 0.397198E+02 -O.188231E+02 0.666914E+00 -0.812625E-01 
10.50 0.572601E+02 -0.202210E+02 0.886323E+00 -0.382692E+01 
10.20 0.635095E+02 -0.217861E+02 0.433055E+01 0.239625E+01 

9.60 0.776226E+02 -0.243948E+02 0.172968E-01 0;192181E-01 
9.30 0.849420E+02 -0.244000E+02 0.460480E-06 -0.518518E+01 
9.00 0.924020E+02 -0.258000E+02 0.466667E+01 -0.394287E+02 
8.85 0.965101E+02 -0.298614E+02 0.224096E+02 0.377412E+02 
8.70 0.101366E+03 -0.340368E+02 0.542604E+01 0.120579E+02 
8.55 0.106553E+03 -0.348507E+02 -0.710543E-14 -0.237576E+02 
8.40 0.111861E+03 -0.364543E+02 0.106909E+02 -0.209755E+02 
8.25 0.117640E+03 -0.41077 4E+02 0.201299E+02 0.447330E+02 
8.10 0.124104E+03 ·0.440969E+02 0.932587E-14 -0.453981E+01 
7.95 0.130734E+03 ';0.444034E+02 0.204291E+01 -0.316840E+02 
7.80 0.137547E+03 -0.471549E+02 0.163007E+02 0.362238E+02 
7.65 0.144865E+03 -0.496000E+02 -0.213275E-06 -0.306996E+02 
7.50 0.152409E+03 -0.516722E+02 0.138148E+02 0.306996E+02 
7.35 0.160367E+03 -0.537444E+02 0.284748E-05 -0.330041E+02 
7.20 0.168540E+03 -0.559722E+02 0.148519E+02 0.330041E+02 
7.05 0.177158E+03 -0.582000E+02 -0.444089E-14 -0.883187E+01 
6.90 0.185918E+03 -0.587962E+02 0.397434E+01 -0.171511E+02 
6.75 0.194885E+03 -0.611462E+02 0.116923E+02 0.259829E+02 
6.60 0.204232E+03 -0.629000E+02 -0. 157776E-05 -0.251852E+02 
6.45 0.213752E+03 -0.646000E+02 0.113333E+02 0.839573E+01 
6.30 0.223669E+03 . -0.674333E+02 0.755526E+01 -0.719856E+00 
6.15 0.233956E+03 -0.697485E+02 0.787919E+01 0.567721E+01 
6.00 0.244577E+03 -0.717290E+02 0.532445E+01 -0.212963E+02 
5.85 0.255528E+03 -0.747638E+02 0.149078E+02 0.331284E+02 
5.70 0.266966E+03 -0.770000E+02 0.262434E-05 0.583186E-05 
5.55 0.278516E+03 -0.770000E+02 O.OOOOOOE+OO -0.325926E+02 
5.40 0.290176E+03 -0.792000E+02 0.146667E+02 0.254835E+02 
5.25 0.302300E+03 -0.818799E+02 0.319910E+01 -0.221999E+02 
5.10 0.314729E+03 -0.843381E+02 0.131890E+02 . 0.265896E+02 
4.95 0.327586E+03 -0.865000E+02 0.122372E+Ol -0.256724E+02 
4.80 0.340676E+03 -0.886000E+02 0.127763E+02 0.283917E+02 
4.65 0.354157E+03 -0.905164E+02 -0.754952E-14 -0.107164E+03 

Table E.lc Cubic spline coefficients from fully-constrained quadratic program
ming of turning-point tau estimates TI(p ) for old oceanic regions. Norm of resi
duals = 1.41 s. 
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13.80 0.384587E+0l -0.106500E+02 0.674999E+0l 0.356480E+01 
13.20 0.118959E+02 -0.149000E+02 0.333347E+OO -0.370356E+00 
12.60 0.210359E+02 -0.157000E+02 0.999987E+OO 0.185166E+00 
12.00 0.307759E+02 -0.167000E+02 0.666689E+00 -0. 555527E+OO 
11040 OA11559E+02 -0.181000E+02 0.166664E+01 0.617257E+OO 
10.50 0.583459E+02 -0.196oo0E+02 OA36901E--04 -OA19735E+01 

10.20 0.643392E+02 -0.207333E+02 0.377766E+01 O. 209860E+0 1 
9.60 0.776859E+02 -0.230000E+02 0.189278E--03 -OA62895E+0 1 
9.30 0.847109E+02 -0.242500E+02 OA16625E+01 OA62829E+01 

9.00 0.922359E+02 -0.255001E+02 0.787319E--03 -0.399959E+02 
8.85 0.961959E+02 -0.282000E+02 0.179989E+02 0.147819E+01 
8.70 0.100826E+03 -0.334999E+02 0.173338E+02 0.385193E+02 
8.55 0.106111E+03 -0.361000E+02 0.839064&-04 -OA29625E+02 
8040 0.11167lE+03 -0.390000E+02 0.193332E+02 0.355554E+02 
8.25 0.117836E+03 -OA24000E+02 0.333329E+01 -0.103707E+02 
8.10 0.124306E+03 -OA4l000E+02 0.8000lOE+Ol 0.592630E+Ol 
7.95 0.13l08lE+03 -OA6l000E+02 0.533327E+Ol -OA44466E+01 
7.80 0.138l3lE+03 -OA80000E+02 0.733336E+01 0.117992E+02 
7.65 0.145456E+03 -OA94036E+02 0.202372E+01 -0.106923E+02 
7.50 0.152948E+03 -0.507324E+02 0.683526E+Ol -0.125192E+02 
7.35 0.160754E+03 -0.536280E+02 0.124689E+02 0.241590E+02 
7.20 0.168997E+03 .;.0.557380E+02 0.159737E+01 -0.129127E+02 
7.05 0.177438E+03 -0.570888E+02 0.740806E+Ol 0.164624E+02 
6.90 0.186112E+03 -0.582000E+02 -0.394955E--05 -0.357049E+02 
6.75 0.194962E+03 -O.606101E+02 0.160672E+02 0.133399E+02 
6.60 0.204370E+03 -0.645298E+02 0.lOO642E+02 0.223649E+02 
6045 0.214201E+03 -0.660394E+02 -0.213l63E-13 -0.216713E+02 
6.30 0.224180E+03 -0.675022E+02 0.975209E+Ol 0.125013E+02 
6.15 0.234483E+03 -0.695840E+02 OA12653E+01 -0. 112071E+02 
6.00 0.245051E+03 -0.715785E+02 0.916972E+Ol -0.368039E+00 
5.85 0.255995E+03 -0.743542E+02 0.933534E+0l 0.207452E+02 
5.70 0.267288E+03 -0.757545E+02 -0.840486E--05 -0.238620E+02 
5.55 0.278732E+03 -0.773652E+02 0.107379E+02 0.714283E+01 
5040 0.290554E+03 -0.801044E+02 0.752363E+Ol 0.638213E+01 
5.25 0.302718E+03 -0.819307E+02 OA65168E+01 OA49998E+01 
5.10 0.315097E+03 -0.830225E+02 0.262669E+01 -0.257096E+02 
4.95 0.327696E+03 -0.855459E+02 0.141960E+02 0.279587E+02 
4.80 0.340753E+03 -0.879175E+02 0.161459E+01 -0.772335E+01 
4.65 0.354oo3E+03 -0.889232E+02 0.509010E+01 -0.108145E+03 

Table E.ld Cubic spline coefficients from fully-constrained quadratic program
ming or turning-point tau estimates T/(p ) for active continental regions. Norm 
or residuals = 4.59 s. . 
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p a b c d 

13.80 0.105069E+Ol -0.104500E+02 -0. 127217E--06 -0.265682E+0l 
13.20 0.789456E+Ol -0.133194E+02 0.478227E+Ol 0.140160E+Ol 
12.60 0.173051E+02 -0.175444E+02 0.225940E+Ol 0.125522E+0l 
12.00 0.283739E+02 -0.189000E+02 0.340879E--06 0.405830E-06 
11.40 0.397139E+02 -0.189000E+02 -0.389616E--06 -0.976500E+00 
lO.50 0.574358E+02 -0.212729E+02 0.263655E+0l 0.543671E+00 
10.20 0.640403E+02 -0.227080E+02 0.214725E+01 0.119291E+01 
9.60 0.781804E+02 -0.239964E+02 -0.520242E--08 -0. 113992E+Ol 
9.30 0.854101E+02 -0.243042E+02 0.102593E+01 -0.911446E+01 
9.00 0.930398E+02 -0.273806E+02 0.922895E+01 0.136182E+02 
8.85 0.973086E+02 -0.29230lE+02 0.310077E+0l -0.402465E+02 
8.70 0.101899E+03 -0.328770E+02 0.212117E+02 0.465255E+02 
8.55 . 0.107150E+03 -0.361000E+02 0.275242E+00 -0.248111E+02 
8.40 0.112655E+03 -0.378573E+02 0.114402E+02 0.691336E+01 
8.25 0.118568E+03 ·0.408227E+02 0.832923E+Ol 0.729191E+01 
8.10 0.124854E+03 .. 0.428293E+02 0.504787E+0l 0.360987E+0l 
7.95 0.131380E+03 -0.441000E+02 0.342342E+01 -0.175733E+02 
7.80 0.138131E+03 -0.463132E+02 0.113314E+02 0.166882E+0l 
7.65 0.145328E+0~, -0.496000E+02 0.105804E+02 0.235121E+02 
7.50 0.152926E+03 -0.511871E+02 -0.888178~15 -0.290088E+02 
7.35 0.160702E+03 -0.531452E+02 0.130540E+02 0.290088E+02 
7.20 0.168870E+03 -0.55lO33E+02 -0.754952~14 -0.218538:8+02 
7.05 0.177209E+W -0.565784E+02 0.983419E+0l 0.321478E+01 
6.90 0.185906E+03 -0.593116E+02 0.838754E+Ol -0.306273E~0l 
6.75 0.19SOO2E+03 -0.620346E+02 0.976577E+01 0.217017E+02 
6.60 0.204454E+03 -0.634995E+02 0.444089~15 -0.338764E,+:02 
6.45 0.214093E+03 -0.657862E+02 0.152444E+02 0.338764E+02 
6.30 0.224190E+03 -0.680728E+02 0.532907~14 -0.166234E+02 
6.15 0.234457E+03 -0.691949E+02 0.748055E+Ol -0.297667E+01 
6.00 0.245014E+03 -0.716400E+02 0.882005E+Ol ·0.209087E+Ol 
5.85 0.255966E+03 -0.744271E+02 0.976094E+Ol 0.163871E+02 
5.70 0.267294E+03 -0.762493E+02 0.238673E+01 -0.121072E+02 
5.55 0.278826E+03 -0.777825E+02 0.783500E+Ol -0.991956E+00 
5.40 0.290673E+03 -0.802000E+02 0.828138E+01 0.865797E+01 
5.25 O.302860E+03 -0.821000E+02 0.438529E+01 -0.127025E+Ol 
5.10 0.315278E+03 -0.835013E+02 0.495690E+Ol -0.568937E+oi 
4.95 0.327934E+03 -0.853724E+02 0.751712E+01 0.167047E+02 
4.80 0.340853E+03 -0.865000E+02 0.266454~14 -0.488862E+02 
4.65 0.353993E+03 -0.897998E+02 0.219988E+02 -0.200079E+02 

Table E.le Cubic spline coefficients from fully-constrained quadratic program
ming of turning-point tau estimates rl(p) for continental platform regions. 
Norm of residuals = 0.49 s. 
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p a b c d 

13.80 0.540286E+OO -0.102500E+02 0.184566E+01 -0. 110247E+01 

13.20 0.759286E+01 -0.136555E+02 0.383010E+01 0.578536E+00 

12.60 0.170400E+02 -0.176268E+02 0.278874E+01 0.154930E+01 

12.00 0.282854E+02 -0.193000E+02 0.117200E--05 -0.624398E+00 

11040 OAOOO02E+02 -0.199744E+02 0.112392E+01 OA16266E+00 

10.50 0.585841E+02 -0.209859E+02 -0. 135770E--05 -0.153380E+01 

10.20 0.649212E+02 -0.214000E+02 0.138041E+Ol -0.836512E+OO 

9.60 0.784389E+02 -0.239599E+02 0.288614E+Ol 0.320682E+Ol 

9.30 0.858000E+02 -0.248258E+02 -0.266454E-14 -0.249714E+01 
9.00 0.933152E+02 -0.255000E+02 0.224743E+01 -0.259684E+02 
8.85 0.972784E+02 -0.279271E+02 0.139332E+02 -0. 706383E+0 1 
8.70 0.101805E+03 -0.325839E+02 0.171119E+02 0.380265E+02 
8.55 0.106949E+03 -0.351506E+02 0.957119E--07 -0.261881E+02 
8040 0.112310E+03 . -0.369183E+02 0.117846E+02 -0.370420E+01 
8.25 0.118125E+03 -OA07038E+02 0.134515E+02 0.119601E+02 
8.10 0.124493E+03 -0.439319E+02 0.806952E+01 0.374490E+01 
7.95 0.131252E+03 -0.461000E+02 0.638431E+01 O.471799E+01 
7.80 0.138295E+03 -0.476968E+02 0.426121E+01 -0.871965E+01 
7.65 0.145575E+03 -0.495638E+02 0.818506E+01 0.181890E+02 
7.50 0.153132E+03 -0.507915E+02 -0.266454E-14 -0.164218E+02 
7:35 0.160806E+03 -0.519000E+02 0.738982E+01 -0.193863E+02 
7.20 0.168823E+03 -0.554255E+02 0.161137E+02 0.358082E+02 
7.05 0.177378E+03 -0.578426E+02 -0.888178E-15 -0.231674E+02 
6.90 0.186133E+03 -0.594064E+02 0.104253E+02 0.887234E+01 
6.75 0.195248E+03 -0:619351E+02 0.643277E+01 0.142950E+02 
6.60 0.204635E+03 -0.629000E+02 -0.873093E--06 -0.251852E+02 
6.45 0.214155E+03 -0.646000E+02 0.113333E+02 0.187546E+02 
6:30 0.224037E+03 -0;667341E+02 0.289378E+01 -0.240232E+02 
6.15 0.234193E+03 ;.0.692238E+02 0.137042E+02 0.206715E+02 
6.00 0.244815E+03 -0.719397E+02 OA40203E+01 -0.228103E+02 

·5.85 0.255782E+03 -0.748000E+02 0.146667E+02 0.325926E+02 
5.70 0.267222E+03 -0.770000E+02 -0. 133707E--05 -0.177546E+02 
5.55 0.278832E+03 -0.781984E+02 0.798957E+01 0.138331E+02 
5.40 0.290695E+03 -0.796616E+02 0.176466E+01 -0.282819E+02 
5.25 0.302779E+03 -0.821000E+02 0.144915E+02 0.312681E+02 
5.10 0.315315E+03 -0.843369E+02 0.420897E+00 0.935327E+00 
4.95 0.327972E+03 -0.844000E+02 0.710543E-14 -0.311111E+02 
4.80 0.340737E+03 -0.865000E+02 0.14oo00E+02 -0. 150719E+02 
4.65 0.354078E+03 -0.917174E+02 0.207823E+02 0.299345E+01 

Table E~lr Cubic spline coefficients from fully-constrained quadratic program
ming of turning-point tau estimates Tl(p) for continental shield regions. Norm 
of residuals = 0.90 s. 
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p a b c d 
13.80 0.263177E+01 -0.107500E+02 0.636110E+01 0.331789E+01 
13.20 0.106551E+02 -0.148000E+02 0.388898E+00 -O.679007E+00 
12.60 0.198218E+02 -0.160000E+02 0.161111E+01 OA93828E+00 
12.00 0.298951E+02 -0.174000E+02 0.722219E+00 -O.216049E+00 
11040 OA06418E+02 -0.185000E+02 0.111111E+01 OA11515E+00 
10.50 0.578918E+02 -0.195000E+02 0.184726E-04 -OA32094E+01 
10.20 0.638584E+02 -0.206667E+02 0.388887E+01 0.216048E+01 

9.60 0.771918E+02 -0.230000E+02 -0.104405E-06 -0.611109E+01 
9.30 0.842568E+02 -0.246500E+02 0.549998E+01 0.611094E+01 
9.00 0.919818E+02 -0.263000E+02 0.137852E-03 -0.251841E+02 
8.85 0.960118E+02 -0.280000E+02 0.113330E+02 -0.222235E+02 
8.70 0.100542E+03 -0.329000E+02 0.213336E+02 OA74079E+02 
8.55 0.105797E+03 -0.361000E+02 0.728306E-13 -OA29627E+02 
8040 0.111357E+03 -O.390000E+02 0.193332E+02 0.355550E+02 
8.25 0.117522E+03 -0,424000E+02 0.333343E+Ol -0.103701E+02 
8.10 0.123992E+03 -0,44HjOOE+02 0.799999E+01 0.592589E+01 
7.95 0.130767E+03 -0,461000E+02 0.533334E+01 -0,444441E+01 
7.80 0.137817E+03 -0,480000E+02 0.733332E+01 0.162963E+02 
7.65 0.145127E+03 -0,491000E+02 0.642911E-06 -0.289089E+02 
7.50 0.152589E+03 -0.510513E+02 0.130090E+02 O.203857E+02 
7.35 0.160471E+03 -0.535780E+02 O.383546E+01 -0.150890E+02 
7.20 0.168645E+03 -0.557472E+02 0.106255E+02 0.236123E+02 
7.05 0.177166E+03 -0.573410E+02 0.301981E-13 -0.298631E+02 
6.90 0.185868E+03 -0.593568E+02 0.134384E+02 0.156384E+02 
6.75 0.195021E+03 -0.623327E+02 O.640110E+01 0.142247E+02 
6.60 0.204467E+03 -0.632928E+02 -O.133227E-13 -0.329679E+02 
6.45 0.214072E+03 -0.655182E+02 0.14835SE+02 0.329679E+02 
6.30 0.224123E+03 -0.677435E+02 0.567788E-05 -0.250351E+02 
6.15 0.234369E+03 -0.694334E+02 0.112658E+02 0.136552E+02 
6.00 0.244991E+03 -0.718914E+02 0.512096E+01 -O.667774E+01 
5.85 0.255913E+03 -0.738784E+02 0.812594E+01 0.180576E+02 
5.70 0.267116E+03 -0.750973E+02 -0.186517E-13 -O.377977E+02 
5.55 0.278508E+03 -0.776487E+02 0.170089E+02 0.377976E+02 
5.40 0.290411E+03 -0.802000E+02 0.241485E-04 -0.281481E+02 
5.25 O.302536E+03 -0.821000E+02 0.126667E+02 0.222223E+02 
5.10 0.315061E+03 -0.844000E+02 0.266663E+01 0.106027E+01 
4.95 0.327777E+03 -0.851284E+02 0.218951E+01 -0.105885E+02 
4.80 0.340632E+03 -0.865000E+02 0.695433E+01 -0. 182085E+02 
4.65 0.353824E+03 -0.898154E+02 0.151481E+02 -0.502250E+02 

Table E.lg Cubic spline coefficients Crom Cully-constrained quadratic program
ming oC turning-point tau estimates Tl(p ) for oceanic trench regions. Norm of 
residuals = 3.48 s. 
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p a b c d 
13.80 0.359326E+Ol -0.loo000E+02 0.311I91E+Ol -0.899312E-Ol 
13.20 0.107330E+02 -O.138314E+02 0.327378E+Ol 0.181877E+Ol 
12.60 0.198175E+02 -0.157957E+02 OA08007E-14 -0.144979E+01 
12.00 0.296081E+02 -0.173615E+02 0.260962E+01 0.137339E+01 
11040 OA06678E+02 -0.19OO97E+02 0.137510E+00 -0.842260E+00 
10.50 0.585019E+02 -0.213039E+02 0.241I61E+01 0.267957E+Ol 
10.20 0.650378E+02 -0.220274E+02 OA21885E-14 -0.624888E-01 

9.60 0.782677E+02 -0.220949E+02 0.112480E+00 -0.130748E+02 
9.30 0.852594E+02 -0.256926E+02 0.118798E+02 0.131998E+02 
9.00 0.936799E+02 -O.292565E+02 -O.532907E-14 0.257364E-13 
8.85 0.980684E+02 -0.292565E+02 -0.155431E-13 -0.110172E-13 
8.70 0.102457E+03 -0.292565E+02 -0.109912E-13 -0.625794E+02 
8.55 0.107057E+03 -0.334806E+02 0.281607E+02 OA53562E+02 
8040 0.112559E+03 -0.388673E+02 0.775044E+Ol 0.172232E+02 
8.25 0.118506E+03 -OA00299E+02 OA44089E-15 -OA64217E+02 
8.10 0.124667E+03 -0 A31633E+02 0.208897E+02 0.339845E+02 
7.95 . 0.131497E+03 -OA71363E+02 0.559674E+01 0.124372E+02 
7.80 0.138651E+03 -OA79758E+02 0.355271E-14 0.168476E-13 
7.65 0.145847E+03 -OA79758E+02 -O.299760E-14 -0.135428E+02 
7.50 0.153089E+03 -OA88900E+02 0.609424E+Ol -OA24502E+02 
7.35 0.160703E+03 -0.535836E+02 0.251969E+02 0.559930E+02 
7.20 0.169119E+03 -0.573632E+02 -0. 124345E-13 -0.209693E-13 
7.05 0.177723E+03 -O.573632E+02 -0.888178E-15 -0.301389E+02 
6.90 0.186429E+03 -0.593975E+02 0.135625E+02 0.301389E+02 
6.75 0.195542E+03 -0.614319E+02 -0.710543E-14 -0.167249E+02 
6.60 0.204814E+03 -0.625608E+02 0.752620E+Ol 0.509515E+01 
6.45 0.214350E+03 -0.644748E+02 0.523338E+Ol -0.152006E+02 
6.30 0.224190E+03 .' ~0.670708E+02 0.120737E+02 0.268304E+02 
6.15 0.234432E+03 -0.688819E+02 0.106581E-13 -O.507566E+02 
6.00 0.244936E+03 -0.723080E+02 0.228405E+02 0.491703E+02 
5.85 0.256130E+03 -0.75841lE+02 0.713838E+00 0.158631E+Ol 
5.70 0.267517E+03 -0.759482E+02 0.133227E-14 -0.301668E-14 
5.55 0.278909E+03 -0.759482E+02 0.177636E-14 -0.528867E+02 
5.40 0.290480E+03 -0.795180E+02 0.237990E+02 0.528867E+02 
5.25 0.302764E+03 -0.830879E+02 -0.355271E-14 -0.1l4943E-13 
5.10 0.315227E+03 -0.830879E+02 0.177636E-14 -0.1l7060E+02 
4.95 0.327730E+03 -O.838780E+02 0.526771E+01 -0.413910E+02 
4.80 0.340570E+03 -0.882523E+02 0.238937E+02 0.384558E+02 
4.65 0.354216E+03 -O.928246E+02 0.658858E+Ol -OA36865E+02 

Table E.2a Cubic spline coefficients from under-constrained quadratic program
ming of turning-point tau entimates rl(p) for young oceanic regions. Norm of 
residuals = 0.82 s .. 
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p a b c d 
13.80 0.244487E+01 -0.107200E+02 OA14182E+01 0.835274E+00 
13.20 0.101875E+02 -0.147881E+02 0.263833E+01 0.146574E+01 
12.60 0.196936E+02 -O.163711E+02 0.248412E-14 -0.918309E+00 
12.00 0.297146E+02 -0.173629E+02 0.165296E+01 0.918309E+00 
11040 OA05290E+02 -0.183546E+02 0.106581E-13 -0.956047E+00 
10.50 0.577451E+02 -0.206778E+02 0.258133E+01 0.143913E+01 
10.20 0.641419E+02 -0.218381E+02 0.128611E+01 -0.loo761E+01 

9.60 0.779254E+02 -0.244696E+02 0.309980E+01 0.344423E+Ol 
9.30 0.854523E+02 -0.253995E+02 0.888178E-15 0.186465E-13 
9.00 0.930721E+02 -0.253995E+02 -0.159872E-13 -0.522489E+02 
8.85 0.970584E+02 -0.289263E+02 0.235120E+02 0.522489E+02 
8.70 0.101750E+03 -0.324531E+02 OA44089E-15 -0.260137E+02 
8.55 0.106706E+03 -0.342091E+02 0.117062E+02 -0.164280E+02 
8040 0.112156E+03 -O.388298E+02 0.190988E+02 OA24418E+02 
8.25 0.118267E+03 -OA16946E+02 0.532907E-14 -0.205580E+02 
8.10 0.124591E+03 -0.430823E+02 0.925109E+01 0.205580E+02 
7.95 0.131192E+03 -0.444700E+02 0.177636E-14 -0.265872E+02 
7.80 0.137952E+03 -0.462646E+02 0.119642E+02 0.118414E+02 
7.65 0.145121E+03 -0.490546E+02 0.663559E+01 -0.285008E+01 
7.50 0.152638E+03 -0.512376E+02 0.791813E+01 -0.103254E+02 
7.35 0.160537E+03 -0.543100E+02 G.125646E+02 0.266439E+02 
7.20 0.168876E+03 -0.562810E+02 0.574825E+OO 0.127739E+01 
7.05 '. 0.177327E+03 -0.563672E+02 0.355271E-14 -0.405603~+02 
6.90 0.185919E+03 -0.591050E+02 0.182521E+02 0.329995E+02 
6.75 0.195084E+03 -0.623532E+02 0.340238E+01 0.756084E+01 
6.60 0.204488E+03 -0.628635E+02 0.124345E-13 -0.341183E+02 
6.45 0.214032E+03 -0.651665E+02 0.153532E+02 0.319802E+02 
6.30 0.224045E+03 -0.676138E+02 0.962166E+00 -0.334479E+02 
6.15 0.234321E+03 -0.701602E+02 0.160137E+02 0.355860E+02 
6.00 0.245086E+03 -0.725623E+02 0.266454E-14 -0.208167E-15 
5.85 0.255970E+03 -0.725623E+02 O.OOOOOOE+OO -0.371411E+02 
5.70 0.266980E+03 -0.750693E+02 0.167135E+02 0.235569E+02 
5.55 0.278537E+03 -0.784932E+02 0.611289E+01 0.135842E+02 
5.40 0.290402E+03 -O.794102E+02 -0. 199840E-14 -O.379776E+02 
5.25 0.302442E+03 -0.819737E+02 0.170899E+02 0.379776E+02 
5.10 0.314994E+03 -O.845372E+02 0.266454E-14 -0.765709E+01 
4.95 0.327701E+03 -0.850540E+02 0.344569E+01 -0.246062E+02 
4.80 0.340620E+03 -0.877486E+02 0.145185E+02 0.957856E+Ol 
4.65 0.354076E+03 -0.914576E+02 0.102081E+02 -004 78508E+02 

Table E.2h Cubic spline coefficients from under-constrained quadratic program
ming of turning-point tau estimates Tl(p) for intermediate-age oceanic regions. 
Norm of residuals = 0.52 s. 
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13.80 0.210413E+OO -0.108000E+02 0.519161E+01 0.117613E+01 
13.20 0.830535E+0l -0.157597E+02 0.307458E+01 0.170810E+Ol 
12.60 0.184991E+02 -0.176045E+02 OA51028E-14 OA08007E-14 
12.00 0.290618E+02 -0.176045E+02 -0.377476E-14 -0.711114E+OO 
11.40 0.397780E+02 -0.183725E+02 0.128001E+Ol 0.145855E+OO 
10.50 0.572437E+02 -0.203220E+02 0.886196E+00 -0.360823E+0l 
10.20 0.635175E+02 -0.218280E+02 OA13361E+01 0.219032E+Ol 
9.60 0.776293E+02 -0.244228E+02 0.191035E+00 0.212261E+00 
9.30 0.849676E+02 -0.244801E+02 0.266454E-14 -0.344902E+01 
9.00 0.924047E+02 -0.254113E+02 0.310412E+01 -0.531970E+02 
8.85 0.964658E+02 -0.299334E+02 0.270428E+02 0.554797E+02 
8.70 0.101377E+03 -0.343013E+02 0.207691E+01 OA61536E+01 
8.55 0.106553E+03 -0.346128E+02 0.888178E-15 -0.309108E+02 
8.40 0.111850E+03 -0.366993E+02 0.139099E+02 -0.500756E+Ol 
8.25 0.117684E+03 -OA12103E+02 0.161633E+02 0.359184E+02 
8.10 0.124108E+03 -OA36348E+02 -OA66294E-14 -0.752263E-14 
7.95 0.1306&4E+03 -OA36348E+02 -0.888178E-14 -0.568319E+02 
7.80 0.137391E+03 -OA74709E+02 0.255744E+02 0.568319E+02 
7.65 0.144895E+03 -0.513071E+02 -0.266454E-14 -0.803031E-14 
7.50 0.152591E+03 -0.513071E+02 0.888178E-15 -0.208967E+02 
7.35 0.160358E+03 -0.527176E+02 0.940354E+Ol -0.104758E+02 
7.20. 0.168512E+03 -0.562458E+02 0.141176E+02 0.313725E+02 
7.05 '0. 177161E+03 -0.583634E+02. -0.355271E-14 -0.672128E+Ol 
6.90 0.185938E+03 -0.588171E+02 0.302458E+Ol -0.206287E+02 
6.75 0.194898E+03 -O.611169E+02 0.123075E+02 0.273500E+02 
6.60 0.204250E+03 -O.629631E+02 0.666134E-14 -0.186662E+02 
6.45 0.213758E+03 -0.642230E+02 0.839981E+01 -0.116270E+02 
6.30 0.223620E+03 -0.675278E+02 0.136320E+02 0.249914E+02 
6.15 0.233971E+03 -0.699305E+02 0.238582E+01 -0.153721E+02 
6.00 0.244566E+03 -0.716838E+02 0.930325E+01 -0.771205E+0l 
5.85 0.255554E+03 -0.749954E+02 0.127737E+02 0.283859E+02 
5.70 0.266995E+03 -0.769114E+02 -0.355271E-14 -0.185910E-13 
5.55 0.278532E+03 -0.769114E+02 O.OOOOOOE+OO -0.267188E+02 
5.40 0.290159E+03 -0.787149E+02 0.120235E+02 0.355529E+00 
5.25 0.302235E+03 -0.822980E+02 0.118635E+02 0.255788E+02 
5.10 0.314761E+03 -0.841305E+02 0.353023E+OO -0.316211E+02 
4.95 0.327495E+03 -0.863708E+02 0.145825E+02 0.204339E+02 
4.80 0.340710E+03 -0.893663E+02 0.538728E+01 0.119717E+02 
4.65 0.354195E+03 -0.901744E+02 -OA44089E-14 -0. 112232E+03 

Table E.2c Cubic spline coefficients from under-constrained quadratic program
ming of turning-point tau estimates Tl(p ) for old oceanic regions. Norm of resi
duals = 1.22 s. 
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13.80 0.211207E+01 -0.106500E+02 OA37990E+01 0.110247E+01 
13.20 0.984071E+01 -0.147152E+02 0.239546E+01 0.110262E+01 
12.60 0.192940E+02 -0. 163989E+02 OAlO735E+00 -0. 624595E+OO 
12.00 0.294162E+02 -0.175664E+02 0.153501E+01 0.852782E+OO 
11040 OA03244E+02 -O.184874E+02 -0.367324&-07 -0.102573E+01 
10.50 0.577108E+02 -O.209799E+02 0.276948E+01 0.117798E+01 
10.20 0.642222E+02 -0.223235E+02 0.170930E+01 0.231840E+OO 

9.60 0.781816E+02 -0.241243E+02 0.129199E+Ol 0.180361E+00 
9.30 0.855303E+02 -0.248508E+02 0.112966E+01 0.125518E+01 
9.00 0.930533E+02 -O.251897E+02 -0.133681E-07 -0.595777E+02 
8.85 0.970329E+02 -0.292112E+02 0.268099E+02 0.314361E+02 
8.70 0.101912E+03 -0.351322E+02 0.126637E+02 0.281415E+02 
8.55 0.107371E+03 -0.370318E+02 0.722750E-06 0.399803E-05 
8040 0.1l2926E+03 -0.370318E+02 -0.107636E-05 -OAll062E+02 
8.25 0.118620E+03 -0.398065E+02 0.184978E+02 0.397627E+02 
8.10 0.124873E+03 -OA26718E+02 0.604564E+OO -O.309031E+02 
7.95 0.131391E+03 -OA49391E+02 0.145110E+02 0.322466E+02 
7.80 0.138350E+03 -OA71158E+02 0.395049E-06 -O.199136E+02. 
7.65 0.145485E+03 -OA84600E+02 0.896112E+01 OA40295E+01 
7.50 0.152940E+03 -0.508511E+02 0.697979E+01 -O.962273E+01 
7.35 0.160757E+03 -0.535946E+02 0.113100E+02 0.175299E+02 
7.20 0.168992E+03 -0.558043E+02 0.342157E+01 -OA798t3E+01 
7.05 0.177456E+0 ... -O.571547E+02 0.558100E+01 0.124022E+02 
6.90 0.186113E+03 -O.579918E+02 -0.505622E-06 -0.392763E+02 
6.75 0.194944E+03 -0.606430E+02 0.176743E+02 0.193205E+02 
6.60 0.204373E+03 -0.646411E+02 0.898008E+01 0.199557E+02 
6045 0.214204E+03 -O.659882E+02 -0.399680E-14 -0.224045E+02 
6.30 0.224178E+03 -0.675005E+02 0.100820E+02 0.137472E+02 
6.15 0.234483E+03 -O.695971E+02 0.389579E+01 -O.119323E+02 
6.00 0.245051E+03 -0.715713E+02 0.926530E+01 -0.952894&-01 
5.85 0.255995E+03 -0.743573E+02 0.930818E+01 0.206849E+02 
5.70 0.267288E+03 -0.757536E+02 -O.760750E-07 -O.238756E+02 
5.55 0.278732E+03 -0.773652E+02 0.107440E+02 0.716574E+01 
5040 0.290554E+03 -0.801047E+02 0.751944E+01 0.636878E+01 
5.25 0.302718E+03 -0.819306E+02 0.465349E+01 OA50549E+01 
5.10 O.315097E+03 -0.830225E+02 0.262602E+01 -O.257116E+02 
4.95 O.327696E+03 -O.855459E+02 0.141962E+02 0.279594E+02 
4.80 0.340753E+03 -O.879175E+02 0.161452E+01 -O.772357E+01 
4.65 0.354003E+03 -0.889232E+02 0.509013E+01 -O.108145E+03 

Table E.2d Cubic spline coefficients Crom under-constrained quadratic program
ming oC turning-point tau estimates Tl(p ) Cor active continental regions. Norm 
of residuals = 0.17 s. 
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13.80 0.104633E+0l -0.104500E+02 0.233910E-13 -0.268274E+01 
13.20 0.789580E+01 -0.133474E+02 OA82894E+01 0.147052E+01 
12.60 0.173250E+02 -0.175539E+02 0.218200E+0l 0.121222E+01 
12.00 0.283810E+02 -0.188631E+02 0.150990E-13 0.777156E-15 
11.40 0.396989E+02 -0.188631E+02 0.137668E-13 -0.101982E+0l 
10.50 0.574192E+02 -0.213413E+02 0.275351E+01 0.842056E+00 
10:20 0.640467E+02 -0.227660E+02 0.199566E+01 0.110870E+01 

9.60 0.781852E+02 -0.239634E+02 0.166533E-13 -0.116281E+01 
9.30 0.854057E+02 -0.24277 4E+02 0.104652E+01 -0.951757E+01 
9.00 0.9304ooE+02 -0.274751E+02 0.961234E+01 0.186838E+02 
8.85 0.973145E+02 -0.290976E+02 0.120463E+01 -OA93860E+02 
8.70 0.101873E+03 -0.327925E+02 0.234283E+02 0.501497E+02 
8.55 O.107150E+03 -O.364359E+02 0.860953E+00 -0. 147458E+02 
8040 0.112684E+03 -0.376896E+02 0.749656E+01 -0.133390E+02 
8.25 0.118551E+03 -OA08389E+02 0.134991E+02 0.262510E+02 
8.10 O.124892E+03 -OA31167E+02 O.168617E+01 0.374 705E+0 1 
7.95 O.131385E+03 -OA33696E+02 -0.177636E-14 -0.453265E+02 
7.80 0.138044E+03 -O.464292E+02 0.203969E+02 0.344827E+02 
7.65 0.145350E+03 -0.502207E+02 OA87968E+Ol 0.108437E+02 
7.50 0.152957E+03 -0.509526E+02 0.266454E-14 -0.309106E+02 
7.35 0.160704E+03 -0.530391E+02 O.139098E+02 0.309106E+02 
7.20 0.168868E+03 -0.551255E+02 0.888178E-15 -0.215555E+02 
7.05 0.177210E+03 -0.565805E+02 0.969995E+01 0.273304E+01 
6.90 0.185906E+03 -0.593060E+02 O.847009E+01 -O.282371E+01 
6.75 0.195002E+03 -0.620377E+02 0.974076E+01 0.216461E+02 
6.60 O.204454E+03 -0.634988E+02 0.310862E-14 -0.338806E+02 
6.45 0.214093E+03 -0.657857E+02 0.152463E+02 0.338806E+02 
6.30 0.224190E+03 -0.680727E+02 0.488498E-14 -0. 166477E+02 
6.15 0.234457E+03 -0.691964E+02 0.749147E+01 -O.287255E+01 
6.00 0.245014E+03 -0.716377E+02 0.878412E+0l -O.224029E+O 1 
5.85 0.255965E+03 -0.744242E+02 0.979225E+01 0.157387E+02 
5.70 0.267296E+03 -0.762995E+02 0.270985E+01 -0.5OO671E+0l 
5.55 0.278819E+03 -0.714504E+02 0.496287E+01 -0.203732E+02 
5040 0.290617E+03 -0.803145E+02 0.141308E+02 0.314018E+02 
5.25 0.302876E+03 -0.824341E+02 O.OOOOOOE+OO -O.212617E+02 
5.10 0.315313E+03 -O.838693E+02 0.956777E+Ol 0.209395E+02 
4.95 0.328038E+03 -0.853262E+02 0.144985E+00 0.322189E+00 
4.80 0.340839E+03 -0.853479E+02 0.888178E-15 -0.731789E+02 
4.65 0.353888E+03 -0.902875E+02 0.329305E+02 0.358021E+02 

Table E.2e Cubic spline coefficients from under-constrained quadratic program
ming of turning-point tau estimates r/(p) for continental platform regions. 
Norm of residuals = 0.44 s. 
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13.80 0.522323E+00 -0.102500E+02 0.297678E+01 0.366922E+00 
13.20 0.766471E+Ol -O.134259E+02 0.231632E+Ol -0.108528E+Ol 
12.60 0.167885E+02 -0.173776E+02 0.426983E+Ol 0.237213E+Ol 
12.00 0.282398E+02 -O.199395E+02 -0.141959E--08 -0.224273E+00 
11.40 0.402519E+02 -0.201817E+02 0.403691E+00 0.149515E+00 
10.50 0.586334E+02 -O.205450E+02 -0.123481E--08 -O.239999E+Ol 
10.20 0.648617E+02 -O.211930E+02 0.215999E+Ol -0.336156E+00 

9.60 0.784277E+02 -O.241480E+02 0.276507E+Ol 0.307230E+Ol 
9.30 0.858380E+02 -0.249775E+02 -0.106581E-13 -0.326836E-09 
9.00 0.933313E+02 -O.249775E+02 0.294142E--09 -0.440398E+02 
8.85 0.972265E+02 -0.279502E+02 0.198179E+02 0.145852E+02 
8.70 0.101816E+03 -O.329111E+02 0.132546E+02 0.294546E+02 
8.55 0.106951E+03 -0.348993E+02 -0.284846E--09 -O.342351E+02 
8.40 0.112302E+03 -0.372102E+02 0.154058E+02 0.233970E+02 
8.25 0.118151E+03 -0.402526E+02 Oo487713E+Ol -0.3OO385E+02 
8.10 0.124400E+03 -0.437433E+02 0.183944E+02 0.333566E+02 
7.95 0.131263E+03 -0.470101E+02 0.338397E+01 0.751993E+Ol 
7.80 0.138365E+03 -0.475177E+02 -O.535464E-09 -0.263955E+02 
7.65 0.145582E+03 -0.492994E+02 0.118780E+02 0.263955E+02 
7.50 0.153155E+03 -0.510811E+02 -0.444089E-14 -0.668915E+Ol 
7.35 0.160839E+03 -0.515326E+02 0.301012E+Ol -0.388525E+02 
7.20 0.168768E+03 -O.550582E+02 0.204937E+02 0.455417E+02 
7.05 0.177334E+03 -0.581322E+02 -0.266454E-14 -0.277381E+02 
6.90 0.186148E+03 -0.6oo046E+02 0.124822E+02 0.264243E+02 
6.75 0.195340E+03 -O.619656E+02 0.591222E+00 0.131383E+Ol 
6.60 0.204644E+03 -0.620542E+02 -0.702374E-08 -0.375621E+02 
6.45 0.214079E+03 -0.645897E+02 0.169029E+02 0.375621E+02 
6.30 0.224021E+03 -0.671251E+02 -0.268405E--07 -0.322458E+02 
6.15 0.234198E+03 -0.693017E+02 0.145106E+02 0.299069E+02 
6.00 0.244819E+03 -0.716362E+02 0.105250E+01 -0.407870E+02 
5.85 0.255726E+03 -0.747051E+02 0.194067E+02 0.431259E+02 
5.70 0.267223E+03 -0.776161E+02 0.281961E--06 0.162130E-05 
5.55 0.278865E+03 -0.776161E+02 -0.447622E--06 -0.310956E+02 
5.40 0.290613E+03 -0.797150E+02 0.139930E+02 0.134278E+02 
5.25 0.302839E+03 -0.830065E+02 0.795052E+01 0.176678E+02 
5.10 0.315410E+03 -0.841991E+02 0.532907E-14 -0.138778E-16 
4.95 0.328039E+03 -0.841991E+02 0.142109E-13 -0. 177248E+02 
4.80 0.340729E+03 -O.853955E+02 0.797617E+Ol -0.649273E+02 
4.65 0.353937E+03 -0.921710E+02 0.371935E+02 0.826521E+02 

Table E.2t Cubic spline coefficients from under-constrained quadratic program
ming of turning-point tau estimates rl(p ) for continental shield regions. Norm 
of residuals = 0.74 s. 
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13.80 0.1475OOE+01 -0.1075OOE+02 0.319558E+01 0.250399E-01 

13.20 0.907000E+01 -0.145577E+02 0.315051E+01 0.129062E+01 

12.60 0.1866ooE+02 -0.169444E+02 0.827386E+00 0.363387E+00 
12.00 0.290460E+02 -0.175448E+02 0.173290E+OO -0.429335E+OO 

11.40 0.397280E+02 -0.182164E+02 0.946094E+00 -0.503302E+00 

10.50 0.572560E+02 -0.211424E+02 0.230501E+01 0.787430E+00 

10.20 0.637849E+02 -0.223128E+02 0.159632E+01 0.416231E+00 

9.60 0.776574E+02 -0.237789E+02 0.847107E+00 -0.147662E+01 

9.30 0.849072E+02 -0.246858E+02 0.217607E+01 -0.684233E+01 
9.00 0.926935E+02 -0.278389E+02 0.833416E+01 0.185204E+02 
8.85 0.969944E+02 -0.290890E+02 -0.444089E-15 -0.487648E+02 
8.70 0.101522E+03 -0.323806E+02 0.219441E+02 0.487648E+02 
8.55 0.106709E+03 ,.0.356723E+02 O.OOOOOOE+oo -0.175824E+02 
8.40 0.112119E+03 -0.368591E+02 0.791206E+01 -0. 149077E+02 
8.25 0.117876E+03 -0,402390E+02 0.146205E+02 0.154558E+02 
8.10 0.124189E+03 -O,435819E+02 0.766542E+01 -0.488383E+01 
7.95 0.130915E+03 -0,462111E+02 0.986314E+01 0.219181E+02 
7.80 0.137994E+03 -O,476906E+02 -0.532907E-14 -0.774285E+01 
7.65 0.145174E+03 -0,482132E+02 0.348428E+01 -0:262753E+02 
7.50 0.152573E+03 -0.510321E+02 0.153082E+02 0.288646E+02 
7.35 0.160475E+03 -0.536762E+02 0.231909E+01 -0.195532E+02 
7.20 0.168645E+03 -0.556918E+02 0.111180E+02 0.247068E+02 
7.05 0.177165E+03 -0.573595E+02 -0.177636E-14 -0.296227E+02 
6.90 0.185869E+03 -0.593590E+02 0.133302E+02 0.152797E+02 
6.75 o .195021E+03 -O.623267E+02 0.645436E+01 0.143430E+02 
6.60 0.204467E+03 -0.632949E+02 0.532907E-14 -0.329499E+02 
6.45 0.214073E+03 -0.655190E+02 0.148275E+02 O.329499E+02 
6.30 0.224123E+03 -0.677 431E+02 0.888178E-15 -0.250268E+02 
6.15 0.234369E+03 -0.694324E+02 0.112620E+02 0.136262E+02 
6.00 0.244991E+03 -0.718912E+02 0.513026E+01 -0.685382E+0 1 
5.85 0.255913E+03 -0.738930E+02 0.821447E+01 0.182544E+02 
5.70 0.267120E+03 -0.751251E+02 0.177636E-14 -0.263871E+02 
5.55 0.278478E+03 -0.769063E+02 0.118742E+02 0.186396E+01 
5.40 0.290275E+03 -0.803427E+02 0.110354E+02 0.510375E+01 
5.25 0.302558E+03 -0.833088E+02 0.873873E+01 0.194194E+02 

5.10 0.315185E+03 -0.846196E+02 0.177636E-14 -0.253934E+01 
4.95 0.327886E+03 -O.847910E+02 O.1l4270E+01 -0.194305E+0 1 

4.80 0.340637E+03 -0.852650E+02 0.201708E+01 -0.650435E+02 
4.65 0.353692E+03 -0.902606E+02 0.312866E+02 0.280972E+02 

Table E.2g Cubic spline coefficients from under-constrained quadratic program
ming of turning-point tau estimates rl(p ) for oceanic trench regions. Norm of 
residuals = 0.39 s. 
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CONCLUSION 

The studies presented in each Chapter are based on the tau method of analyzing seismic 

travel times. Estimation of tau functions from tectonically regionalized data has not been previ

ously attempted. Statistical constraints on estimates of tau check the consistency of the initial 

regionalization and suggest modifications of the geographical gridding. An effort has been 

undertaken to weigh the tau data in a manner that ensures a uniform areal sampling of the sur

face by sources and receivers and of the mantle at all propagation paths according to slowness. 

Regionalized P velocity-depth functions obtained by inverting corresponding "single region" tau 

functions indicate significant differences in the upper mantle between oceanic and continental 

regions. Lateral variations in the depth of a transition zone between the upper and lower man

tle are suggested. Further constraints will be provided by an analogous study of S travel times. 

The derivation of tau perturbation functions for estimation of source and receiver travel 

time corrections as functions of slowness is also original. The functional form of the perturba

tions is analytically derivable and allows interpretations of causative velocity anomalies. Sys

tematic differences in crustal and shallow-mantle structure between oceanic and continental 

regions suggest systematic errors in the determination of hypocentral parameters using a mean 

velocity model. The tau perturbation formulation provides potential for the development of 

similar path-dependent corrections for higher-resolution mappings of subsurface structure using 

reflection and refraction data. 

Regionalized travel times and slowness-dependent source and receiver corrections charac

terize the mean crustal and shallow-mantle structure, and may be used for improved hypocen

tral determination by regional seismographic networks. However, the regionalized tau method 

may be applied in a smaller geographic scale. Travel-time data from various local and regional 

seismographic networks could then be used to obtain estimates of local and regional lateral vela-
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city structure, respectively. Furthermore, estimating travel times in a laterally heterogeneous 

earth directly from regionalized tau functions is a computationally efficient means of accounting 

for lateral velocity variations without explicitly defining a laterally varying velocity model. 

Particularly due to the constraints on crustal and shallow-mantle velocity anomalies pro

vided by the regionalized tau perturbation functions, the formulation developed may prove to 

be an interesting addition to currently used tomographic methods. The assessment of near

surface heterogeneity would then allow better mapping of variations in the deep mantle. 

Theoretically, the current scheme of parameterizing a ray path by the three critical segments 

corresponding to the source, receiver, and turning-point regions, may also be used to establish 

basis functions from which tau may be estimated for any path while accounting for depths and 

differing tectonic regions along the entire propagation path. One would then develop a ray trac

ing method for a laterally heterogeneous earth with all the information of velocity variations 

contained entirely in the tau-slowness domain. WKBJ synthetic waveform modeling may also 

be undertaken using the regionalized tau functions obtained in this study. 
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