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Abstract 

The long-period tangential components of seismograms recorded by the WWSS 

network over the last 20 years are used to constrain the shear velocity variations in 

the mantle beneath the North American plate . The first two chapters derive vertical 

shear velocity profiles beneath three tectonic provinces: the East Pacific Rise, the 

Canadian shield and the old northwest Atlantic ocean. The SH motion seismograms 

were interpreted as multi-bounce shear bodywaves and use was made of Cagniard-de 

Hoop and WKBJ synthetic seismogram techniques to model the data with the 

assumption that the structure within each province was laterally homogeneous . The 

three models were constructed such that the S-waves and up to 4 minutes of later 

arrivals in the data were fit in terms of travel-time, phase and amplitude. The most 

useful arrival in the study was the SS phase. 

The three regions studied were found to have very similar structure below 400 

km depth . Anomalously large increases in velocity of about 6.5% from 375 to 425 km 

depth and 11% from 625 to 700 km depth were found beneath each tectonic area 

with no indication of lateral variations in the structures. These high gradient zones 

were modeled as discontinuities of 4.5% at 405 km depth and 7.5% at 660 km depth . 

Other common features of the models are a high gradient from 425 to 625 km depth 

and an anomalously high gradient beneath the discontinuity at 660 km depth to 

about 750 km depth. Above 400 km depth, large lateral differences in structure exist 

beneath the three provinces. Velocities beneath the shield were found to be about 

10% higher at 100 km depth, 5% higher at 200 km depth and 3% higher at 300 km 

depth, relative to the Rise model. The old Atlantic has high velocities to about 100 
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km depth, but below 150 km the structure is similar to that beneath the East Pacific 

Rise . The shield model has a very low gradient and high velocity in the upper 175 

km. The velocity decreases by about 3% at 200 km depth with a low gradient below 

to 400 km depth. Beneath the Atlantic and East Pacific, very low velocities occur 

near 200 km depth. The Rise model has the lowest velocities (4 .3 km/ sec) near 100 

km depth. Both models have very high gradients (about .035%/ km) from 175 to 375 

km suggesting a partial melt or dislocation relaxation explanation for the low veloci­

ties near 200 km depth. 

Chapter 3 is an attempt to develop a fully three-dimensional model of mantle 

shear velocity beneath the entire North American plate to 1700 km depth. S and SS 

arrival time anomalies were measured relative to a simple starting model. The ray­

paths of the different measured phases were found using the experience gained in 

Chapters 1 and 2. The travel-time anomalies were then used as the input for a tomo­

graphic back projection inversion for velocity fluctuations within blocks on the order 

of 500 by 500 by 100 kms. A high velocity root to 400 km depth is found directly 

beneath almost all of the shield and platform of North America. Eastern North 

America was found to have similar structure to the old Atlantic with high velocities 

to 140 km depth and average to low velocities to 400 km depth. The Basin and 

Range, Carribean, Mid-Atlantic Ridge and the East Pacific have the lowest velocities 

in the upper 400 km . From the southwest Carribean to the northern United States, a 

major high velocity feature is observed to exist from 700 to 1700 km depth with 

about a 1% increase in velocity over an 800 km width in an east-west direction . The 

structure has a slab-like shape and dips to the east . It is hypothesized that the 

anomalous high velocities are due to remnants of the subducted Farallon plate going 
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back to 100 Ma. 
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Introduction 

From the earliest days of seismology, determining the elastic velocities in the 

interior of the earth has been a primary goal of the science. An early model of P and 

S velocity in the mantle was developed by Jeffreys (1939) and it is still used as a stan-

dard today, especially for the lower mantle. The model was constructed by measur-

ing the arrival times of P and S waves with increasing distance and thus increasing 

depth. Jeffreys' model was constructed to be as smooth as possible consistent with 

the first arrival data. He found, however, an increase in amplitude and a change in 

the slope of the time-distance curve near 20° distance. This was reflected in the 

model by a region of high gradient from about 400 to 800 km depth. Gutenburg 

(1948) presented evidence of a more complicated structure with a decrease in velocity 

in the shallow mantle and a higher gradient below 200 km depth. Birch (1952) used 

these early seismic models to deduce that the mantle was formed of ferro-magnesium 

silicates. Below 800 km depth he found the velocities could be explained by the self-

compression of a uniform mineral assemblage. Above 800 km, the gradients were too 

high to explain this way and he postulated that either the mantle silicates undergo 

phase transformations to closer packed oxide structures or there is a chemical 

difference between the upper and lower mantles. The work in these early studies of 

structure and composition are considered correct to first order today. 

More recent studies of mantle velocity structure have followed two separate 

paths. Following Jeffreys' approach, bodywaves have been examined more closely. 

By measuring the arrival times of secondary arrivals and using arrays of stations to 

get accurate values of dT , more detailed models were derived. Early examples of 
db,. 
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these techniques usmg P-waves are gtven m Niazi and Anderson (1965), Kanamori 

(1967) and Johnson (1967). Early studies of shear velocity structure were done by 

Ibrahim and Nuttli (1967) and Anderson and Julian (1969). These studies found evi­

dence for discontinuities or regions of very high gradient near 400 and 650 km depth. 

In some cases the increases in velocity were up to 10% in magnitude. Anderson 

(1967) explained these regions as the location of phase changes in a primarily olivine 

mantle. The different studies, however, produced very different models, particularly 

in the case of shear structure. In fact, discontinuities have also been proposed to 

occur at 200, 300 and 530 km depth. Several others have been proposed deeper than 

700 km depth as well (see Datt, 1981, for one of the more complicated models) . It is 

of great interest to know the mantle structure in some detail since each discontinuity 

or change in gradient implies there is a fundamental change in the properties of the 

mantle at that depth. 

Improvements were made in our knowledge of mantle structure with the applica­

tion of synthetic seismogram modeling. As well as using the information above, 

models can be tested by predicting the waveforms for a particular model and compar­

ing them directly to the data. Early modeling of upper mantle P-waves was done by 

Heimberger and Wiggins (1971) and Wiggins and Heimberger (1973) using short­

period data. Burdick and Heimberger (1978) and Given and Heimberger (1981) 

applied the technique to more stable long-period data. One of the very few studies of 

shear structure using this technique was done by Heimberger and Engen (1974) . 

They found a smoother shear structure with more subdued discontinuities than many 

of the previous models had shown. 

A second approach taken to discover the elastic velocity structure in the man tie 

has been to measure the dispersion of surface waves. Fundamental mode surface 
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waves sample the upper few hundred kilometers of the mantle along their entire 

paths. The amplitudes are generally large to great distances and thus, they provide a 

means of investigating the upper mantle over the entire earth as opposed to the more 

regional bodywave studies discussed above. To sample below 100 km depth one must 

examine long-period modes with long wavelengths, thus, the surface wave data can 

not resolve the finer structure of the mantle. The great value of surface waves, how­

ever, is that by measuring the dispersion of many surface waves over great distances 

one can investigate the lateral variations in shear velocity over the earth in an aver­

age sense. Early important papers by Toksoz and Anderson (1966) and Kanamori 

(1 970) divided the earth in to oceanic, tectonic and shield provinces. They showed 

that there are fundamental differences in shear structure between the provinces to at 

least 200 km depth and maybe deeper. Many similar studies have been performed 

since then with finer regionalizations. An ambitious recent study by Woodhouse and 

Dziewonski (1984) has given maps of shear velocity variation for the whole earth to 

600 km depth. Determining the lateral variations in velocity is just as important as 

determining the vertical structure. The dependence on temperature of shear velocity 

can be used to interpret the lateral velocity variations in terms of the convection pat­

terns in the earth . These studies are also relevant to understanding the chemical 

composition of the earth. 

This thesis is a continuation of the attempt to find the elastic velocity structure 

m the earth . In particular, the shear velocity distribution beneath the North Ameri­

can plate and some adjacent regions from just below the crust to about 1700 km 

depth is studied. The goal has been to determine more detailed shear velocity profiles 

beneath different tectonic provinces including the size of the gradients in the upper 

mantle and the position and size of any discontinuities which may exist. A second 
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goal has been to determine the nature of the lateral heterogeneity within the mantle 

for the region of study. This includes the depth to which there are differences in 

structure correlated with the surface tectonics and also, to determine the nature of 

any other lateral heterogeneity which may exist . 

Chapter 1 is a comparison study of the upper mantle shear structure beneath 

the tectonically active western part of North America and the stable Canadian shield. 

Models are derived for shear velocity as a function of depth to 800 km beneath the 

two regions. The technique used combines some features from both the bodywave 

and surface wave approaches. As in surface wave studies, the later arriving energy, 

relative to the S-wave, is modeled so that areas which can only be sampled by event­

station geometries of great distance can be investigated . The later arrivals generally 

travel at more shallow depths and thus, even if the S-wave is sampling below the 

upper mantle , these later arrivals can sample the upper mantle along their ray paths. 

In surface wave stu~ies , these later phases are considered as the interference of higher 

modes. This thesis , however, uses bodywave theory to model them as multiply­

reflected shear waves. Synthetic seismograms are used to model these arrivals and 

derive compatible structures which predict the waveforms. Bodywave concepts such 

as travel-time and triplications are employed to understand the waveforms and allow 

one to intuitively adjust structures to predict the data. 

Chapter 2 is a study of the upper mantle beneath the northwest Atlantic ocean. 

The techniques developed in Chapter 1 are used in this chapter also . The thin oce­

anic crust produces arrivals not encountered in the continental regions and there is 

some discussion of the difference between continental and oceanic wave propagation . 

The region of this study comprises an area of old oceanic crust and thus with 

Chapter 1, models are derived for representitive areas of the old earth regionalization 
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schemes: shield , tectonic and ocean (Toksoz and Anderson, 1966). Significant 

differences are seen to at least 350 km depth for the three regions. 

Chapter 3 is an attempt to determine a fully three-dimensional model of the 

shear velocity beneath the North American plate . The experience gained in Chapters 

1 and 2 allowed us to understand the ray paths followed by phases observed in 

seismograms. The arrival times of the phases were measured relative to a starting 

model for many paths crisscrossing the North American plate. With known travel­

time delays for known ray paths, we used a tomographic inversion technique dis­

cussed by Comer and Clayton (1986) and Humphreys (1985) to derive a laterally 

varying model of shear velocity to 1700 km depth. Variations were observed at all 

depths, though the largest variations occur above 320 km depth. An interesting pat­

tern seen below 700 km depth may be related to past subduction of the Farallon 

plate. 

Finally, the conclusion discusses the relation of the work in this thesis to other 

mantle studies. Some general implications for the earth's upper mantle are also dis­

cussed . 
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Chapter 1 

Upper Mantle Shear Structure of North 

America from S and SS Phases 

Upper mantle shear velocity structure and lateral heterogeneity have important 

consequences for geochemical and geodynamic modelling of the earth . Past efforts at 

looking at this problem have generally used the dispersion of surface waves or the 

travel times of teleseismic bodywaves. Recently , Nakanishi (1 981) regionalized the 

earth according to tectonic provinces and inverted great circle phase velocities to 

derive regional upper mantle shear models. Cara (1979) used Rayleigh wave over­

tones, to increase resolution , and derived Pacific, western United States and eastern 

United States upper mantle shear models. Both studies found very large differences 

in velocity in the upper 200 km from region to region, but much less heterogeneity at 

greater depths. Unfortunately, the resolution in these studies decreased with depth 

and heterogeneity of a few per cent below 200 km may not have been resolvable. 

Furthermore, due to the long wavelengths used , surface wave studies provide little 

information on the fine structure of the upper mantle, such as the position and size of 

discontinuities and the gradients in between . 

In another approach Sipkin and Jordan (1975, 1976, 1980) and Okal and Ander­

son (1975) have used the travel times of multiple ScS waves to investigate mantle 

shear heterogeneity . These studies all found travel-time anomalies but their 
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interpretation has remained ambiguous. Okal and Anderson (1975) claimed that the 

surface wave and ScS data could be satisfied with heterogeneity above about 200 km 

whereas Sipkin and Jordan (1980) need differences between oceans and continents 

extending to at least 400 km. At present it is agreed that there are large differences in 

shear velocity above 200 km associated with surface tectonic features , but the shear 

structure and its lateral variation below that depth is still being debated. 

Bodywave studies in the distance range 10-30° offer better resolution of upper 

mantle structure due to the fact that seismic energy, at these ranges, is bottoming 

between 150 and 800 km and the wavelengths are short relative to surface waves 

sampling these depths. There have been numerous studies using the travel-times and 

:~ measurements of short period P-waves in this distance range. Several examples 

are listed in the introduction. Due to greater attenuation , however, short-period S­

waves from shallow earthquakes are rarely observed. Recently , a technique of match­

ing synthetic seismograms to P-waves recorded on long-period WWSSN instruments 

has proved very fruitful (Burdick and Heimberger, 1978; Given and Heimberger, 

1981). The waveforms between 10° and 30° have been found to be stable yet sensi­

tive to upper mantle velocity structure. Heimberger and Engen (1974) used the same 

procedure to explore the shear velocity structure of the United States and southern 

Canada. Well-located west coast earthquakes were used in that study to determine 

accurate travel-times which provided constraints on the modelling process. They 

found it was necessary to use only SH motion as shear coupled PL-waves produced 

large spurious secondary arrivals on seismograms with appreciable SV energy ( for a 

discussion of shear-coupled PL see Baag and Langston , 1985). This greatly decreased 

the available data, yet the method proved successful in modeling the 400 km 



-8-

discontinuity . A limitation of these studies is that sources and rece1vers must be 

within 30° of each other. For that reason, at present there are few areas that can be 

studied with this technique alone . 

In this chapter, we follow the approach of using synthetic seismograms to model 

long-period SH waveforms to investigate the upper mantle shear structure under 

North America. To extend the data set, SS phases between 30° and 60° as well as S­

waves from 10° to 30° are used. The SS phase, in this distance range , travels almost 

entirely in the upper mantle and passes through two major triplications in the same 

way asS-waves between 10° and 30° . Since the SS travel time is double that of S for 

a similar raypath, the SS triplication branches are separated in time by twice as much 

as the S branches and thus, they are easier to identify. Heterogeneities in the upper 

mantle also produce large changes in SS due to the long time spent in the upper man­

tle. 

In Fig. 1.1, synthetic S- and SS-waves predicted for two upper mantle models of 

roughly the same area are compared . Both models were derived from data which pro­

pagated through western North America. Model SHR14 (Heimberger and Engen , 

1974) was derived from SH bodywaves and has three first-order discontinuities. WUS 

was derived from Rayleigh wave overtones (Cara, 1979) and has a much smoother 

variation of velocity with depth. The models are displayed in Fig. 1.2. The S-waves 

are aligned at zero time and the amplitudes are normalized so that the S-waves are of 

equal amplitude. At these distances, S has a simple waveform. SS is the following 

phase. Note that the SS waveforms are very different at almost every distance, and 

that the SS-S times between 30° and 40° differ by nearly 30 sec. The SHR14 model 

predicts very clear interference patterns due to its large jumps in velocity near 400 
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Figure 1.1 S and SS synthetics for two models of the western United States, 

SHR14 (Heimberger and Engen, 1974) and WUS (Cara, 1979). The S­
waves are aligned at zero time and normalized to equal amplitude. 
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and 660 km. These high gradient zones produce large secondary arrivals. Interference 

patterns, as predicted by SHR14, can be clearly seen in data such as is shown in Fig. 

1.3. The data shown in this figure are typical of the seismograms produced by the 

many events that occur along the transform faults located in Southern California and 

the Gulf of California recorded in eastern North America. Note the similarity between 

the SHR14 synthetics near 36° and the data near that range. The ray-paths of the 

arrivals producing this waveform are shown schematically in Fig. 1.4. As the distance 

increases the SS ray associated with the 400 km discontinuity overtakes the slower 

double bounce from near 200 km and a large single pulse is produced. This construc­

tive interference occurs at 38° in the SHR14 synthetics; whereas in the data, it occurs 

near 41°. It should also be noted that the SS-S travel-times of the synthetics are too 

slow at distances less than 38° . It is relatively easy to adjust the model to produce 

synthetics that fit these features by increasing the velocity in the upper 300 km . How­

ever, the travel-times and waveforms of the single bounce S-waves were fit well by 

SHR14. Thus it becomes apparent what the difficulty is: the velocity in the upper 

part of the man tie varies from west to east in North America, with increased veloci­

ties in the east. The upper part of SHR14 is based on the slower western velocity 

structure, and the faster SS arrivals observed in the east are due to much higher 

upper mantle velocities in the east. 

To solve the problem of lateral velocity changes will require mapping out asym­

metric paths, such as those in Fig. 1.3. To separate vertical from horizontal velocity 

structure in this fashion is a difficult problem. For this reason, we will begin this work 

by studying data we believe to have traveled mostly through laterally homogenous 

structure. This chapter will focus on paths beneath the East Pacific Rise and the 
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Figure 1.3 S and SS data from two earthquakes in the southwest of North Amer­

ica. El Golfo was at the north end of the Gulf of California. The event in 
1967 was off the sou them coast of Mexico. The locations of these events 
are given in table 1.2. 
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Canadian shield. Vertical profiles can then be derived for the particular areas. 

Chapter 3 will deal with data as in Fig. 1.3 and a full three-dimensional model will 

be presented there. The results of modeling pure-path shield and rise data will be 

presented next, followed by a detailed documentation. 

Results 

A large data set with paths mainly in the stable Canadian shield or the more 

active western part of North America including the northern part of the East Pacific 

Rise was collected. In this chapter the two data sets are modeled separately to deter­

mine average vertical shear velocity profiles for the two areas assuming lateral homo­

geneity within the two data sets. The profiles are determined to 800 km depth with 

the deeper structure assumed to be given by the Jeffreys-Bullen model. 

Fig. 1.5 shows a comparison of S and SS data which have propagated mostly in 

the Canadian shield with data from events on the East Pacific Rise recorded in 

western North America. The S-waves are normalized and aligned at zero time and 

pairs of seismograms at nearly the same distance are plotted together . For SH propa­

gation the phase following S is SS until about 46°, after which ScS arrives before SS. 

ScS can be best seen at MSO in this figure, about 3 min after the S-wave. The radia­

tion patterns for these events are such that ScS is usually small relative to S and SS, 

and thus does not interfere significantly with SS near 46°. 

Fig. 1.5 illustrates most of the features of the two SS data sets we used . The 

obvious systematic differences between the two areas provided the motivation for 

looking at SS in more detail. Between 35° and 39° , in the tectonic data, SS is up to 5 

times larger than the S-wave and is very simple in waveform. A small arrow indicates 
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Comparison of Shield and Tectonic Data 
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Figure 1.5 Comparison of S and SS data from the Canadian shield and tectonic 
western North America. The arrows mark arrivals discussed in the text . 
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the approximate onset of the phase. Notice the absence of any arrivals between S and 

the SS onset in the tectonic seismograms. In the shield data, however, there is no 

large single arrival which can be identified as SS at these distances. At OTT and 

MNT there is some very low amplitude energy followed by a double arrival, marked 

by an arrow, of about the same amplitude as the S-wave. At FFC, this arrival is 

clearer and simpler in shape but the amplitude is still on the order of the S-wave 

amplitude. Note that at all three distances, the clear arrivals marked by arrows in the 

shield data have SS-S times 30s less than in the tectonic data. Near 33° , both the 

tectonic and shield records are complicated without any amplification of SS, but the 

shield record has clear arrivals after S more than 1 min before any arrival on the tec­

tonic record. Beyond 40° the SS phase becomes more separated from the following 

Love wave and is thus easier to identify. In the tectonic data the SS amplitude 

decreases around 41° and the waveform undergoes changes with distance. At 41° SS 

has a double arrival appearance, at DUG it is very simple, but from FSJ to MSO two 

SS arrivals clearly separate out again . The shield SS also goes through changes in 

waveform, at 41° there are two clear arrivals, the phase becomes simple at 44.7° and 

47° but at 52.1° there are again two clear arrivals. Note, also, the large amplification 

of SS at 47° . This is seen in all the SS data from the shield region between 45° and 

48° . The travel-time anomalies change through these distances also. At 41° the SS-S 

time for the shield seismogram is still 30 sec less than for the tectonic one. Beyond 

44 ° this difference decreases to about 12 sec and remains the same to 60° . 

The features of the SS data mentioned above, for the two areas, are consistent 

with a large body of data. This chapter derives two relatively simple upper mantle 

shear models (Fig. 1.6) which predict the properties given above . The mantle 
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Figure 1.6 Tectonic (TNA) and shield (SNA) models. 
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Table 1.1 :Velocity Models TNA and SNA 

Depth TNA SNA Depth TNA SNA 

km km/sec km/sec km km/sec km/sec 

38.0 4.400 4.800 550.0 5.290 5.290 

50.0 4.350 4.790 575.0 5.345 5.345 

75.0 4.320 4.775 600.0 5.395 5.395 

100.0 4.290 4.775 625.0 5.445 5.445 

125.0 4.290 4.775 658.0 5.500 5.500 

150.0 4.320 4.775 660.0 5.910 5.910 

175.0 4.350 4.710 675.0 5.980 5.980 

200.0 4.390 4.630 700.0 6.050 6.050 

225.0 4.430 4.640 725.0 6.130 6.130 

250.0 4.470 4.670 750.0 6.200 6.200 

275.0 4.510 4.695 775.0 6.220 6.220 

300.0 4.570 4.720 800.0 6.240 6.240 

325.0 4.630 4.740 825.0 6.260 6.260 

350.0 4.680 4.755 850.0 6.275 6.275 

375.0 4.730 4.765 875.0 6.290 6.290 

404.0 4.780 4.780 900.0 6.305 6.305 

406.0 5.000 5.000 925.0 6.320 6.320 

425.0 5.050 5.050 950.0 6.335 6.335 

450.0 5.090 5.090 975.0 6.350 6.350 

475.0 5.140 5.140 1000.0 6.365 6.365 

500.0 5.190 5.190 1025.0 6.385 6.385 

525.0 5.240 5.240 1050.0 6.405 6.405 
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velocities are given in Table 1.1. The variations in SS waveforms can be explained by 

two first-order jumps in velocity of 4.5% at 405 km and 7.5% at 659 km. The 

differences in the data from the two tectonic provinces are due to the large hetero­

geneity above 400 km . These models differ by 10% in the upper 170 km and by about 

5% at 250 km with the difference progressively becoming less below. No resolvable 

heterogeneity was found below 400 km. In the following sections the data and 

methods will be discussed in more detail. 

Technique 

The approach of this study is essentially the same as that of Heimberger and 

Engen , (1974). As they have shown, it is necessary to use only SH energy when 

modelling shear waveforms for upper mantle structure due to shear-coupled PL con­

tamination. With this in mind, data were selected from recordings at WWSSN (World 

Wide Standard Seismic Network) and CSN (Canadian Seismic Network) stations 

from strike-slip earthquakes only at azimuths which were near P, SV nodes and SH 

maxima. Further, most of the seismograms used are very nearly naturally rotated into 

radial and tangential components. Visual inspection of the radial component enabled 

detection of data with strong SV signals. Unless otherwise mentioned, all the data 

shown will be the instrument component nearest the tangential direction. 

The models were constructed using two sets of information . First, S and SS-S 

travel-times were used as a first-order constraint on the structure. The SS-S travel­

time has a couple of advantages over traditional S-wave travel-times. Localized source 

area anomalies will affect S and SS nearly the same. Since most earthquakes are in 

tectonic areas, this is an advantage when one wants to isolate the structure of a 



-20-

stable reg1on like the Canadian shield . Secondly, when looking for lateral hetero-

. . h SS S . l . l . . dT · h gene1ty w1t - t1mes, source ocat1on errors are ess 1mportant smce -- 1s muc 
dt::.. 

less for SS-S than for S times. Since SS is a maximum time phase (Choy and 

Richards, 1975) it is usually emergent . For this reason the SS-S times were found by a 

visual correlation of data with synthetic seismograms. This was first done by Bu tier 

(1979) to look at SS times for SS waves with midpoints beneath the Canadian shield . 

The second set of information used were the waveforms and amplitudes of S and SS . 

The structure of the upper mantle causes complicated SS waveforms between 30° 

and 60° . To understand these features, we used synthetic seismograms computed for 

many possible models. By trial and error, models were found that fit the waveforms 

within the travel-time constraints . 

As in past studies using waveform analysis, synthetic se1smograms were con-

structed by convolving linear operators representing the different factors in the 

makeup of a seismogram (Heimberger and Burdick, 1979). We can write a synthetic, 

Y(t), as 

Y (t) = S (t) * I(t) * A(t) * M(t) (1.1) 

where S(t) is the source , I(t) is the instrument response, A(t) is an attenuation opera-

tor and M( t) is the Green's function for elastic wave propagation through the mantle. 

The source for SH propagation consists of the earthquake time function and the 

S-sS surface interaction . For shallow strike-slip events, the relative strength of S and 

sS does not change significantly with distance and the separation in time changes 

only slightly in the distance range we are using (Heimberger and Engen , 1974). Also 

the polarity of S and sS is the same at all distances. With this in mind, when 



-21-

constructing synthetic S or SS for a particular earthquake, we used a typical telese­

ismic S-wave from that event as both the source and the instrument response. This 

assumes the elastic propagation effect for a teleseism is essentially a delta function. 

The S-wave source then contains the earthquake time function and any complexity in 

it, the S-sS interaction, the instrument response and, to first order, any local source 

or receiver effects. The S-wave also contains the effect of attenuation which will be 

discussed next. Some instruments had a different response from the majority of the 

others. In these cases we used an S-wave at that station as the source for SS. 

The anelasticity of the earth is not known well and therefore we used the con­

stant t * approximation from previous studies to account for it (Heimberger and 

Engen, 1974; Burdick and Heimberger, 1978). This assumes Q is lower in the upper 

part of the mantle so that t *, the travel-time divided by the average Q along the 

ray-path, remains constant with distance . Thus for synthetic S-waves the source 

wavelet, taken as a teleseismic S-wave, also contains the attenuation operator A(t). 

The SS-waves travel twice through the upper part of the mantle and therefore should 

be attenuated more than the S-waves. To model this effect a Futterman Q operator 

(Futterman, 1962; Carpenter, 1966) was convolved with the source when making syn­

thetic SS . We used a t * of 3.0 sec for SS in the tectonic region and a t * of 1.5 sec for 

the shield synthetics. These values were derived by fitting the synthetic S to SS 

amplitude ratio to the best quality data. Since the interference pattern mapping is 

only weakly sensitive to Q, these assumptions appear reasonable although a joint 

inversion at a later time should be conducted. 

The S(t), A(t) and I(t) operators are assumed known and we are left with the 

effect of elastic wave propagation through the mantle as the only variable. Two well-
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documented methods were used to construct Green 's functions for mantle propaga­

tion . Most of the trial and error modeling was done using the WKBJ technique of 

Chapman (1976, 1978) and Wiggins (1976) . These seismograms are most accurate for 

high frequencies and structures with smooth gradients. The velocity model was inter­

polated using the Mohorovicic law, V(r )=arb (Dey-Sarkar and Chapman , 1978), 

between given depth-velocity points. The discontinuities are modelled as regions of 

very high gradient over 3 km. The vertical radiation pattern of a strike-slip event was 

used . The SS phase is easy to compute using the WKBJ method . Essentially, one 

computes an S-wave at half the distance and doubles the time spacing between the 

points. The phase shift due to the SS caustic (Choy and Richards, 1975) is accounted 

for by applying a Hilbert transform to the S waveform . No interaction between the 

discontinuities is computed, that is, t here are no rays reflected from the 400 km 

discontinuity , the free surface and then off the 660 km discontinuity . 

As a test of the WKBJ method for SS, synthetics were also computed by a 

Cagniard-de Hoop technique (Heimberger, 1973) for the two models derived in this 

chapter. In this technique the earth is approximated by layers of constant velocity . 

No external Hilbert transform is needed for SS rays. To construct SS, we summed all 

generalized rays which had a free surface reflection and two reflections within the 

depth range of interest for the phase. The large number of rays needed make this 

method impractical for modelling the SS phase. The travel-time curves for the two 

models are shown in Fig. 1.7. We will generally refer to branches by single letters. 

They will denote the two arrivals forming the cusp designated by the letter. With 

long-period data the two geometric arrivals forming a branch usually cannot be dis­

tinguished. When there is the possibility of confusion in the branch names the full 
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Figure 1.7 Travel-time distance curves for models TNA and SNA. The branches 
for both models are labelled the same and are referred to extensively in 

the text. The axes show both the S times and distances and the SS times 
and distances . The SS travel-time curve is just double the S travel-time 

curve. 
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designation will be given . In Fig. 1.8, synthetics computed using both the Cagniard-de 

Hoop and WKBJ methods are compared with the tectonic model as the structure. 

Both S and SS are computed and the S-waves are normalized to equal amplitude. The 

comparison for this model is excellent, the only major discrepancies being at 30° and 

55° . At 30° the largest arrival in the generalized ray synthetic is much smaller in the 

WKBJ synthetic. This arrival is branch A of the SS phase and at 30° it is still in the 

shadow of the thin lid. The WKBJ method does not model the tunnelling of long­

period energy through the lid while the Cagniard-de Hoop method does, and this is 

probably the reason for the difference in amplitude. Between 50° and 55°, the SS 

phase consists of two arrivals, branches D and F. The amplitude decay of arrivals 

from branch D beyond the end of the triplication occurs more rapidly in the 

Cagniard-de Hoop synthetics. This is actually true off the ends of all the triplication 

branches though the differences are not very large. Note, however, that in general the 

waveforms are very similar, indicating that the Hilbert transform is an accurate 

approximation for the phase shift of SS. Also the relative amplitudes of SS to S are 

close using the two techniques while the amplitudes change drastically with distance 

due to the structure. 

The comparison for the shield model (Fig. 1.9) is not as good as for the tectonic 

model although the reasons for the differences are the same . The first large phase 

after S at 35° can be traced to near 45° with progressively decreasing amplitude. 

This is actually not the SS phase but is the B branch of the S-wave triplication which 

ends 12° earlier in the tectonic model. As in the tectonic synthetics, the decay of 

arrivals off the ends of triplication branches is faster for Cagniard-de Hoop synthetics 

than for WKBJ synthetics. The shield B branch of the S-wave is a good example of 
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Figure 1.8 Comparison of generalized ray and WKBJ S and SS synthetics for the 
tectonic model. 
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Figure 1.9 Comparison of generalized ray and WKBJ SS synth etics for the shield 
model. 
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this. Between 52° and 58° the synthetics also show some disagreement. There are 

three arrivals in SS at these distances, branches B, D and F. The second arrival, 

branch D, decreases faster in the Cagniard-de Hoop case as one goes off the end of the 

triplication, as mentioned before . The third arrival, branch B, is much larger in the 

Cagniard-de Hoop synthetic however. This is probably due to the lack of tunneling 

with the WKBJ technique. Part of branch B for SS between 50° and 55°, as can be 

seen in the triplication curve, is still in the shadow of the thick lid. By 57.5° the 

amplitudes of these arrivals are about the same. This comparison also shows that 

interaction between the discontinuities is very small. For instance, at 40° and 42.5° 

the two largest SS arrivals are the C and E branches, which are reflections from the 

405 km and 660 km discontinuities respectively. There is no apparent arrival between 

them in the Cagniard-de Hoop synthetics, indicating that the rays from the 405 km 

discontinuity to the surface and back to the 660 km discontinuity are of very low 

energy. 

As stated before, the models were derived by trial and error usmg the WKBJ 

method. The discrepancies between the techniques, however, are large at some dis­

tances. Since the Cagniard-de Hoop method has been compared favorably with the 

reflectivity method (Burdick and Orcutt , 1978), the final models were adjusted 

slightly so that the generalized ray synthetics fit the data better. In the figures , at 

distances where the WKBJ-Cagniard-de Hoop comparison is poor we used the 

Cagniard-de Hoop technique. More work needs to be done on the validity of the two 

methods for constructing SS, but the differences we have found should not 

significantly alter the conclusions of this paper. 
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A potential problem with usmg the SS phase is a possible precursory arrival 

from a reflection off the underside of the Moho at the midpoint. To check its 

significance, a Cagniard-de Hoop synthetic was calculated including all the rays which 

reflect at the Moho as well as the free surface reflections for model SNA. The Moho 

was taken as a sharp jump in velocity from 3.7 to 4.78 km/ sec. Fig. 1.10 shows a 

comparison at 46° with and without these Moho reflections. The seismograms are 

only slightly different in the front, with no clear precursor in spite of the extreme 

model used for the Moho. This small effect was not considered in the modelling pro­

cess. 

Tectonic Model 

The first problem encountered in a study like this is how to regionalize the data. 

The SS data appropriate for western North America and the East Pacific Rise is 

taken from the events shown in Fig. 1.11. All the events used in this study are listed 

in Table 1.2. Even within this data set there is obvious lateral heterogeneity. Fig. 1.12 

shows the S and SS records at LUB and DAL for two events to the south of these sta­

tions . The distances are almost identical and the azimuths are close so location errors 

will not change this fact , but in both cases the DAL SS-S time is about 5 sec less 

than the time at LUB. This heterogeneity is probably close to the stations since the 

raypaths are nearly identical in the source region. Teleseismic S-waves also show a 

decrease in travel-time from stations such as GSC, TUC and DUG to LUB, JCT and 

DAL (Lay, 1983), although the differences are small. Similarly, in the north , travel­

time studies such as that by Wickens and Buchbinder (1980) show a large horizontal 

gradient in velocity from west to east with stations FSJ and PHC slower than SES, 
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Figure 1.10 Comparison of an SS waveform with and without underside Moho 
reflections at the midpoint. 
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Figure 1.11 Map of events and stations used to construct model TNA. The 

shaded area is approximately the region of validity for the model. Great 
circle paths are straight lines in this projection. 
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Table 1.2 : Event Locations 

Event Date Location Origin Time 

EP1 Sep 3, 1966 10.3° N, 104.1° W 1624:20.4 

EP2 Jul 7, 1968 8.5° N, 103.3° W 2305:18.2 

EP3 Oct 15, 1965 8.5° N, 102.9° W 0034:8.9 

EP4 Jul 11, 1975 4.6° s, 105.0° w 0708:39.4 

EP5 Sep 9, 1969 4.4° s, 105.9° w 1523:10.8 

EP6 Sep 21 , 1973 4.3° s, 102.1° w 0731:34.0 

NW1 Mar 13, 1971 50.6° N, 130.0° W 2331:35.5 

NW2 Dec 5, 1971 49.6° N, 129.5° W 0550:5.8 

NW3 Feb 23, 1976 51.5° N, 130.4° W 1515:16.0 

A1 Nov 23, 1967 80.2° N, 1.0° W 1342:1.6 

A2 Oct 18, 1967 79 .8° N, 2.4° E 0111:44.8 

A3 Oct 26, 1971 79 .8° N, 2.7° E 2053:32.4 

B Sep 4, 1963 71.3° N, 73.0° W 1332:8.0 

ELG Aug 7, 1966 31.7° N, 114.4° W 1736:22.8 

BOR Apr 9, 1968 33.2° N, 116.1° W 0228:59.0 

HSV Mar 15, 1979 34.3° N, 116.4° W 2107:16.5 

TR Sep 12, 1966 39.4° N, 120.2° W 1641:2.6 

M Jan 23, 1967 19.9° N, 109.3° W 2025:38.0 
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Figure 1.12 Comparison of SS-S times to LUB and DAL. The SS waveforms are 
aligned and the discrepancy in time becomes obvious as a relative shift in 
the onset of the S-wave. 



-33-

for instance. We have made the assumption that the slowest areas in western North 

America and the region near the East Pacific Rise are of a uniform structure, aside 

from the crust . In situations where the East Pacific Rise SS data are double the dis­

tance of S-waves in western North America, the SS travel-times are twice the S 

travel-times to within a couple of seconds. Thus the tectonic model is derived from 

the slowest S and SS data and is appropriate for the shaded region in Fig. 1.11. 

The crustal structure for western North America is taken as a 30 km thick layer 

with a velocity of 3.7 km/ sec. For SS phases with midpoints beneath the ocean, a 6 

km thick crust was used . A thin lid with a velocity of 4.4 km/ sec was taken as an 

average for the area. This is close to results from Stewart and Pakiser (1962) using 

Sn data from the Gnome explosion . The lid thickness is arbitrarily set at about 35 km 

which is consistent with the thickness of the lid in Cara's western United States 

model (1979) and that of Priestly et al. (1979) for the basin and range. The S and SS 

waves used here are not very sensitive to the very shallow structure. The velocity 

below the lid and above 200 km has been determined using the absolute travel-times 

and waveforms of well-located events in Southern California. Fig. 1.13 shows the data 

on a map of the area used for this part of the study. At these distances the first 

arrival S energy is travelling above 200 km depth and thus the travel-times are very 

sensitive to the velocity there. The synthetics were computed using the Cagniard-de 

Hoop technique. All primary S rays to 600 km depth and also SS and SSS rays above 

300 km depth were included. The effect of the SS rays is to broaden the first down­

ward swing. The reflection from the 405 km discontinuity is most visible at FSJ as a 

secondary arrival. At LON it is interfering with the first arrival to produce a broad 

waveform but it is not visible as a distinct arrival. The structure proposed here for 
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Figure 1.13 Data and synthetics used to derive the upper part of the tectonic 

model. The synthetics are beneath the data near the corresponding sta­
tion on the map. The synthetic and data times are absolute. 
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the upper 200 km is given as an average. The data presented here do not have the 

resolving power to investigate the fine structure of the lid and low-velocity zone but 

the overall travel-time fits will not allow large velocity perturbations in this depth 

range . 

The structure from 200 km to 400 km depth was derived from the data shown 

in Fig. 1.14. As can be seen in the triplication curve (Fig. 1.7), for the tectonic model, 

the SS phase from 30° to 36° should consist of two arrivals, the A branch turning at 

200 km to 300 km depth and the C branch from the 405 km discontinuity moving 

progressively closer together with distance. These two arrivals are labelled in the syn­

thetics to 32.8° and can also be seen in the data. The two arrivals cross near 36° . 

Between 30.8° and 32.8° , shallow generalized SSS rays were included in the syn thet­

ics. They cause the broadening of the first SS pulse at 30.8° and by 32.8° SSS con­

structively interferes with the arrival of the SS branch C . Beyond 33° the SSS rays 

and higher multiple arrivals are behind the SS phase and no longer interfere with the 

upper mantle SS arrivals. Therefore they are not included in the synthetics. They do 

contribute to the energy following SS at these distances. The small precursor to the 

SS branch A arrival from 30° to 37° is due to diffracted lid energy and a partially 

trapped wave in the low-velocity zone. Its appearance in the data is variable and we 

have not attempted to model it though it could provide information on the finer 

structure of the lid in this area. The very large SS amplitudes from 35.8° to 39° are 

due, not only to the constructive interference of branches A and C, but also because 

the branch A arrival is bottoming below 250 km and the gradient becomes very high 

there . It is interesting to note that a structure with a large discontinuity near 200 km 

depth and low gradients above and below it would produce a large arrival much 
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Figure 1.14 Comparison of tectonic S and SS data and synthetics using the TNA 
model. The synthetics are on the right and show the crossing of the A 
and C branches (Fig. 1.7) . 



-37-

earlier, between 28° and 32°, and would not predict the amplification observed near 

37°. The amplitude at LUB is not fit well but this path is along the boundary of our 

tectonic province and perhaps lateral heterogeneity has affected the SS amplitude. 

Note that the SS-S times are fit to within a couple of seconds over the whole range . 

With the upper 200 km fixed these data give good resolution of the structure to 400 

km depth. The identification of the C branch from 30° to 33° constrains the depth 

of the discontinuity to be near 405 km depth. An arrival from the 659 km jump 

(branch E) can be seen in the back of the synthetics, however, its presence in the data 

is unclear. 

Fig. 1.15 shows the S and SS data from 41° to 45°. In this range the SS 

waveforms are dominated by the crossing of the EF and CD branches. These two 

arrivals cause the interference between 41° and 42.3°, by 42.9° they cannot be dis­

tinguished and near 44.9° they are crossing. Note that there is no evidence of branch 

B moving out of the SS waveform beyond 42°. At nearer distances this branch may 

be masked by the CD branch but by 42° the 400 km branch of the triplication is 

definitely of very low amplitude. The rapid decay of this branch is further evidence of 

the very high gradient from 250 km to 400 km depth. The separation of the EF and 

CD branches is unusual in long-period data. The S-waves from 20° to 21° in the 

western United States do not show separate arrivals as the time separation is too 

small (Heimberger and Engen, 1974). Since branch CD at these distances bottoms just 

below 400 km, these data put a tight constraint on the size of the discontinuity at 

405 km depth. TNA has about a 4.5% jump in velocity there . 

Fig. 1.16 shows the S and SS data from 46° to 55° . At these distances SS con­

sists of two arrivals, the F and D branches. The separation begins near 46° and the 
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Figure 1.15 Comparison of tectonic S and SS data with synthetics using model 
TNA. The data illustrate the crossing of the EF and CD branches near 

44.5°. 
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Figure 1.16 Comparison of tectonic S and SS data with synthetics using TNA. 

The separation of the F and D branches begins near 4]0. From 50.7° to 
55° ScS is visible between S and SS . 
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two arrivals become clear between 48° and 52°. By 55° the D branch has almost 

disappeared in both the data and the synthetics. The quality of the data in the range 

46-48.8° is poor due to the stations being off the SH maximum and perhaps this is 

the reason for some of the misfit in amplitude. Note also that the SS-S time at FCC 

is fast, though the waveform is fit . This is expected as the midpoint for this path is 

east of the shaded region in Fig. 1.11. It was included here due to the scarcity of SS 

data in this range. Though the data set is small, it provides several constraints on the 

model. The gradient between 400 and 650 km must be, on average, high to model the 

decay of the D branch near 55° . Also the fast separation of the D and F branches, 

which are arrivals bottoming just above and below the 659 km discontinuity, indicate 

that the size of the discontinuity must be quite large. Finally the SS-S timing of the F 

branch constrains the absolute velocity below the discontinuity . Model TNA has a 

7.5% jump in velocity there. The depth of the jump is constrained to be near 660 km 

by the observations at 41-43° of the E branch, a narrow angle reflection from this 

discontinuity. There has been some suggestion that between 400 and 600 km there is 

a further discontinuity near 530 km (Fukao et al., 1982). Using long-period S data, a 

small feature such as a 2% jump at this depth can not be resolved; however, a larger 

discontinuity should produce triplication branches separated enough from the arrivals 

from the 660 km discontinuity to be visible. No separate arrivals besides the D 

branch are observed. The mismatch in amplitude of the D branch in these data could 

be due to small-scale structure at these depths but there is no evidence of any large 

feature there. Just below 660 km the gradient is high relative to the gradient below 

900 km, this was needed to match the SS-S times of the F branch and assumes the S 

times are correctly predicted by the structure below 900 km. 
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TNA was derived using SS data but there also exists a good S-wave data set 

from 22° to 30° which should show the D and F branches. Fig. 1.17 shows this data 

set with synthetics computed using TNA. These S-waves were taken from Given's 

study of shear structure {1984). The two branches begin to separate just beyond 24°, 

at 26.5° the two arrivals are well separated and both are large. By 29°, the D branch 

is a low amplitude long-period later arrival. The model derived from SS predicts the 

amplitude, moveout and decay of the D branch in the S data very well and confirms 

the identification of the arrivals in the SS data. 

Shield Model 

The shield model, SNA, was derived from two sets of S- and SS-waves. Figs. 

1.18 and 1.19 show sources and receivers for the two areas. The midpoints of almost 

all the paths are within the Canadian shield. However, the events on the west coast 

of North America are probably within the tectonic region and some of the observa­

tions of the events in the Arctic were recorded at stations in the tectonic region . 

There are very few shield S-waves at upper mantle distances, so SNA is derived 

almost entirely from SS data. There have been many observations of short-period Sn 

propagated to beyond 20° in shield areas (Brune and Dorman, 1963; Bath, 1966), 

indicating a thick, high Q lid. Surface wave studies have also found thick lids in 

shield regions (Brune and Dorman, 1963). Our model also has a lid about 170 km 

thick with a very high velocity of 4.78 km/ sec. This feature completely changes the 

mode of propagation of S-waves. In Fig. 1.20 the synthetic construction of an S-wave 

at 18.8° , for model SNA, is illustrated. The Cagniard-de Hoop technique is used and, 

by adding successive groups of rays, one can see where the energy of visible arrivals 
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Tectonic S Data and 
Synthetics From 22° to 30° 
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Figure 1.17 Comparison of S data with TNA synthetics. The data illustrate the 
same separation of the F and D branches as in Fig. 1.16. 
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Figure 1.18 Map of events and stations used to derive the shield model (SNA). 
Great circles are straight lines from the events. 
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Figure 1.19 Map of western events and stations used to derive the SNA model. 
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Construction of a Shield 
Synthetic at 18.8° 

Time (sec) 
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Figure 1.20 Illustration of the contribution of different groups of generalized rays 
to a synthetic at 18.8° for model SNA. Each progressive seismogram 
shows the effect of adding a new group of rays to the previous record . 
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comes from. This is very important in the modeling process. The first seismogram in 

Fig. 1.20 is due to S rays turning in the lid (branch A in Fig. 1.7). There is some tun­

nelling however, which adds a second arrival about 10 sec later, from below the lid. 

Rays below the lid but above 400 km depth are added in the second seismogram. The 

third seismogram contains the reflection from the 405 km discontinuity. As can be 

seen, it is larger than the other arrivals but is about 20 sec later than the first arrival. 

If we add in the SS rays, we find that SS in the lid arrives at the same time as the 

tunnelling S energy and well before the S reflection from the 405 km jump (the fourth 

seismogram). Finally SSS rays in the lid arrive at about the same time as the 405 km 

arrival. This complicated waveform contrasts with S-waves at 18° in a tectonic 

regime as shown in Heimberger and Engen (1974). There the waveform is very large 

and simple, as the 405 km reflection is crossing with a diving ray from a gradient near 

200 km depth . This also indicates that SS-waves will be very complicated at distances 

less than 38° with many multiple bounce lid arrivals arriving before the SS mantle 

arrivals from below 200 km depth. This can be readily seen in the data. 

With this in mind, a small data set of shield S-waves from 9° to 19° were 

modeled. The crust is taken as two layers with velocities of 3.7 km/sec and 4.0 

km j sec. The overall thickness is 37 km. This is an average for the area (Berry, 1973), 

but its structure is not crucial to investigating the mantle. The data and synthetics 

are shown in Fig. 1.21. The absolute time of the first arrivals from 9° to 19° give the 

velocity in the lid. The mislocation of these events is unlikely to be more than 15 km 

which implies resolution of the lid velocity to about 1%. The waveforms are also fit to 

the extent of matching peaks by the technique used in Fig. 1.20. The 405 km 

reflection is identified with the help of SS data from 37° to 44° shown later. Note 
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Comparison of 5 Data and SNA 
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Figure 1.21 Comparison of S data from th-e Arctic events with synthetics com­

puted using SNA. The timings are absolute between the data and syn­
thetics assuming the sources are at 10 km depth . 
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that if the 4.78 km/ sec velocity is extended to a depth of 400 km, the arrival from 

the discontinuity there would be much too early . Some decrease in velocity is neces­

sary but this data set clearly does not resolve the depth and size of the low velocity 

region at all. A further problem with these synthetics is that the Q operator is 

assumed the same for all rays. This is probably not true since short-period arrivals 

are seen from the lid but not from energy diving below it (Brune and Dorman 1963). 

Including a more realistic Q structure may help fit these records better, for instance, 

by increasing the amplitude and frequency content of the first arrival at 18° and 19° . 

The upper 400 km of the shield region was also modeled using SS data with the 

lid velocity and thickness of the lid assumed from the S-waves. Fig. 1.22 shows the 

shield data from 30° to 40° . The seismograms are much more complicated than the 

tectonic data at similar distances because of the lid. The branches in the synthetics 

are labelled with respect to the triplication curve in Fig. 1.7. Note the largest arrival 

at GWC, labelled Bs, can be followed out to 40° . This is the B branch from the S­

wave triplication and corresponds to energy bottoming from 250 km to 400 km depth. 

Since this phase is part of the S waveform, it has not been attenuated in the synthet­

ics. However, this arrival has spent almost as much time in the upper mantle as the 

following SS arrivals and probably should be attenuated as much as SS. This could be 

the reason for it being larger in the synthetics than in the data at FFC and GDH. In 

any case, Bs is clear in the data at shorter distances and this constrains the velocity 

between 200 km and 400 km fairly closely . Note that branch B ended more than 12° 

earlier in the tectonic region for S-waves. The Bs branch at GWC and SCH is slow by 

about 2 sec. This is most likely due to the fact that the first part of their paths is in 

the slower, tectonic part of western Canada. 
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Data and Synthetics for 
the Shield 31°- 40° 

Time (sec) Time (sec) 
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Figure 1.22 Comparison of S and SS data in the shield with synthetics computed 
using SNA. The arrivals are labelled in the synthetics with respect to 

Fig. 1.7. Subscript s stands for an S-wave branch and ss for an SS-wave 
branch. 
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Changing lid thickness would modify the velocities from 200 to 300 km . Surface 

wave studies have found thinner lids than in SNA (Brune and Dorman, 1963). If a 

thinner lid is assumed, the velocities below would have to be increased slightly. How­

ever, if one assumes the lid to be thinner by more than about 25 km, the S-wave syn­

thetic first arrivals at 18° and 19° would be much too small. The exact depth of the 

low-velocity zone is very uncertain, probably to near 30 km, but the overall picture of 

a thick lid with a decrease in velocity to near 4.65 km/ sec is well constrained. 

The SS 405 km reflection , branch C, becomes clear near 37° at SCH, and can be 

followed to 40° . With the upper 400 km fixed this constrains the depth of the discon­

tinuity to be at 405 km, the same as the tectonic region to within the accuracy of the 

method . This timing of the C branch agrees with what was picked in the S-wave 

data. Branch E, at 40° , can also be identified . This is the narrow angle reflection 

from the 659 km discontinuity . Note that between branches A and C of the SS-waves 

there are many other low amplitude arrivals in the data. According to model SNA, 

these are multiply-reflected rays within the lid. No attempt has been made to model 

these arrivals as they are of low amplitude and vary from record to record though 

they certainly contain significant information about the structure of the lid and crust. 

In any case, these arrivals do not interfere with the identification and timing of the S 

B branch from 30° to 35° and the SS C branch beyond 37° . 

Fig. 1.23 shows further SS data in the 30° to 40° range from an event on the 

west coast of North America with paths slightly to the south of the previous data. 

The C branch of the SS phase can be followed easily from 36° to 40° . SNA models 

this well; however, the B branch of the S-wave is not obvious in the data, at least at 

the time SNA would predict. Part of the problem could be that the source is in a 
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Data and Synthetics for 
the Shield 36°-40° 

Time (sec) Time (sec) 
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Figure 1.23 Comparison of S and SS data from the southern shield with synthetics 

computed using SNA. The distance range is the same as in the previous 
figure but the B branch of the S-wave is much later and smaller . The SS 
C branch is fit well though . 
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tectonic regwn. This would tend to shift the triplication forward , though for paths 

from the same event to SCH and GWC the fits are much better. A thinner lid with 

slightly lower velocities in the upper 300 km will cause branch B to end earlier. It is 

likely that a change to thinner lid structure and lower velocities from north to south 

is the cause of this discrepancy. 

Fig. 1.24 shows the S and SS data from 41° to 47° , all from the Arctic region . 

In this range the two major arrivals in SS are the C and E branches, near critical 

reflections from the two major discontinuities. SnSn from the lid and the tunnelling 

SS from below the lid are precursory to the large SS arrivals but they are of very low 

amplitude. This helps constrain the thickness of the lid . If the lid were much thicker 

SnSn would be larger. A trace of these arrivals may be seen in the data but the C 

and E branches are much clearer. The SS data map the crossing of these two 

branches very well. Notice the difference at SES for two events shifted by only .7°. 

The crossing occurs near 46° and produces the very large amplitude common to SS in 

that range in the shield. The SS-S travel times are again fit well in this region. While 

the 405 km reflection is the first arrival, these SS-S times are about 25 sec less than 

those for the tectonic region . Below 400 km SNA has the same structure as TNA and 

it fits the shield E branch very well. The fit of the timing and amplitude of this 

branch indicate that the structure of the 659 km discontinuity is very similar from 

the East Pacific Rise to the Canadian shield. These waveforms provide unambiguous 

measurements of the two near critical reflections from the two upper mantle discon­

tinuities helping to constrain their depths. 

Fig. 1.25 shows the data between 48° and 55° for the shield . In Fig. 1.7 one can 

see that in this range three arrivals should become apparent in the SS-wave, the F, D 
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Data and Synthetics for 
the Shield 41°-47° 
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Figure 1.24 Comparison of S and SS data from the shield with synthetics com­

puted using the SNA model. This figure illustrates the crossing of the C 
and E branches. Small precursory SS arrivals are from the lid and tun­
nelled energy from below it, they are shown as dashed lines in Fig. 1.7 . 
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Octo and Synthetics for 
the Shield 48°- 55° 
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Figure 1.25 Comparison of S and SS data from the shield with synthetics using 

model SNA. This data shows the separation of branches F, D and B. 

Arrivals after branch B, the last SS arrival , are probably SSS rays in the 

lid which are not included in the synthetics. The small arrival between S 
and SS is the ScS phase. 
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and B branches. At 48° they are still together, at 48.8° and 49.5°, branch F can be 

seen separating from the other two branches. This is energy bottoming just below the 

659 km discontinuity . Beyond 53° all three branches are clear separate arrivals and 

produce complicated waveforms. The absolute time from SS-S and the moveout of 

branch D from F is modeled very well, but the amplitude of the D branch is large in 

the synthetics compared to the data. Branch B at COR and DUG is predicted to be 

larger than the data show. At these stations we are getting well into the tectonic 

region. Branch B is travelling in the upper 400 km, where the heterogeneity is large, 

and one would expect this branch to die off very quickly upon entering a tectonic 

zone. Another effect of entering the tectonic area would be to slow down branch B 

relative to the other branches. Fig. 1.26 shows data from Arctic events to stations 

VIC, LON and COR. About 10° of these paths are tectonic. VIC shows a clear 

second arrival in SS, this is probably the B branch slowed by about 5 sec relative to 

the SNA model. This branch may be followed to LON and at COR it is probably 

absent. This mixing of the paths would also shift the D triplication forward a little 

and this could be the reason for the amplitude mismatch of the D branch. In spite of 

these problems, the model derived for the tectonic region below 405 km does a very 

good job of fitting the shield data at these distances. The moveout of the F and D 

branches is the same for the two regions if one takes into account the different struc­

ture above 405 km. The shallow structural differences between the shield and tectonic 

areas produce about a 3° shift in the SS 660 km triplication. These observations indi­

cate there is little or no heterogeneity between the shield and rise regions at transi­

tion zone depths. 
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Figure 1.26 Profile of data from the Arctic which has propagated through a sub­
stantial portion of a tectonic region. The arrivals marked are with 

respect to Fig. 1.7. Note that branch B arrives considerably later relative 
to the data in the previous figure. 
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Fig. 1.27 shows data from 58° to 62° from the Arctic events to stations well 

into the tectonic region. Due to the receiver location there is no indication of the B 

branch but since the midpoints are well within the shield we would expect SNA to 

predict the SS-S travel-times well. The SS arrival is bottoming at about 800 km 

depth and the fits of the travel-times are a consistency check on the velocities at 

these depths which were considered as known originally. A long-period trace of the D 

branch is also visible though it is not very consistent in the data from station to sta­

tion. 

In the range 20° -30° very few shield S waves were found . Fig. 1.28 shows three 

seismograms from the Arctic events to FBC and BLC compared with synthetics . The 

fits are adequate, though by themselves they do not provide new information. The 

large secondary arrival at BLC should be the 405 km B branch but there is a lot of 

PL interference at this station and it is not certain that this is truly a triplication 

arrival. The S-waves, however, do not contradict the shield model derived from SS 

data. 

Comparison of the Models 

The two models presented here provide a good opportunity to investigate the 

depth of lateral heterogeneity since the same method was used to model both profiles. 

Figs. 1.29-1.32 summarize the data from the events used most in this study . Synthet­

ics for the model appropriate for the event are also present with the travel-time lines . 

In Figs. 1.31 and 1.32 the shield travel-time line from the previous figure is also on 

the data illustrating the consistency of the large differences in time. The travel-time 

curves beyond 15° were derived entirely (rom SS-S times. This assumes the S 



BKS 
AI 
57.9° 

BKS 
A2 
58.6° 

GSC 
AI 
59.6° 

TUC 
AI 
61.6° 

TUC 
A2 
62.3° 

-58-
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Figure 1.27 Comparison of S and SS data, with midpoints within the shield, with 
synthetics computed using SNA. 



FBC 
AI 
24.3° 

FBC 
A2 
24.9° 

-59-

Shield S Waves 

I min 
• 

BLC 
AI 
28.3° 

Figure 1.28 Comparison of S-wave data from the shield with synthetics computed 

using SNA. The timing is arbitrarily set to match the waveforms . 
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travel-times are correctly predicted by our models. The S and SS data from 58° to 

62° support this assumption, but not conclusively. The travel-times of S-waves from 

30° to 60° are determined mostly by the velocities from 800 to 1200 km depth . We 

have used the Jeffreys-Bullen model at these depths since this has proved to be a reli­

able standard in the past. Fig. 1.33 shows the S residuals for events for which SS data 

were used in this study. The residuals are plotted by station and a 10 km depth was 

assumed for all sources. The residual line corresponds to using a path half tectonic 

and half shield . The line labeled TNA is wholly tectonic and the East Pacific events 

to tectonic stations lie very near the TNA line . The same events to stations like FCC 

and FFC are nearer the zero residual line, as expected. The data used for the shield 

study are also plotted. The events labelled NW are from the north-west coast of 

North America, probably in a tectonic structure, the stations for the most part are 

within stable areas and thus, one would expect the data to fall near the zero residual 

line. The data seem to scatter closer to +2 sec. Similarly the Arctic events should lie 

near the SNA line for shield stations and the zero line for tectonic stations. There is 

quite a bit of scatter from this area but the expected pattern is matched to within a 

couple of seconds. 

There is no evidence for a large bias in the S travel-times between the two 

regions when the difference in the upper 400 km is accounted for. At any one station 

there can be a 2-3 sec difference from the expected result, this could be the result of 

source mislocation or of structural differences near the station or source. These causes 

will effect the SS-waves by nearly the same amount and the SS-S times would be 

largely unaffected. We feel the SS-S time measurements provide a stable measure of 

the upper-mantle travel-time curves. The differences of 2-3 sec are on the same order 
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Figure 1.29 Complete data set for events Al and A2 with synthetics using SNA. 
The travel-time line on the synthetics is reproduced on the data. Some of 

the waveform mismatch is due to the use of a single source and instru­
ment response for the synthetics. 
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Figure 1.30 Complete data from event NWl with synthetics computed using the 

SNA model. The travel-time line follows branch B (the 405 km reflection) 
at distances less than 42° . Arrivals before branch B are from the upper 
200 km. 
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Figure 1.31 Complete data set for events EPl and EP2 with synthetics computed 

using TNA. The early travel-time line on the data profiles is the same as 

shown in the previous figure indicating the shield SS onset . Note that 
. BLC and FCC are fast . These stations have midpoints to east of t he tec­

tonic province, see Fig. 1.11. 
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Figure 1.32 Complete data set for events EP4 and EP5 with synthetics computed 

using TNA. The early travel-time line is again the same as that in Fig. 
1.30. 
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as the fits of the SS-S times by the models. This uncertainty is much lower than the 

30 sec differences in SS-S times found in the two regions. In Chapter 3 we will return 

to these measurements and try to find out the significance of the variations from our 

models discussed above. 

Given that the travel-time curves for SS are accurate to within 3 sec the models 

should be well constrained. As shown in the previous sections, every triplication 

branch in both areas is visible and the two models fit the times closely. There are 

misfits in the amplitudes of certain arrivals, such as the D branch from the 659 km 

discontinuity near 50° . These misfits could be caused by errors in the model on a 

local scale. For instance, a lower gradient to 530 km, a small jump in velocity and 

again a lower gradient below could decrease the amplitude of the D branch. We can­

not resolve small features such as jumps of 2% or less but the relative timing of the 

arrivals will not allow appreciable differences over an extended depth range. A varia­

tion of 1% over ab~u t 100 km is probably close to the resolution of this study. Given 

(1984) presented an inversion of uppermantle S data sampling the TNA region of this 

study. His results agree with model TNA very well with the largest discrepancies 

ocurring near the discontinuities. His approach found the smoothest model which 

would fit the data while we have arbitrarily made regions causing triplications to be 

sharp discontinuities. This is just a matter of taste when modelling long-period S 

data since synthetics are identical for sharp jumps in velocity and gradients over 

about 50 km depth with the same velocity increase. Given's results near the discon­

tinuities appear to be just the spreading of the velocity increase we find, over about 

100 km. With this in mind, his results give us confidence in our estimate of the reso­

lu tion of the data. 
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Within the estimated resolution discussed above , we feel there is definitely 

heterogeneity to 350 km depth between the shield, in particular just west of Hudson 

Bay where most of our data sampled, and near the Gulf of California. The difference 

in gradient from 200 to 400 km is strongly indicated by the extension of the B branch 

in the shield by at least 10° . Similar gradients for both models below 250 km would 

not be able to match this difference . The uncertainty in the shield lid thickness also 

does not invalidate this conclusion . If it were thinner, the velocity would be slightly 

higher from 200 to 400 km depth . If it were much thicker, SnSn would be much 

larger beyond 40°. Within that constraint thicker lids would not modify the structure 

below 200 km by much. TNA and SNA are different from 350 to 400 km but this is 

not well resolved. There could equally well be a small amount of heterogeneity below 

400 km for 50 km or so. On the other hand , the data will not permit a 1% difference 

in velocity from 400 to 650 km for instance . This would change the timing of the D 

branch beyond 48° by more than 5 sec which would be easily noted in the data. 

As mentioned above , the discontinuities were made arbitrarily sharp. The 

refracted long-period arrivals used in this study can not determine the sharpness of 

these regions; however, short-period vertical reflections have been observed from 

depths of around 400 and particularly 650 km indicating there are sharp boundaries 

near these depths (for example Whitcomb and Anderson , 1970 and Adams, 1971). 

Assuming the discontinuities are sharp, the depths are probably constrained to within 

10 km with some tradeoff with the structure above and below the discontinuity . The 

overall increase in velocity at these depths is even better constrained due to the tim­

ing of arrivals from just above and just below the jumps .. There does not appear to be 

any large difference in the structure of the discontinuities beneath the Canadian 
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shield and the East Pacific Rise . This may have serious implications for the idea of a 

chemical tectosphere extending to even 400 km depth (Jordan, 1981a). 

The models presented here are consistent with other data. Teleseismic S-wave 

travel-time studies (Doyle and Hales, 1967; Lay, 1983; Wickens and Buchbinder, 1980) 

have found 5-7 sec variations across North America, which is consistent with the 6 sec 

difference in vertical one-way travel-time between our models. The study of Cara 

(1979) found a thick lid with a high velocity in the eastern United States compared to 

a western United States model with a large low-velocity zone and a high gradient 

below it. These models are qualitatively the same as TNA and SNA, though the 

absolute velocities in the Cara models are lower by about 3.5% near 200 km depth 

relative to the corresponding models we have found . This is perhaps due to a combi­

nation of dispersion and anisotropy. 

A natural question is how does the compressional velocity compare to the shear 

velocity in these regions. P travel-times are known to be more stable than S times 

(Lay, 1983), though they show variations across the United States tracking the S­

times. Burdick (1981) found data from an event near Bermuda to eastern North 

American stations required a higher velocity mantle than data within the Western 

United States. Walck (1984) studied upper mantle data from the Gulf of California to 

the southern California array. She finds that the B branch from the 400 km discon­

tinuity ends near 20°. This is earlier than any other P models published but agrees 

with the shear data observed in this study . Similarly, Given and Heimberger (1981) 

found the end of the B branch to vary by several degrees for different paths from 

Soviet nuclear explosions. Data near the center of the Russian platform had an 

extended B branch relative to data nearer the Arctic Ocean. This may be an 
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indication of variations in the upper 400 km similar to those observed in this study. 

England et al. (1 977) also found variations in P velocity to great depths between the 

Russian platform and southern Europe. How these variations compare with the shear 

heterogeneity will be an important area for future research . 

Conclusion 

The SS phase has proved to be a valuable tool in the modelling of upper mantle 

shear structure and heterogeneity. As shown in the previous sections, all the triplica­

tion branches from the two major discontinuities are clearly visible . The long time 

spent in the upper mantle causes the various arrivals to be well separated and the 

crossing points of the arrivals can be accurately mapped due to this feature. The 

greatest advantage to using SS, though, is that it can be used to map many areas of 

the world which cannot be investigated with the usual body-wave techniques. 

Shear velocity vertical profiles were determined for two different tectonic 

regimes, the Canadian shield and the tectonic part of western North America. Very 

large lateral heterogeneity was obvious in the data. The derived models differ in velo­

city to a depth of 400 km, substantially above 350 km. The shield has a thick high­

velocity lid with a low-velocity gradient below it to 400 km depth. The tectonic area 

has a thin lid and a large low-velocity zone. Also, the tectonic region has a very high 

gradient from 200 km to 400 km depth . Below 405 km the models are identical with 

two major discontinuities: a 4.5% jump in shear velocity at 405 km and a 7.5% jump 

at 659 km. 
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Chapter 2 

Upper Mantle Shear Structure 

Beneath the Northwest Atlantic 

The results of Chapter 1 show slower velocities in ·the upper 400 km of the man­

tle beneath the East Pacific relative to the Canadian shield. This result is significant 

but leaves open the question of which of the two provinces is anomalous and which 

normal. Jordan (1981a) has proposed that old continents have chemical roots to 

great depths in the upper mantle. The results of Chapter 1 support this idea, how­

ever, one could interpret the heterogeneity equally well as anomalously hot material 

beneath young spreading centers with the continent more typical of the earth. In 

most tectonic regionalizations, such as in Nakanishi (1981), Kanamori (1970), Sipkin 

and Jordan (1976), etc., there are young oceanic, old continent and old oceanic pro­

vinces . Oceanic areas with crustal ages greater than 50 Ma represent the largest por­

tion of the earth. Thus, before generalizing the results of Chapter 1 with respect to 

theories such as proposed by Jordan (1981a), it is necessary to develop an upper man­

tle model for old oceanic areas. 

In Chapter 1 the travel-times and waveforms of S and SS phases from 10° to 

60° were used to derive upper mantle shear structures. This study showed that using 

the travel-times and waveforms of S and SS one could constrain the shear structure 

to 800 km depth with a resolution of about 1% over 100 km. This technique provides 
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better resolution, at depth, than conventional surface wave dispersion studies due to 

the fact that the wavelengths of energy sampling deeper structure do not increase 

substantially . In this chapter the western part of the North Atlantic ocean is studied 

using essentially the same technique of modeling S and SS phases. The area studied 

has oceanic crust ranging in age from 0 to 150 Ma (Sclater and Parsons, 1981). Thus, 

a comparison of an active spreading center, old ocean, tectonic continent and a stable 

craton can be made using a single method . The data from the Atlantic ocean show 

features very similar to the data from the East Pacific Rise and the Canadian shield . 

Discontinuities near 400 km and 660 km produce triplication branches which are visi­

ble in both the S and SS waves. Using the times from these branches we have 

derived an average model for the older part of the Atlantic (70 to 150 Ma) near North 

America. The model, listed in Table 2.1, and shown in Fig. 2.1 with the previously 

derived models from Chapter 1, has a high velocity lid about 100 km thick. Below 

the lid, the velocity decreases to 200 km depth at which depth it has the same velo­

city as that derived for the East Pacific Rise in Chapter 1. Below 200 km we find no 

difference in structure between the old Atlantic and the young East Pacific regions. 

Technique 

To determine the upper mantle shear velocity beneath the Atlantic, we modeled 

the SH motion from Atlantic earthquakes recorded on long-period WWSSN (World 

Wide Standard Seismic Network) and CSN (Canadian Seismic Network) stations in 

eastern North America. The approach is to match the travel-times and waveforms of 

regional data from 10° to 16°, using synthetic seismograms, to constrain the shallow 

structure. As one looks at seismograms at further distances, deeper structure is 
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Table 2.1 : Atlantic Model 

Depth Velocity Depth Velocity 

km km/sec km km/sec 

0.0 3.700 475.0 5.135 

9.0 3.700 500.0 5.190 

10.0 4.750 525.0 5.240 

25.0 4.750 550.0 5.290 

50.0 4.750 575.0 5.345 

75.0 4.750 600.0 5.395 

100.0 4.750 625.0 5.445 

125.0 4.540 658.0 5.500 

150.0 4.490 660.0 5.910 

175.0 4.470 675.0 5.980 

200.0 4.460 700.0 6.050 

225.0 4.460 725.0 6.130 

250.0 4.480 750.0 6.200 

275.0 4.510 775.0 6.220 

300.0 4.570 800.0 6.240 

325.0 4.630 825.0 6.260 

350.0 4.680 850.0 6.275 

375.0 4.730 875.0 6.290 

404.0 4.780 900.0 6.305 

406.0 5.000 925.0 6.320 

425.0 5.050 950.0 6.335 

450.0 5.090 975.0 6.350 
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Figure 2.1 Velocity model ATL derived in this chapter compared to models of the 
Canadian shield (SNA) and tectonic western North America. 
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sampled. Using synthetic seiSmograms we can analyze from what depth individual 

arrivals come and thus adjust the model appropriately when discrepancies between 

the synthetics and data appear. The starting model was taken as the East Pacific 

Rise model (TNA) found in Chapter 1. Changes to it were made from the top down­

ward until the Atlantic data were satisfied. The resolution of this trial and error 

approach was investigated by Given (1984). He developed a formal inversion for 

structure, using S wave travel-times and waveforms, and applied it to data from the 

East Pacific Rise and western North America. The resulting model was very similar to 

TNA, which was derived by a trial and error technique; thus, we feel confident in the 

conclusions of our modelling. 

The earthquakes used are listed in Table 2.2. Fig. 2.2 shows the locations of the 

events and stations relative to oceanic crustal age (Jordan, 1981b). The events were 

selected on the basis of the quality of the SH signals from them. The stations used 

were nearly naturally rotated and thus data with strong SV energy was apparent. 

Due to the problem of shear-coupled PL interference, discussed in Heimberger and 

Engen (1974), any data which had a high SV to SH ratio at the arrival time of S or 

SS was rejected. The events on the Mid-Atlantic Ridge had teleseismic SH waves 

similar to those from strike-slip earthquakes, thus, the mechanisms were assumed to 

be strike-slip for them. Event 1, near Bermuda, was studied by Stewart and Helm­

berger (1981), and Event 2, by Molnar and Sykes (1969). The focal mechanisms of 

the two Events were thrust but they still produced simple SH waves to some stations. 

The data fall in the range 11° to 52° and sample ocean of varying age. From 

11° to 30°, the S waves travel wholly in the upper mantle and the triplications are 

obvious in the data. Data at these distances came from events 1 and 2, and, as can 



-75-

Table 2.2 : Event Locations 

Event Date Location Origin Time 

1 March 24, 1 g78 29 .9° N, 67 .3° W 0042:37.7 

2 Nov 3, 1g66 19.2° N, 67 .9° W 1624:31.3 

3 Nov 18, 1g7o 35.2° N, 35.7° W 1223:18.0 

4 May 17, 1g54 35.2° N, 35.9° W 1g26:20.6 

5 March 28, 1g75 33.8° N, 38.6° W 201g:45.6 

6 March 26, 1 g8o 23.9° N, 45 .6° W 2043:37.g 

7 Oct 20, 1g72 20.6° N, 29 .7° W 0433:48.g 

8 June 2, 1g55 15.9° N, 46 .7° W 2340:23.5 

g June 1g, 1g7o 15.4° N, 45 .9° W 1425:18.4 
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Figure 2.2 Stations and events used to de termine the Atlantic structure. The age 

of the oceanic crust in the region is also indicated. 
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be seen on the map, their paths were totally beneath ocean older than 100 Ma. Data 

from 27° to 52° came from the events near the Mid-Atlantic Ridge. We used the SS 

waveforms and SS-S times at these ranges to determine the structure. SS goes 

through the same triplication as S at nearer distances as discussed in Chapter 1. 

These earthquakes are beneath much younger ocean than those used for S; however, 

their midpoints are within ocean older than 100 Ma. Using SS-S times should 

decrease the contamination of the data by the initial propagation through younger 

structure. 

To derive an upper mantle structure which would reproduce the relatively com­

plicated seismograms used, we constructed synthetic seismograms. Synthetics enable 

one to model interfering signals and, also, to intuitively understand them. The pro­

cedure used to calculate the synthetics is well established. One assumes a seismogram 

consists of a series of linear operators representing the different factors in a record 

(Heimberger and Burdick, 1979). We can write a seismogram Y(t) as 

Y ( t )=S ( t) *I ( t) *A ( t) *M ( t ), (2.1) 

where S(t) is the source, I(t) is the instrument response , A(t) is an attenuation opera­

tor and M(t) is the Green 's function for wave propagation through the mantle. 

The source function was constructed by fitting the teleseismic S waveforms . A 

trapezoidal time function was convolved with an operator representing the S, sS 

interaction, dependant on focal mechanism (Langston and Heimberger, 1975). The 

depth and time function are adjusted to fit the teleseismic data. All the events used 

in this study are shallow and produced simple teleseismic SH waves. The details of 

the source are not too important as the arrivals we modeled are generally well 

separated . 
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The attenuation operator was taken from Futterman (1962) and Carpenter 

(1966). The amount of attenuation is parameterized by the value of t *, the travel­

time divided by the average Q along the ray path. It is generally believed that Q is 

lower in the upper few hundred km than below. For this reason, SS arrivals were 

attenuated more than S arrivals. A t * of 4 sec was used for S and a t * of 7 sec for 

SS waves. These values are rather arbitrary but are fairly close to values computed 

from published Q models such as PREM (Dziewonski and Anderson, 1981). Improve­

ments in Q structure will help the synthetic to data amplitude fits but should not 

affect the relative timings of different arrivals significantly . 

The Green's functions, for upper mantle propagation, were computed using two 

techniques. Preliminary modeling was done using the WKBJ method of Chapman 

(1978) and Wiggins (1976) . This method is very inexpensive and useful in the model­

ing process. There are situations, however, where it does a poor job, such as energy 

from shadow zones and interactions with sharp discontinuities. Therefore, after deriv­

ing a model fitting the travel-times of the most obvious arrivals with the WKBJ syn­

thetics, we used a Cagniard-de Hoop code (Helmberger, 1973) to model, in more 

detail, our data. Comparisons of synthetics by the two methods are given in Chapter 

1 for two upper mantle models. 

The Cagniard-de Hoop synthetic is generated by adding the responses of gen­

eralized rays through a stack of homogeneous layers. A limitation of the technique is 

that for SS, or other multiple bounce phases, a large number of rays are needed to 

compute the response . At different distances, which rays were necessary was found 

by progressively adding more rays until the synthetics did not change appreciably . 

The niys used in different situations will be mentioned in the following. Comparisons 
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of Cagniard-de Hoop with the reflectivity method (Burdick and Orcutt, 1978) have 

been positive and thus it is felt this approach is valid. 

Lid Structure 

To investigate the upper mantle below 200 km a good estimate of the upper 200 

km is necessary since all the data used to look at deeper structure will be con tam­

inated by the more shallow structure. The upper part of the model was found by 

fitting travel-times and waveforms of the SH motion at close-in distances (11 ° to 

16° ). For a continental structure, at these ranges, there are well separated arrivals 

from the mantle. Depending on the structure, they can be from above or below the 

lid . These separate arrivals (S, SS, SSS etc.) were modeled in Chapter 1 to determine 

the average shallow structure beneath the Canadian shield and western North Amer­

ica. The reason the arrivals are well separated at these ranges is due to the thick 

crust above the mantle. Each time a phase comes to the surface it must travel 

through the much slower crust and thus multiple bounce phases, such as SS and SSS, 

fall rapidly behind the direct arrival S wave . In an oceanic structure the crust is much 

thinner and thus the separation of multiple bounce arrivals is much less in time. Fig. 

2.3 illustrates this effect using the Cagniard-de Hoop generalized ray technique. The 

effect of adding successive multi-bounce arrivals is shown for two simple structures. 

To represent an oceanic structure , we used a 7 km thick layer of velocity 3.7 km / sec, 

over a half-space with velocity 4.75 km/ sec. The continental synthetics are for a 30 

km layer, of velocity 3.7 km/ sec over the same half-space. The rays used are shown to 

the left of the synthetic step responses. The seismograms are calculated at a distance 

of 8°. The front of the records are due to multiple bounce head waves while the high 
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Figure 2.3 The step responses after summmg vanous sets of rays in two simple 

structures. The final panel is the response of a long-period WWSSN 
instrument to the Green 's function above it . 
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frequency later arrivals are reflections. Each multiple bounce ray is very similar in the 

two structures; however, the difference in crustal thickness changes the time separa­

tion of the arrivals and thus the interference. This produces the vastly different 

dispersion in the two structures. The final panel is the response after convolving with 

a long-period WWSSN instrument and a 6 sec trapezoidal time function. Obviously, 

the oceanic data, at regional distances, will have a very different appearance than the 

con tin en tal data just due to the crust. Large sets of multiply reflected crustal rays 

must be used to model oceanic records at upper mantle distances. In terms of modes, 

this can be understood by the fact that the fundamental Love mode, from 20 to 60 

sec travels at mantle velocities and not crustal velocities, as in the con tin en t. This 

phenomena was pointed out by Thatcher and Brune (1969) in their discussion of the 

interference of higher mode Love waves with the fundamental mode at periods less 

than 60 sec for oceans. 

In spite of the fact that we cannot model regional data as distinct mantle 

arrivals, the waveforms still contain much information. Fig. 2.4 illustrates how we 

might use data at regional distances, say 12° . Fig. 2.4a shows the effect of changing 

crustal thickness. The synthetics were computed summing rays with up to 40 multi­

ples in the crustal layer. A strike-slip source is at 5 km depth. With changing crustal 

thickness the arrival time of the first downswing stays the same. This is basically 

headwave energy with only a few free surface reflections. The later swings, in the 

waveform, change dramatically with crustal thickness differences of only a few kilom­

eters. The signal contains higher frequencies with thinner crust due to the fact that 

the later arrivals in the wavetrain have bounced many times in the crust. Changing 

the crustal thickness changes the time separation of the multiply-reflected arrivals 



7 km 3.7 km/sec 

4.7 km/sec 

9 km 3.7 km/sec 

4.7 km/sec 

II km 3.7 km/sec 

4.7 km/sec 

-82-

Effect of Crustal Thickness 
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Figure 2.4a. Step response at 12° for varying crustal thicknesses. The structure 

used is at the left , the step response in the middle and at the right is the 

response of a long-period WWSSN instrument to the step response. The 
dashed line indicates the same reference time. 
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Figure 2.4b Step response at 12° for varying lid velocities. The columns are the 
same as in the previous figure. 
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Figure 2.4c Step responses at 12° for different lid dimensions. The columns are 
the same as in Fig. 2.4a. 



-85-

and this becomes more important in the back of the waveform where the reflections 

are more numerous. Changing crustal velocity will have the same effect. A slower 

crust would be equivalent to a thicker crust. 

Fig. 2.4b shows the effect of changing lid velocity but keeping the crust con­

stant. The waveforms are not changed significantly but the absolute travel-time 

changes by 12 sec with a change in lid velocity from 4.6 km/ sec to 4.8 km/ sec. In 

Fig. 2.4c we have added a further variation by putting a lower velocity half-space 

below the lid. In this case, all the crustal reverberations were used along with rays 

which have reflected from the bottom of the lid up to 4 times. The reflection 

coefficient at the lid half-space boundary is the opposite sign of that at the crust lid 

boundary . Thus, for a thin lid , the lid rays cancel the front of the waveform. The 

thicker lids have little effect at 12° because the rays arriving at the station from 

deeper depths are steeper and thus the reflection coefficients are fairly small. The 

thicker lids will affect the Love wave at further distances. 

We approached the data at regional distances in the following way. First, the 

crustal thickness was adjusted to match in time the successive peaks and troughs in 

the wavetrain . The crustal velocity was kept fixed at 3.7 km / sec. Next the lid velocity 

was modified to match the absolute travel-time of the first downswing. There is some 

tradeoff here between the lid thickness and the lid velocity. However, as can be seen 

in Fig. 2.4, there is a difference between a high velocity thin lid and a low velocity 

thicker lid. The separation of the first two downswings is different in the two cases 

since lid velocity basically shifts the whole waveform but lid thickness con trois only 

the front of the signal. The lid models found in this way are obviously very crude but 

they should constrain the main features of the very shallow mantle and allow us to 
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investigate deeper structure. 

Fig. 2.5 shows the two nearest seismograms used in the study. The later arrivals 

at BEC were too large to recover. These seismograms both recorded almost pure SH 

motion with paths totally in ocean older than 100 Ma. The dispersion of the signal at 

SJG required a crustal thickness of 9.5 km. This is thicker than normal oceanic crust, 

though it could be that we used too high a crustal velocity. A low velocity, low Q 

layer at the surface would decreaSe the amplitude of the back of the wavegroup, since 

the signal there is due to more surface reflections than the front . It would also 

decrease the average crustal velocity. Officer et al. (1952) report an average 2 km 

thick sediment layer south of Bermuda from a refraction survey. Another cause of 

this could be that we used the wrong depth for the source. The source depth for the 

synthetics is 5 km but the event could be deeper. For the long periods this will have 

no effect but the shorter periods could be changed slightly. To match the timing of 

the first arrival a lid velocity of 4.75 km/sec was needed . The separation of the first 

downswings requires a lid thickness of at least 80 km. At these distances a thicker lid 

would appear about the same. Primary rays from below the lid are not noticeable . 

In Fig. 2.6 we show further data at regional distances. These stations are within 

continents and the transition from oceanic to continental crust has an obvious affect 

on the waveforms. The overall period of these signals is much longer than the SJG 

record from the same event. From the previous discussion, this is what one would 

expect for an increase in crustal thickness. We used a crust of 19.5 km, with the 

same velocity as before, to model these records. This was found empirically to fit the 

overall dispersion of the data. How the actual ocean-con tin en t transition affects the 

Love wave is not clear but since the crustal thickness does not change the arrival 
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Figure 2.5 Data and synthetics for two oceanic paths at stations at regional dis­

tances. The timing is absolute. The data are shown above the appropriate 
synthetic. 
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Figure 2.6 Data and synthetics for the Bermuda event to continental stations. The 

405 km reflection is marked by an arrow. The timing is absolute. 
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time by much, usmg an average thickness for the crust is probably sufficient. Note 

that the arrival times are well fit for this data set using the same model as in the pre­

vious figure. Since the data is fit for three azimuths, from the same event, with the 

same model, it appears the event was not greatly mislocated, nor is there a large 

directional anisotropy. The arrows, in the figure, indicate the reflected arrival from 

the 405 km discontinuity. It can also be seen in the data at about the right time. 

The data, in the previous figures, constrain the lid to have a high velocity ( 4.75 

km/ sec) and a thickness of at least 80 km . The timing of the 400 km reflection indi­

cates the velocities below the lid must be significantly lower than those found beneath 

the shield in Chapter 1. Further evidence for the thick lid will be presented later in 

relation to the SS data. 

Structure Below the Lid 

Fig. 2.7 shows the travel-time curve for the Atlantic model. The previous data 

basically established the AB branch to 16°, this is energy from the lid. The two 

seismograms at 16.3 and 16.8° showed an arrival corresponding to the cusp labelled 

C, a reflection from the 405 km discontinuity. The dashed lines refer to diffracted 

energy or tunnelled energy through the lid. There are several more seismograms from 

Events 1 and 2 which sample deeper than the lid. Fig. 2.8 shows a small profile to 

the north of these events. Again, most of the paths are through old ocean but the 

receivers are on continental crust. In the synthetics, an average crust of 19.5 km 

thickness is again used . The crustal arrivals, or Love waves, arrive just after the 

branch labelled B. Errors in the crustal approximation should not affect the measure­

ments of the mantle arrivals which determine the triplication curve. The mechanism 
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Figure 2.7 Triplication curve for the Atlantic model. Dashed lines represent 

diffracted or tunnelled energy. 
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Figure 2.8 A short profile of S-waves beneath the old Atlantic with a synthetic 

profile to the right. The triplication branches corresponding to Fig. 2.7 
are indicated . 
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appropriate for Event 2 was used in the synthetics. This is inappropriate for the 

record at SCH from Event 1 causing some of the misfit there, though there are obvi­

ous arrivals in the record corresponding to those in the synthetic at the right time. 

With respect to Fig. 2.7, one can follow three branches over several degrees. Branch 

F is from below the 660 km discontinuity, branch D is a wide angle reflection from 

the 660 km discontinuity and branch B is the wide angle reflection from the 405 km 

discontinuity . The model derived from East Pacific Rise data, in Chapter 1, which 

was used below 200 km, fits the timing of all the branches very well. Differences of 

1% over 200 km at any depth range would be noticeable in the relative timings of 

these phases. 

In Fig. 2.9, two records from this profile are shown compared to synthetics com­

puted from the Atlantic model and a modified Atlantic model. The modified model is 

the same as the Atlantic model except from 225 to 400 km depth, where we have sub­

stituted the velocities found beneath the Canadian shield at those depths. The SCH 

synthetics were done using the appropriate source for Event 1, also the Love wave 

was not included as this station is much further inland than the others and the Love 

wave arrives later. This figure illustrates the sensitivity of the arrival time of branch 

B to the structure from 200 to 400 km. The arrows indicate the arrival from the 405 

km discontinuity in the data and synthetics. The modified model is too fast by about 

5 sec. The velocity could be decreased from 100 to 200 km to compensate for this but 

the observations of branch C at 16° and in the SS data (shown later) limit the 

amount one can modify the structure. Note that the 660 km triplication is hardly 

changed at all by the modification. 
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Figure 2.9 A comparison of the Atlantic model with a modified Atlantic model. 

The modified Atlantic model has shield velocities from 225 to 400 km and 

this changes the 405 km backbranch significantly, as indicated by the 
arrows. 
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From this small data set we can conclude several things. With the constraint of 

a high velocity lid, the velocity from 200 to 400 km must be substantially the same as 

beneath the East Pacific Rise . Also, the structure below 400 km appears to be the 

same as beneath the Canadian shield and the East Pacific Rise. 

Observations of SS 

Events 3 through 9 are further from the stations than the previous data, but 

they can still be used for studying the upper mantle. Events 3, 4 and 5, in particular, 

have paths to east coast stations through ocean mostly older than 100 Ma. These 

events produced data in the range 27° to 53°, thus the SS phases from these earth­

quakes are going through the same triplications as S waves from 13.5° to 26.5°. As 

discussed in Chapter 1, SS data in this range can be very useful in modelling the 

mantle . The S wave bottoms below 800 km where the structure is thought to be 

fairly uniform . The source and receiver structure is the same for both S and SS , thus 

the S wave serves as a useful absolute time marker for the SS phase which travels 

through the heterogeneous upper mantle . 

Fig. 2.10 illustrates the synthetic construction of seismograms m this range. 

These seismograms were computed using the Cagniard-de Hoop technique. The first 

column shows the results of just adding in primary S rays. The triplication branches 

are labeled on the diagram. The backbranch due to the 660 km discontinuity can be 

followed to near 32°. The backbranch from the 405 km discontinuity is seen to 

about 30° but there is a small arrival continuing to greater distances. This more dis­

tant phase is not actually from the 400 km discontinuity but is due to rays coming 

just out of the shadow zone, bottoming near 250 km depth, which travel to large 
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Figure 2.10 The construction of synthetic seismograms from 26° to 40° . The first 

column shows the effect of just S rays, the middle has crustal and lid mul­
tiples added and the right column has deeper SS rays added. 



distances because of the high velocity thick lid. If there is a low Q layer below the lid 

this arrival could be more attenuated. In the second column we have added what we 

call the Love rays. These are multiples in the lid and crust. For this example , a 19.5 

km crust was used, as the following data are all from continental stations. Rays with 

25 reflections in the crust and up to 4 reflections from the bottom of the lid were 

used . One multiple within the lid was also found to be necessary. One can see that 

this energy drastically changes the appearence of the seismograms near the 405 km 

backbranch time. As stated before, this arrival does not interfere with upper mantle 

arrivals in continental areas. Finally, in the third column, we have added SS rays 

from below the lid. The major effect of these rays is seen from 37 to 40° . The SS B 

branch from the 400 km discontinuity can be seen clearly. Even at 40° it is well 

behind the Love wave. 

The Love wave, at these distances, again provides information on the thickness 

of the lid. In Fig. 2.11 we have computed just the Love rays at a distance of 40° . The 

crust is fixed at 19.5 km and the lid velocity is 4.75 km/sec, as was found before. The 

lid thickness is varied from 50 to 110 km. Again, the rays reflecting from the bottom 

of the lid are negative relative to those of the crustal rays. The thinner lids have 

stronger reflections from this boundary and thus there is more destructive interfer­

ence of the front of the Love wave. Fig. 2.11 shows the response of a WWSS instru­

ment, convolved with a 5 sec trapezoidal time function, to the Love rays. The arrival 

time of the first large upswing is very sensitive to the lid thickness. The front of the 

Love wave from 27° to 40° should, then , put constraints on the lid . The other 

arrivals, at these distances, will constrain the deeper structure. 
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Figure 2.11 A sensitivity study on the effect of lid thickness on the front of the 

fundamental Love wave. Just crustal and lid multiples are computed for 
various lid thicknesses. 
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Fig. 2.12 shows the data in the range discussed above with the same synthetics 

as were derived in Fig. 2.10. The travel-time lines in Fig. 2.10 are reproduced in this 

figure on the data and synthetics. The stations, listed next to the seismograms 

recorded by them, are of varying distances from the ocean. A 19.5 km thick crust was 

used as an approximation to the actually more complicated situation. This thickness 

seems to satisfy the dispersion of the later part of the Love waves recorded at these 

stations and should not affect the mantle arrivals too much . All the arrivals pointed 

out in the previous discussion of the synthetics can be seen in the data. The arrival 

time and amplitude decay of the 660 km discontinuity, branch D, is modeled 

extremely well. The structure near 600 km was derived from a totally different area 

so that this fit is quite surprising. This indicates that heterogeneity below 400 km 

from the East Pacific Rise to the Canadian shield to the old northwest Atlantic is 

extremely small. Velocity differences of 1% from 400 to 600 km would change the 

synthetics significantly at these ranges. 

From 38° to 40° the B branch of the 405 km discontinuity is visible in the data, 

as an SS arrival. It can be identified by the higher frequency content than the preced­

ing Love wave pulse and its moveout from the S wave. Data beyond 40° confirm our 

identification of the SS B branch. Note, also, that the timing is consistent with the 

arrival at 16°, Fig. 2.6, which was modeled as the 405 km reflection . The midpoints 

of these paths are in ocean older than 100 Ma. 

The part of this section showing the most variability in the data is indicated by 

the line labeled B. The arrivals just following this line are due to rays from several 

depths as was illustrated in Fig. 2.10. The front part of this waveform is due to S 

rays, and crustal multiples of them, coming from below the lid. This arrival is most 
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Figure 2.12 Data and synthetic comparison from 26° to 40°. The synthetics are 
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sensitive to the velocity from 150 to 350 km. The late time of this phase, in the data, 

indicate low velocities at this depth range . Just following this energy is the start of 

the Love wave which travels at near the lid velocity. The time of this wave group 

indicates a thick, fast lid as discussed earlier. This energy, however, varies by several 

seconds from station to station but in an understandable way. Comparing the 

records at ATL from Events 3 and 9 one can see that the Love pulse is faster from 

Event 3. From the map in Fig. 2.2, it is seen that the path from Event 3 is 3/ 4 ocean 

older than 100 Ma whereas the path from event 9 is only about 1/ 2 ocean that old. 

Past studies, such as that by Mitchell and Yu (1980), have documented the growth in 

thickness and velocity of the lid with age in the Pacific. We are probably seeing this 

phenomenon here. The Atlantic model is an average of a varying lid in the older 

Atlantic. Event 3, at ATL, has a faster Love wave than the model predicts indicating 

the lid is probably even thicker than 100 km in the older ocean , while the first part of 

the paths from these events are probably through a thinner, lower velocity lid. How­

ever, a 100 km, 4.75 km/sec lid does a fair job over these paths, as it did for the data 

at regional distances. 

In Fig. 2.13 further SS data is presented from distances beyond 40°. The sta­

tions used for this profile are well inland, but again, the midpoints are within old 

ocean. The large distances used here and the fact that the stations are so far inland 

eliminate contamination by the Love wave. At SHA, long period Love wave energy is 

apparent but it is behind the SS wave and does not present a problem. Since the 

Love wave is not important here, and the SS phase at these distances is dominated by 

structure well below the lid, we computed the synthetics in this figure using the more 

efficient WKBJ technique. No Love wave is computed. In this range, SS passes 
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Figure 2.13 Data and synthetic comparison from 41° to 53° . The SS phase is 

passing through two triplications as indicated by the travel-time lines. 
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through the same triplications as S from 20° to 26° . The branches from the travel­

time curve in Fig. 2.7 are labeled on the synthetics and the data. The data at 41° 

and 43° are reproduced many times from other events and at other stations. At 41° 

two arrivals are present, the first is from the 405 km discontinuity (branch C), the 

second from the 660 km discontinuity (branch E). At 43° they are crossing, produc­

ing a large simple SS wave. Near 46° the back branch of the 400 km discontinuity 

begins to separate out and can be followed to 53° . The 660 km back branch begins to 

separate from energy below 660 km near 48° and it too can be followed to 53° . This 

data just confirms the previous conclusions but also illustrates the compatiblity of S 

and SS wave modeling. Many regions which are inaccessible to an S wave upper man­

tle study can be sampled with SS. 

Discussion 

The model derived in this study was based on several assumptions. The lid was 

assumed to be a homogeneous high velocity layer. Structure in the lid is certainly pos­

sible but our technique of calculating synthetics prohibited using more than a couple 

of layers due to the number of rays needed. We have concentrated on fitting long 

period data, greater than 20 sec, which should not be too sensitive to the fine struc­

ture of the lid . A high gradient in the lid would necessitate a thicker lid as the sha­

dow would be moved to nearer distances. Thus, the lid model is just an approxima­

tion to a more complicated structure which could be thicker. 

The velocities just below the lid are difficult to determine due to the extensive 

shadow zone caused by the lid. The same structure was used below 200 km as was 

found beneath the East Pacific Rise in Chapter 1, but there is some tradeoff between 
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the velocity from 100 to 200 km and the velocity from 200 to 400 km. On the other 

hand, decreasing the velocity in the Atlantic model just below the lid to values found 

beneath the East Pacific Rise at the same depths, would allow only a slight increase 

in velocity from 200 to 400 km. Models, such as PREM (Dziewonski and Anderson, 

1981), with large velocity jumps near 200 km and corresponding low gradients to 400 

km, cannot satisfy our data. The back branch from the 405 km discontinuity is too 

fast in these models. Thus, we feel confident in the conclusion that shear velocity 

from 200 to 400 km beneath the old Atlantic is far closer to the velocities beneath the 

East Pacific Rise than beneath the Canadian shield. 

It is interesting to compare the results presented here to other studies of the 

upper mantle . Sipkin and Jordan (1975, 1976, 1980) have measured ScS and multiple 

ScS times, attributing their variations to upper mantle heterogeneity. For the shield 

model (SNA), with a 35 km thick crust, ScS is 4 sec faster than that predicted by the 

Jeffreys-Bullen model. The tectonic model, TNA, is 6.2 seconds slower and the Atlan­

tic model is just about the same as the Jeffreys-Bullen prediction. For the two oce­

anic models a 9 km crust was used. The shield model fits the mean of the measure­

ments by Sipkin and Jordan (1976) for Precambrian shields, though they have a 2 sec 

scatter for those measurements. Their oceanic data fall between -1 and 8 second resi­

duals. These are mostly measurements in the Pacific ocean with varying oceanic cru­

stal age. The two oceanic models, TNA and ATL, bracket their data fairly well. 

Thus, the two techniques ·Seem compatible as far as generalizing the results of 

Chapters 1 and 2 to similar tectonic provinces on other parts of the e·arth. 

A more widespread method for investigating the shear structure of the upper 

mantle , is the measurement of the dispersion of long-period surface waves. In Figs. 
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2.14 and 2.15, the dispersion curves of fundamental Rayleigh and Love waves are 

presented for the three models derived in Chapters 1 and 2. Corrections due to 

anelasticity were included assuming that the models are appropriate for a period of 10 

sec. The Q structure was taken from PREM (Dziewonski and Anderson , 1981) with 

the exception that Q was kept high throughout the different lid portions of the 

models. The P velocity for the shield was taken from Given and Heimberger (1981) 

and for the East Pacific Rise from Walck (1984) . The Atlantic P model used has the 

same P velocity in the lid as the shield model and velocities below the lid the same as 

in Walck's model. A crust of 35 km was used for the shield and a crust of 9 km for 

the two oceanic models. For Rayleigh waves, there are large differences in phase velo­

city at shorter periods (about 5% at 120 sec) , which decrease rapidly with increasing 

period (to about 1.5% at 270 sec). The Love waves have a wide spread in phase velo­

city at all periods (6% at 120 sec to 5% at 270 sec). 

Several authors have looked at great circle long-period surface waves to derive 

global dispersion curves. Recently, Nakanishi and Anderson (1983) have used new, 

high-quality long-period data to map the phase velocities of Rayleigh and Love waves 

over the earth . They give regionalized phase velocities for different age oceans and 

these are plotted on the dispersion curves for the models derived here . The regionali­

zation is given on the figures. At periods greater than 150 sec , the regionalized Ray­

leigh wave phase velocities fall between the models ATL and TNA, with the exception 

of Region A. Region A is essentially the oldest region of the western Pacific, and 

perhaps the regionalization was unstable for that relatively small area. If Region A 

does have these high phase velocities, the models derived here, including the shield 

structure, are significantly too slow at great depths in the upper mantle in that area. 
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Figure 2.14 Fundamental Rayleigh wave dispersion curves appropriate for models 

SNA, TNA and ATL are compared with data obtained from the litera­
ture. 
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In all other oceanic areas, the deeper structure looks very similar to what is proposed 

here. Wielandt and Knopoff (1982) looked at long-period Rayleigh waves which pro­

pagated near the East Pacific Rise and one would expect TNA to agree with their 

results. In fact , from 100 to 310 sec, the agreement is excellent, indicating that TNA 

is probably a good model for most of the East Pacific Rise. This also indicates that 

there is little transverse anisotropy beneath this region . The long-period Love waves 

measured by Nakanishi and Anderson (1983) all fall between the TNA and ATL 

model predictions. Since the areas studied to derive TNA and ATL are the two 

extremes in terms of oceanic age, this is probably not too surprising. The Love 

waves, at these periods, sample shallow structure, and thus it appears that the lid of 

ATL is thicker or higher velocity than average oceanic lid beneath crust older than 80 

Ma. 

At shorter periods, there is a general discrepancy between Rayleigh wave meas­

urements and our models. At periods less than 150 sec , Nakanishi and Anderson 

found significantly lower phase velocities than ATL predicts except for Region A. 

Mitchell and Yu (1980) studied Rayleigh waves in the Pacific at these periods and 

also found lower phase velocities for old the old Pacific than ATL predicts. The Love 

wave measurements of Mitchell and Yu are also seen to be slower than ATL, but the 

discrepancy is not as large as for the Rayleigh waves. For younger oceans, the 

discrepancy appears to be much less. Nakanishi and Anderson's Rayleigh wave 

dispersion for young ocean agrees well with TNA, as do the curves derived by 

Mitchell and Yu for young ocean and Wielandt and Knopoff for the East Pacific Rise . 

For Love waves, Mitchell and Yu also found phase velocities near those of TNA for 

young ocean, as did Forsyth (1975) in his study of the East Pacific Rise region . A 
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possible cause of the discrepancy for older oceanic regions could be anisotropy in the 

lid, as proposed by Anderson and Regan (1983). However, since the Love wave phase 

velocities for old ocean in the Pacific are also lower than in model ATL, there may be 

structural differences between the old Atlantic and the old Pacific in the upper 100 

km of the mantle. 

In conclusion, the long-period Rayleigh wave dispersion predicted by the 

bodywave models presented here agree well with measurements from other areas with 

the exception of the oldest western Pacific from Nakanishi and Anderson (1983). This 

indicates good agreement of the deep structure (below about 250 km) between our 

models and global average models of the earth derived from surface waves. The 

shorter period Rayleigh waves and the Love waves show large variations which could 

be due to differences in the structure of the upper 100 km or to anisotropy at those 

depths. 

Conclusion 

We have modeled the waveforms and travel-times of SH wave motion m the 

older portions of the northwest Atlantic to investigate the upper mantle shear struc­

ture there. The old Atlantic has a thick, high velocity lid beneath which the struc­

ture is very similar to that found near the East Pacific Rise in Chapter 1. Using the 

same technique, the Canadian shield was found to have significantly higher velocity 

than both oceanic areas to about 400 km depth. The bottom of the lid does not 

appear to be the depth at which the craton and oceans become indistinct. 

Below 400 km the model derived for the Canadian shield and East Pacific Rise 

fit the Atlantic data quite well. Thus, it is felt heterogeneity at these depths is very 
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small throughout North America and its surrounding oceans. The agreement with 

very long period surface wave studies elsewhere suggest the model below 400 km is a 

good average for the earth. 
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Chapter 3 

Tomographic Inversion for Mantle Shear 

Velocity Beneath the North American Plate 

The development of three-dimensional models of elastic velocities in the earth is 

in its infancy. On a global scale there has been remarkable progress, however, during 

the last two years. Global models of shear velocity in the upper mantle, to 600 km 

depth, have been presented by Woodhouse and Dziewonski {1984), Nataf, Nakanishi 

and Anderson (1984) and Tanimoto and Anderson (1985) . These studies inverted the 

phase and group velocities of long-period surface waves to derive a spherical harmonic 

expansion of the shear velocity field of the shallow earth . No apriori regionalization 

was assumed in these studies, but the results showed a clear correlation of shear velo­

city with tectonic province in the upper 200 km or so. Below 200 km, the magnitude 

of lateral heterogeneity decreased and the pattern of velocity variation less closely fol­

lowed the surface tectonics, although the Woodhouse and Dziewonski model shows 

faster than normal velocities beneath old , stable continental regions to 400 km depth . 

Using long-period data has proved very useful and produced interesting results, how­

ever, there are some drawbacks with the technique. Due to the wavelengths of the 

data and the limit of the spherical harmonic coefficients inverted for, one can only 

hope for a very broad view of the earth's structure, both laterally and vertically . Sta­

tion residuals for S-waves show very abrupt changes in travel-times (for example, 
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Doyle and Hales, 1967), indicating sharp boundaries in mantle structure. Information 

on the nature of sharp transitions cannot be found using the approach discussed 

above. Also, the use of surface waves, as is well known, has decreasing resolution of 

structure with depth and in fact, no large scale model of the variations in shear struc­

ture below 600 km has been published . 

Though there are problems with finding laterally varying models of shear velo­

city in the deeper mantle on a large scale , there have been exciting breakthroughs in 

determining the three-dimensional P-wave structure in the lower mantle. Sengupta 

and Toksoz (1976) and Dziewonski, Hager and O'Connell (1977) published early 

models of laterally varying P velocity structure in the lower mantle . Recently, 

Dziewonski (1984) presented an improved model for the lower mantle . His solution is 

for the long-period variations in P-velocity expressed in spherical harmonics and was 

derived using ISC P-wave residuals as the data base. Clayton and Comer (1983) used 

an iterative back projection scheme (Comer and Clayton, 1986), using similar data as 

Dziewonski used, to derive another model for the lower mantle below 600 km. The 

inversion technique allowed the authors to resolve velocity variations on the order of 

500 km in length. The amazing correlation of the long-period gravity field of the 

earth with that predicted by Clayton and Comer's model assuming a linear relation 

between velocity variation and density variation (Hager et al. , 1985) gives support to 

the accuracy of their model at long periods. The shorter wavelength features are still 

uncertain. All of the above P-velocity studies used data beyond 25° distance to avoid 

the complications associated with upper mantle triplications. This has limited the 

resolution of structure above 700 km depth. 
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In Chapters 1 and 2, vertical profiles of shear velocity were determined for three 

tectonic areas beneath the North American plate. The shield, old ocean and recently 

tectonically active regions of the plate were found to have large differences in shear 

velocity above about 350 km depth. Below 400 km depth, no systematic variations 

were found for the three study areas although scatter in the data sampling below 400 

km indicates there could be velocity variations at these depths. The models were 

derived by modeling the consistent pulses seen in S and SS phases which form 

interference patterns depending on their relative arrival times. The pulses in compli­

cated seismograms were readily explained by simple models of the upper mantle shear 

structure with two first order discontinuities near 400 km and 660 km depth . The 

large differences seen in these waveforms, at similar distances but different areas, 

could be explained by the presence or absence of a thick high-velocity layer near the 

top of the mantle. Large variations in the discontinuity structures or complicated gra­

dients in the deeper mantle are not necessary to explain the data. 

Two assumptions were made in the previous chapters with respect to the model­

ling process. First, we assumed that the data sets for particular areas studied pro­

pagated entirely through a laterally homogenous structure. The second assumption 

was that the mantle below 700 km was laterally homogeneous and correctly given by 

the Jeffreys-Bullen model. These assumptions were justified but probably only to first 

order. Also, the first assumption forced us to ignore a large body of data which 

clearly propagated through significant portions of two or more tectonic provinces. No 

information is given, in the previous studies, on the transition from shield to tectonic 

structure or the uniformity within provinces. In this chapter, we will drop the two 

assumptions discussed above and attempt to derive a continuous laterally varying 
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model for shear velocity beneath the North American plate using the large body of 

data crossing the tectonic boundaries. The goal is to utilize body-wave synthetic 

techniques developed for local studies of upper mantle structure and to take advan­

tage of the methods developed by workers studying whole earth structure (discussed 

above). We hope to bridge the gap between the long-period global surface wave stu­

dies of the upper mantle and the studies using P waves to determine lower mantle 

structure, on a scale large enough to make conclusions on global processes. 

The following section will be a general discussion of the inversion technique used 

to derive the model. We used essentially the same tomographic method as Humphreys 

(1985) in his study of Southern California mantle structure and Comer and Clayton 

(1986). The discussion of the technique will follow their work closely. The next sec­

tion will discuss the data and the details of the actual inversion. This will be followed 

by the results and discussion of the errors and significance of the work. 

Inversion Technique 

The data we will be working with (discussed in detail in the next section) consist 

of S and SS phases recorded at distances from 8° to 85°. These phases bottom from 

about 50 km depth to over 2000 km depth with many intersecting paths. The first 

question which arises is how does one go about determining a model which will fit all 

the data. Forward modeling of seismic data for structure is fairly straightforward 

when one assumes lateral homogeneity. The vertical structure can be parameterized 

with enough simplicity to be handled easily, that is, most reasonable models whose 

differences are significant can be tested by computing synthetic seismograms and com­

paring them to data. If one allows heterogeneity in all three dimensions the problem 
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rapidly becomes too difficult to handle by a trial and error approach and thus, some 

inversion technique must be used. The best inversion would be one which fit the 

waveforms and travel- times of the raw data directly . This approach has been used 

by Woodhouse and Dziewonski (1984) and Lerner-Lam and Jordan (1983) with long­

period mode data. Given (1984) did the same for body-wave data similar to what we 

are using, but he assumed lateral homogeneity and only inverted for a vertical struc­

ture. Unfortunately, efficient and accurate body-wave synthetic codes for three­

dimensional structure have not been developed yet and we feel the direct in version of 

the mantle waveforms in this study for lateral as well as vertical structure is not pos­

sible at this time. 

The approach we take is to determine a set of travel-time delays from the 

waveform data. Each clear arrival, in the S and SS waveforms, is assigned a residual 

which is the measured time of the arrival minus the predicted arrival time for a par­

ticular starting model. From the work in the previous chapters, we can assign a ray­

path which is at least approximately correct for the arrivals in the data. Individual 

shear phases interacting with the upper mantle can have up to four clear arrivals due 

to the discontinuities in the structure and thus a single phase can produce four resi­

duals and raypaths. Determining the raypaths and residuals is the most difficult part 

of this study and will be discussed m the next section. At this point , assume the 

bodywave data set can be reduced to a set of residuals relative to some starting 

model and a set of raypaths through the mantle associated with the residuals . Find­

ing a model to satisfy a set of residuals with known raypaths has been done in many 

seismological studies. The problem can be . made discrete by dividing the volume 

under study into blocks within which one assumes a constant slowness variation 
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relative to the initial model. Assuming one knows the raypaths correctly, the problem 

can be reduced to 

(3.1) 

where tr is the time delay of ray r, lrb is the ray length of ray r through block b and 

sb is the slowness perturbation of the b th block (the notation is taken from Hum-

phreys, 1985). In matrix form the set of r equations can be written 

t = Ls. (3.2) 

Aki et al. (1977) rewrite equation (3 .2) as 

LT t = ( LT L )s, (3 .3) 

and solve the problem by computing (L T L t 1. The solution s is only approximate in 

that contributions to t due to path length changes, which come from errors in the ini-

tial raypaths due to model error, are neglected. Aki et al. (1977) show that according 

to Fermat's principle this contribution to t is of second order relative to the terms Ls. 

In any case, it is important to use raypaths which are close to the actual raypaths in 

the inversion. 

For large model spaces, that is, if one wants to determine a model with short 

wavelength variations, the matrix L T L can be very large and computing the inverse 

becomes a difficult problem. Comer and Clayton (1986) adapted an approach used in 

medicine called the Simultaneous Iterative Reconstruction Technique (SIRT), to 

determine a high-frequency slowness solution for the mantle from ISC P travel-time 

picks. The method uses an approximate solution to (3.1) which can be computed by 

sequentially using each row of L to process a single residual. We will use a slightly 
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modified form of Comer and Clayton's algorithm given by 

(3.4) 

where sb 1 is the estimate of the slowness perturbation for block b, lrb is the path-

length through block b of ray r, tr 0 is the initial residual for ray r, Lr is the total 

path length of ray r, wr is a weight assigned to ray r, and J.l is a damping parameter. 

The solution, using this algorithm, is just an approximation to the solution of equa-

tion (3.1). By an iteration process, a better solution may be found. Comer and Clay-

ton (1 986) show that with increasing iterations the solution should converge to the 

generalized inverse solution to equation (3.3). We iterate by computing tr 1 as 

t 1 = t 0 ~~ s 1 r r - u rb b ' (3.5) 
b 

and then applying (3.4) usmg tr 1 in place of tr 0
• The new solution would be 

sb 1+sb 2. Disregarding the damping factor J.l, equation (3.4) has a simple intuitive 

t 
meaning. The _r_ term in the numerator is just the slowness needed along the whole 

Lr 

raypath to produce the residual tr. The terms lrb wr, in the numerator and denomina-

tor, can be considered weighting terms. Thus the algorithm assumes a particular resi-

dual is produced by a slowness anomaly which is spread along the whole ray-path . 

The estimate of the slowness in a particular block is then just the weighted average 

of the slowness estimate from each ray passing through the block with the weight 

given by lrb Wr · 
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The weight, wr, has been used for two reasons. First, if several events located in 

the same place are used, the ray set will be given a large azimu thai bias which can 

cause streaking of the solution (Humphreys, 1985). Therefore, for sources within 100 

km of other sources used in the study, the weight for each ray was decreased by a 

factor of two. The weights were also varied for individual rays by a qualitative esti­

mate of the accuracy of the travel-time pick. The sharpness of S-wave onsets varies 

considerably and it was felt this should be recognized by the inversion. The weights 

were varied by negative powers of 2 from 0 to 5, thus the range in weight is from 1 to 

1/32. The damping factor J.L was set at 100 km. This value was chosen to allow rapid 

convergence (about 20 iterations) without allowing the solution to oscillate rapidly 

with each iteration. The exact value is arbitrary and 100 km was decided on by try­

ing just a few values from 500 km to 0 km and observing the results. 

The application of equations (3.4) and (3.5) is straightforward and rapid . The 

starting rayparameter for a particular ray was found in the measuring process to 

determine the residual of a particular arrival. This process is discussed in the next 

section. The residual, rayparameter, station location and source location were entered 

m a file . This file was then the input for a raytracing code. The code traced the rays 

m 5 km vertical steps. The velocity model was also given every 5 km in depth and 

between the given velocities the Mohorivic law was assumed for the gradient. With 

each 5 km step the depth, latitude and longitude were determined at the midpoint of 

the step. The pathlength was also determined and was then added to the length lrb in 

the volume b within which the midpoint was located. The raylengths for each 

volume b for each ray form the matrix L in equation (3 .2). To apply equation (3.4), 

two matrices of the order of the model space are computed. The first contains the 
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numerator, the second the denominator of equation (3.4) . These matrices are com­

puted by processing a single ray at a time, and thus, a single row of the L matrix at a 

time. The model is calculated by just the quotient of the two computed matrices. 

New residuals can be computed from the solution by equation (3 .5) and the process 

repeated to the desired convergence. 

Data 

Fig. 3.1 shows a map of the events and stations used in this study. The stations 

form part of the World Wide Standard Seismic Network (WWSSN) and the Canadian 

Seismic Network (CSN) and are labelled by their code names. The events occurred 

over the period from 1963 to 1983 and range in magnitude from mb values of 5.0 to 

6.3. These events produced 3923 arrivals used in the inversion. The distribution of 

earthquakes and stations give an idea of the model area we will be interested in . Just 

about all the data used were recorded on the long-period components of the seismo­

graphs. The exceptions to this were measurements of short-period Sn arrivals from 

the small events occurring in the central and eastern part of North America. The 

short-period arrivals were assumed to travel in the lid and were used only to con­

strain velocities in the shallowest part of the mantle, ie . the topmost layer in the 

inversion. The long-period arrivals were measured off the component nearest the 

tangential direction. If the separation of SV and SH was not clear the seismograms 

were digitized and rotated in order to measure the SH onset times. We tried to use 

only SH seismograms to avoid mispicking Sp phases or shear-coupled PL waves. Data 

with complicated teleseismic S or strong SV and weak SH signals were not used. 
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Figure 3.1 Distribution of events and stations used in the tomographic inversion. 
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The data can be classified into two groups. The first group consists of first­

arrival S-wave times beyond 25°. The second group consists of S-waves at less than 

25° and all secondary arrivals such as SS or S wave reflections from upper mantle 

discontinuities. The teleseimic S-waves (Group 1) are the most straightforward to 

measure. These phases bottom below 700 km depth and are essentially unaffected by 

the upper mantle discontinuities. They are the first arrivals on the tangential com­

ponents of seismograms and are easy to identify. This set of data, in its sampling of 

the mantle, is equivalent to the P data used by Dziewonski (1984) and Clayton and 

Comer (1983). With measurements from 25° to 85° we sample the mantle from 

about 700 km to 2400 km depth although, due to the distribution of stations and 

events, there are little data sampling below 2000 km. Below 1000 km the model is 

determined completely by S-wave absolute times. 

The measuring technique used in determining the teleseimic S residuals is simple. 

The ISC epicenters were used for the sources. ISC depths can be in error by many 

tens of kilometers due to the fact that for events with no local station coverage, the 

depth trades off with the origin time strongly. If one uses P times for lower mantle 

structure, this does not present a large problem. However, since the location is done 

with P times and we want absolute S times, there is not the same tradeoff between 

origin time and depth. We used only simple earthquakes such that the teleseismic S­

waves were easily interpretable. The S-waves were assumed to consist of S and sS 

pulses convolved with a trapezoid. Using synthetic seismograms, the depth can be 

estimated by the S-wave waveform to within a few kilometers with the above 

assumptions. Each event was modeled to the extent of determining its depth to 

within a few kilometers. Most of the events are very shallow. The origin time was 
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then adjusted assummg the Jeffreys-Bullen structure and a 60° distance for the P 

time measurements which determined the ISC location. The S-wave travel-times 

were found by measuring the onset of S at its first break and using the depth 

corrected origin time for the event. The accuracy of the picks is generally within +1 

and -1 seconds. Larger errors could come from mislocation of epicenters and this is a 

problem which has not been tackled in this study. A more severe systematic error is 

possible when there is an S-wave node and one picks sS instead of S. This could cause 

a systematic 2 to 3 sec azimuthal anomaly for shallow events . For this reason, syn­

thetics were computed to locate the lower hemisphere SH nodes to help in determin­

ing the S onset and avoid confusion with sS. The mechanisms were taken from a 

host of studies. Chandra (1974) studied the northwest coast of North America, Mol­

nar and Sykes (1969), the Carribean and middle America region, Stauder (1975), the 

northwest coast of South America, Eissler and McNally (1984), the Rivera plate and 

part of Baja and Anderson et al. (1974), the East Pacific Rise. More localized studies 

by Stewart and Heimberger (1981), Sykes (1970), Burdick and Mellman (1976), 

Weidner (1974), Bungum (1977), Bungum and Husebye (1977), Husebye et al. (1975) 

and Ebel et al. (1978) were also used. These studies not only helped in determining 

the S onset but were also very helpful in finding earthquakes with good shear data. 

Events occuring after the studies mentioned above were generally very close to a pre­

vious event studied and the mechanism was assumed to be the same as that pub­

lished if the S data looked similar . The residual associated with an S-wave pick was 

found by computing the arrival time at the appropriate distance with the source at 

the depth we determined for the event, and comparing the result with the measured 

value. The model used in the computation was laterally heterogeneous and will be 

discussed next. The teleseimic residuals varied from -10 sec to +7 sec. 
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The teleseismic S data, though the most straightforward to measure , have 

several severe weaknesses. First, beyond 25° the S waves only sample the upper 600 

km of the mantle at near vertical incidence and thus cannot resolve structure well at 

these depths. The second weakness is that with the distribution of stations and 

events (Fig. 3.1) that we used, there are many areas below 600 km which are not well 

sampled. To sample depths around 800 km well, it is necessary to have an event and 

station within 15° of the area under question . Thus the teleseismic S data is not 

going to resolve structure down to 800 km in the central and eastern portions of 

North America. For this reason, we have included S data from 8° to 25° as well as 

SS data from 30° to 85° in the inversion . The S data to 25° and SS to 50° provide 

good resolution of structure in the upper 600 km and the SS from 50° to 85 ° helps in 

determining the structure in inaccessible areas to 850 km depth . 

The inclusion of upper mantle data creates many problems not encountered in 

Clayton and Comer's (1983) study or with the teleseismic S data. In Chapter 1, shear 

profiles were derived for western and eastern North America. Fig. 3.2 shows the rays 

predicted by these models at a distance of 18.2°. The dashed lines are rays produced 

by the shield model (SNA) and the solid lines are rays for the tectonic model (TNA). 

At this distance both models produce three arrivals, reflections from near 400 and 660 

km and a turning ray in the upper 400 km. The turning ray in the shield is within 

the lithosphere and that for the tectonic region is from well below 200 km depth . 

The problem which arises immediately is that the rays at a particular distance follow 

very different raypaths and the inversion technique assumes the raypaths are correct. 

The 660 km reflection is similar enough for our purpose but both arrivals above 400 

km are quite different for the two models. In particular, the shallowest arrivals in the 
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two structures are sampling completely different depth ranges. Thus, no single 

laterally homogeneous model will predict raypaths even roughly correct for both areas 

above 400 km depth. 

There is a second difficulty regarding rays in the upper 400 km of the mantle. 

Both SNA and TNA have velocity reversals in the upper mantle. This produces sha­

dow zones in both models indicated by dashed lines on the triplication curves in Fig. 

1.7. However, the data used in this study has wavelengths of up to 100 km and con­

sequently, there is a great deal of tunnelled energy penetrating the lids. The tun­

nelled energy in the shield structure would produce a pulse which has sampled struc­

ture near 250 km depth in the case illustrated in Fig. 3.2. For pure Canadian shield 

paths, S at 18° or SS at 36°, show little evidence of this arrival. However, for many 

paths sampling south of the shield or for shield paths which have also sampled part 

of a tectonic area, these tunneled arrivals are prominent and contain a lot of informa­

tion on shear velocity in the 150 to 300 km depth range. An illustration of this phase 

is shown in Fig. 3.3 taken from a study by Heimberger et al. (1985a) which attempted 

to model SS uppermantle waveforms from California earthquakes to stations on the 

east coast of North America. The synthetics are from their model for this particular 

cross section. Of interest here is the arrival whose onset is marked by a dashed line 

from 34° to 40°. These arrivals, more prominent beyond 37° , are tunnelled through 

the lid and are predicted by the synthetics as such but with low amplitude. The 

problem which arises from this phase is that tunnelled energy has no geometric ray­

path associated with it and thus cannot be used in the tomographic inversion if a 

model close to SNA is used as the starting structure. The situation in the upper 400 

km of the mantle is then very complicated . For S from 16° to 20° and SS from 32° 
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Figure 3.3 Profile of data from southwest North America to northeast North 

America. The dashed line from 34° to 40° indicates the tunnelled SS 

arriv al bottoming near 250 km depth (taken from Helm berger et al. , 
1985) . 
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to 40° , there is the possibility of three distinct arrivals from above 400 km depth 

which may or may not be present in a particular seismogram. It is the relative tim­

ing of these three phases and a means of assigning a raypath to each arrival which is 

of interest to us. 

Before discussing the approach taken with this data, we show another example 

of data illustrating the discussion above. Fig. 3.4 shows a suite of seismograms all of 

which are near 39° distance. The S-waves are aligned at zero time and the stations 

are labelled by their code names. The events correspond to the numbers by each 

record and Fig. 3.5 shows both the event locations and stations. Above the OGD 

seismogram, the three arrivals from above 400 km are labelled by letters. L is the lid 

arrival, T is the tunnelled arrival and F is the reflection from the 405 km discon­

tinuity. The record at FFC is for an almost pure shield path. Low amplitude energy 

can be seen arriving near the lid arrival time at OGD but no tunnelled phase is 

apparent in this record. The largest SS phase is the reflection from the 405 km 

discontinuity; note that it is about 5 sec faster relative to S than the reflection 

recorded at OGD. Below OGD there are two seismograms produced by an earth­

quake off the coast of Mexico recorded at stations near OGD. The three arrivals seen 

at OGD are all seen at these stations also, but they are all significantly later. It is 

particularly interesting to see large differences in time between MNT and WES from 

the same event. The tunnelled arrival from about 250 km depth is about 9 sec later 

to WES than to MNT though the paths are relatively similar. Note, the tunnelled 

arrival at WES is arriving just before the 405 km reflection and the two phases are 

not clearly separated though the SS waveform obviously shows the interference of the 

two arrivals. The last two seismograms are for oceanic paths and if the thin crust at 
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Comparison of Data Near 39° 

Time, sec 
0 45 90 135 180 

0 45 90 135 180 

Figure 3.4 Comparison of data at 39° for various paths within and near North 
America. Note the progressively slower SS arrivals relative to S. The 

paths are shown in the next figure . 
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Figure 3.5 Location of stations and events used in the previous figure. 
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the SS bounce point is taken into account, the SS phase would be shifted about 5 sec 

later relative to S. No separate lid and tunnelled arrivals are apparent in these 

seismograms and both show very late amplified SS signals relative to the con tin en tal 

records above them. From our modeling experience, it appears, in both cases, that 

the diving ray near 300 km depth is arriving at nearly the same time as the 405 km 

reflection as predicted by the TNA model. The Atlantic path, though, appears to be 

significantly faster than the Pacific path. Comparing ALQ to OGD we see about a 36 

sec difference in time, relative to S, for the ray sampling near 300 km depth and 

about a 27 sec difference for the reflection from the 405 km discontinuity. This data 

sample is typical of the large variations seen for many paths beneath the North 

American plate. Seismograms following similar paths are generally consistent, though 

rapid lateral variations, such as between the paths to MNT and WES are not uncom-

mon. 

It should be apparent that the choice of a good starting model is critical to this 

study. It was decided to use a laterally heterogeneous starting structure to take into 

account the drastically different modes of propagation in the East Pacific and the 

shield areas. To simplify the problem, two different vertical shear profiles were 

chosen to represent areas where there is a well developed lithosphere and where there 

is not . The starting model assumes the two structures are connected by a discon tinu­

ous jump from one to the other. The boundary chosen to separate the two models is 

shown in Fig. 3.6. The boundary follows the line of recent tectonic activity in North 

and South America (Sclater and Parsons, 1g81) with the provision that the boundary 

be at the edge of one of the cells the model. is divided into. The cell division is dis­

cussed later. The vertical structures within the two areas are shown in Fig. 3. 7 along 
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Figure 3.6 The heavy solid line indicates the boundary m the starting model 
between the tectonic (west) and stable regions. 



-131-

Velocity km /sec 

4.0 4.5 5.0 5.5 6.0 6.5 

'--------.,~ - I 

/ 
I 

I 

100 1-SNA 
I 

/ 
200 

300 

-E 
..ll::: 400 -
..c. -0. 
Q) 

0 500 

600 

700 

800 

900~--------------------------~-

Figure 3.7 The starting tectonic and stable starting models (solid lines) relative to 
models TNA and SNA. 
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with models TNA and SNA. The dashed lines are SNA and TNA and the starting 

stable and tectonic models are drawn with solid lines. All the models are identical 

below 400 km depth. The starting tectonic model is the same as TNA except for the 

absence of a thin lid above 75 km depth. This is to remove the raytracing problems 

associated with the lid at distances less than 15° . The starting stable model is 

different from SNA to about 300 km depth. The reason for this is the desire to have 

geometric raypaths for the tunnelled arrivals observed in the data. The model 

selected has lid arrivals out to 20°, as does SNA. However, due to the lower velocity 

in the lid and the high gradient from 200 to 280 km depth , there are also turning rays 

beginning at 19° (38° for SS) which bottom below the lid. Fig. 3.8 shows the rays in 

the upper 400 km produced by the tomographic starting model (solid) and by SNA 

(dashed) at 19° distance. The lid and 405 km reflection rays match very well but the 

tomographic starting model also has a turning ray from about 250 km depth . The 

stable area starting model also predicts the extended B branch seen in shield and old 

ocean data (discussed in Chapters 1 and 2) to beyond 30° . It should be noted that 

the starting models were chosen to predict raypaths which correspond to observed 

arrivals but the travel-times and rayparameters may be very different than the 

observed ones. 

Measuring residuals for the SS data shown in Figs. 3.3 and 3.4 is not as easy as 

for teleseismic S data. There are no clear breaks in the data indicating the onset of 

the arrivals nor are there clear onsets for later S arrivals such as shown in Chapters 1 

and 2. To compute residuals , associated with the arrivals discussed above, synthetic 

seismograms and a simple visual correlation technique were used. The WKBJ tech­

nique was used as it is the most time efficient available and it is a ray method . The 
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technique is explained in detail by Chapman (1978) and we will only make some 

minor points about it here. The technique involves tracing a suite of rays and com­

puting their travel-times and distances. From the travel-times and distances for all 

rays arriving around a particular observation point, a synthetic seismogram of the 

motion at that point can be computed. Thus, in the synthetic computation the infor­

mation about the rayparameter of a particular arrival is already at hand. 

The WKBJ theory assumes a laterally homogeneous structure so that some 

modification must be made for paths which cross the stable-tectonic boundary of the 

starting model. We make several simplifying assumptions in the computation of syn­

thetics through the boundary . First of all, we assume the boundary is always perpen­

dicular to the great circle connecting the station and receiver. This reduces the prob­

lem to two dimensions and does not account for any raypaths outside the great circle 

plane. Next, we take the approach of Helm berger et al. {1985b) and assume the 

WKBJ technique can be used with any distance-travel-time curve regardless of 

whether or not the rays propagated through laterally homogeneous structure. Helm­

berger et al. (1985b) discuss this approach extensively and show comparisons with 

more formally correct synthetic codes. Applying the WKBJ technique in this way 

produces arrivals at the correct time but the amplitudes can be in error. However, in 

this study we only use travel-time and path information and the amplitude errors are 

unimportant. Finally, in calculating the suite of ray distances and travel-times we 

reduce the effect of the boundary to a minimum. Rays with starting rayparameters 

associated with bottoming depths below 400 km are traced to the boundary with the 

same algorithm used in chapter 1. At the boundary, the rays are traced using the 

new structure in the same way with no change in ray parameter. Rays with 
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bottoming depths above 400 km cannot be traced through the boundary from slow to 

fast without changing the rayparameter. The rayparameter is changed at the boun-

dary by 

pnew 
1 

(3.6) 

where P new is the new ray parameter, R is the radius at which the boundary is 

encountered, VI is the velocity on the side of the impinging ray at radius R, V2 is the 

velocity on the other side of the boundary and 81 is the angle of incidence of the imp-

inging ray. Fig. 3.9 shows a schematic of the situation at the boundary . Equation 

(3 .5) is just Snell 's law at the boundary ignoring the vertical gradients . Rays that 

cross the boundary at the depth of the low velocity zone in the stable area model and 

which are then trapped within the low velocity zone are terminated and dropped 

from the travel-time-distance curve. The output of the synthetic code contains a file 

of initial rayparameters and the travel-times and distances associated with each ray-

parameter. The rayparameter for each arrival at a station can be found by a simple 

linear interpolation from the computed suite of rays. It should be emphasized that 

the synthetic code is not attempting to compute the exact response for a model with 

two separate vertical structures. It is only an attempt to find raypaths which are 

similar to those of actual arrivals and to compute the predicted arrival times of those 

arrivals for a particular model. 

To illustrate the synthetic measurmg process, we will examine a single seismo-

gram recorded at MNT from Earthquake 2 in Fig. 3.5. The path from Event 2 to 

MNT begins in the tectonic province and ends in the stable region (Fig . 3.6). The 

source receiver distance is 37.2° and the tectonic portion is 7.05°. For each 
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R 

Figure 3.9 Diagram illustrating the interaction of a ray with the boundary dividing 
the two halves of the starting model. 
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seismogram crossing the boundary the portion in each province is calculated. Most of 

the path is within the stable portion of the model and we would expect the heter<r 

geneous synthetic to be similar to a pure stable one. Fig. 3.10 shows a comparison of 

the actual heterogeneous synthetic and synthetics computed using the stable and tec­

tonic models at the same distance. The absolute S time for the heterogeneous syn­

thetic is about 4.6 sec faster than the tectonic one and 4.6 sec slower than the stable 

one, but in the figure the S waves are all aligned. The mechanism is almost pure 

strike-slip (from Chandra, 1974) and the depth is 7 km. The ISC depth is 22 km. 

The tectonic synthetic is obviously far different from the other two. The stable and 

heterogeneous synthetics have three similar SS arrivals. In order of arrival time, they 

are a lid SS phase, a turning ray near 280 km depth and a reflection from the 405 km 

discontinuity. Note that the 7° of tectonic path has slowed all the SS arrivals rela­

tive to S but that the lid arrival is slowed much more than the deeper arrivals as one 

would expect. Fig. 3.11 shows the technique used to measure the data residuals. The 

MNT record is shown below the heterogeneous synthetic three times. The S-wave 

time is picked off the record at the spot indicated in the figure. The S-wave residual 

turns out to be -1.0 sec relative to the calculated value using the heterogeneous code. 

The three pairs of synthetic-datum are aligned to estimate residuals for the three SS 

arrivals. From top to bottom, the synthetic-datum lid arrivals, tunnelled arrivals and 

405 km reflections are aligned. The SS residual, relative to S, is computed by 

measuring the displacement of the synthetic and real S-wave. The residuals are writ­

ten on the left of the figure. Since the S-wave is 1 sec fast, the actual residuals for 

this record are -1.0, -29.2, -12.3 and -8.4 sec. These values are typical for this partic­

ular path indicating that the lid should be much faster but that below 200 km, the 

model is not too different from the actual structure. All the SS and second arrival S 
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Synthetics at 37.2° 

I I 
45 sec 

Pure 
Stable 

Heterogeneous 

Pure 
Tectonic 

Figure 3.10 Synthetics at 37 .2° for the stable and tectonic models with a synthetic 
computed for a path r tectonic and 30° stable. 
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Time, sec 
45 90 135 

l 

Figure 3.11 An example of the measuring technique applied to a seismogram at 

37° . The three SS arrivals are measured relative to the S wave. The 
arrows indicate the phases being measured. 
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data were processed with this technique. 

Method 

This section explains the details of the application of the inversion technique to 

the data discussed earlier. The measuring technique, discussed in the previous sec-

tion, yielded a data set of 3923 residuals. Each residual was corrected for ellipticity 

using the relations given by Dziewonski and Gilbert (1976). It was also decided to 

correct for crustal thickness and topography. Using S and SS waves beyond 8°, one 

cannot hope to resolve differences in crustal structure. Particularly when comparing 

travel-times for oceanic and continental paths, the known crustal and topographic 

differences would be mapped into the mantle in some way. An SS wave, with a mid-

point in an oceanic area, would be about 5 sec faster than one with a continental 

midpoint assuming the mantle was uniform. The crustal thickness map of Soller et 

al. (1982) was used to determine the crustal thickness in 5° by 5° areas . Similarly, 

the topography was estimated for the same areas, to the nearest 100 m, using the 

Times Atlas of the world. When the raypaths were traced, the SS residuals were 

modified by subtracting dt from the measured values where dt is given by equation 

(3.7) 

dt =2dc ( ~-p2 - ~-p2 )+2dh~-p2 
(3 .7) 

y2 y2 y2 
1 2 . 1 

where de is the variation in crustal thickness relative to the starting model , V 1 is the 

crustal velocity (3. 7 km/ sec ), V 2 is the mantle velocity below the crust, p is the ray-

parameter and dh is the topography relative to sea level. Both S and SS residuals 

were modified using half the dt given above and using the station elevation for dh 
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and the crustal thickness below the station for de . 

The division of the model, into cells, is a fairly arbitrary procedure. We chose 

the area of the cells to be approximately 500 by 500 km in lateral extent, similar in 

size to those used by Clayton and Comer (1983) . This gave roughly the same number 

of blocks sampled as rays. The vertical division of the blocks varied . A list of the 

vertical boundaries of the cells is given in Table 3.1. The top layer is rather thick 

relative to the layers just below. This is due to the ray distribution. With the data 

used here, there would be very few rays bottoming above 70 km depth so that divid­

ing the top layer in two would be pointless. All the lid arrivals and short-period Sn 

arrivals were assumed to travel in this layer. These arrivals are conspicuous by their 

fast arrival times, low amplitudes and wavetrain nature. Our goal is to find the aver­

age velocity in the lithosphere with the thickness fixed. Below the first layer, layer 

thicknesses are less than the top layer and the lower mantle layers. We felt this to be 

necessary due to the large changes in gradient seen in the upper mantle. Also, the 

layers were fixed so that there is a layer boundary near the two discontinuities at 400 

and 660 km depth. Inverting for constant slowness anomalies within blocks is an 

artificial way of looking at the mantle and, especially in the upper mantle, this may 

cause some blurring of the image in depth. 

From an inspection of the residuals and from the expenence developed in 

Chapters 1 and 2, it is obvious that variations in shear velocity are much larger in 

the shallow mantle than in the deeper mantle. Rays sampling the lower mantle are 

strongly influenced by the upper few hundred kilometers of structure with respect to 

their travel-times. Clayton and Comer (1 983) and Dziewonski (1 984) use station stat­

ics to account for upper mantle heterogeneity in their inversions for lower mantle 
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Table 3.1 : Model Layers 

Layer Depth, km 

1 0-140 

2 140-235 

3 235-320 

4 320-405 

5 405-490 

6 490-575 

7 575-670 

8 670-770 

9 770-870 

10 870-1000 

11 1000-1150 

12 1150-1300 

13 1300-1450 

14 1450-1600 

15 1600-1750 

16 1750-1900 



-143-

structure. This study, however, is an attempt to find both lower and upper mantle 

structure. We make the assumption that most variations in the data are due to 

uppermantle structure. This was done by doing a preliminary inversion for lateral 

variations in the upper three layers of the model only. In other words, the ray seg­

ments l and the total raylengths L in equation (3.4) are computed only for the part 

of the paths in the upper 320 km. Eight iterations were performed with this data set, 

this was enough for the model to approach the velocities given by TNA and SNA 

near the East Pacific Rise and the Canadian shield respectively . At this point , sta­

tion statics and event statics were computed . They are just the average delay associ­

ated with each station and event relative to the inverted model. Most of the statics 

were less than .5 sec in magnitude but there were a few stations with statics larger 

than 1 sec. The station statics are given in Table 3.2. The event statics could be due 

to mislocation errors . The station statics are possibly from errors in the crustal thick­

ness estimation or the existence of large sediment piles, with low velocities, below the 

station . These generally small statics, relative to typical S-wave station delays (Lay, 

1983), were subtracted from the original data to form a new data set . The new data 

set was inverted for the top three layers, again with eight iterations. This solution 

was then used as the starting model to in vert for structure in the en tire man tie sam­

pled by rays. 

Using the heterogeneous solution derived above as the starting model, the en tire 

mantle was allowed to vary for the next 25 iterations. To allow for finer scale varia­

tions where the data had resolution , the blocks were then divided into four , with 

dimensions of roughly 250 by 250 km . We then iterated 25 more times with the 

smaller blocks allowed to vary independantly . The final results were then smoothed 
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Table 3.2 :Average Station Residuals (sec) 

Stat Res Stat Res Stat Res Stat Res 

AAM .3 AKU 1.7 ALE .0 ALQ -.2 

ARE -.1 ATL -.2 BEC .7 BHP -1.1 
BKS .6 BLA -.2 BLC -.4 BOG .8 

BOZ 1.1 CAR -.8 CMC .1 COL -.5 
COP .4 COR .5 DAG -.3 DAL -.1 

DUG .2 EDM 1.1 ESK .0 FBC .0 

FCC -.5 FFC .0 FLO -.2 FSJ .2 

FVM .1 GDH .4 GEO .8 GIE 1.4 

GOL .5 GSC .4 GWC -.2 HAL .6 

JCT .3 KBS 1.5 KEV .3 KON .8 

KRK -.5 KTG .0 LHC -.2 LND -.2 

LON .6 LOR .3 LPB -.2 LPS 1.1 

LUB .6 MAL -.2 MBC .1 NIDS .4 

MNN .0 MNT .4 MSO -.1 NNA .0 

NOR .9 NUR -.3 OGD .1 OTT -.1 

OXF -.6 PDA .7 PHC .3 PNT .3 

PTO .0 QUI .4 RCD .5 RES .2 

SCB .1 SCH -.1 SCP -.2 SES .0 

SFA .3 SHA 1.3 SJG -.8 STJ .5 

STU .1 TOL .4 TRN .0 TUC .0 

illv1E .5 UNM .5 VAL .4 VIC -1.0 

WES .2 YKC .0 
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by a weighted average of adjacent blocks giving the slowness variation s in block b as 

8wb s + :E4wi si + :E2wi si + :Ewk sk 
i j k 

8wb + :E4wi + :E2wi + :Ewk 
(3 .8) 

i j k 

where b is the block of interest, i represents all adjacent blocks, j represents all blocks 

with a common line with b and k represents all blocks with a common point with b. 

The factor Wz is the total weight for a particular block x. This is given by the sum 

over all rays of wr lr for the block. See equation (3.4) and the discussion there. 

Resolution and Errors 

Before presenting the results of the inversion it is necessary to consider the reso-

lution possible with the data set . Wiggins (1972) discusses the problem of model reso-

lution and shows that generally the value of a particular model parameter is not 

resolvable but that one can compute a combination of model parameters which can 

be resolved with a particular data set. The computation involves a singular value 

decomposition of the L T L matrix (equation 3.3) which is something we have avoided 

by using the SIRT iteration technique. In place of a formal resolution kernal for each 

block, we will follow Humphreys (1985) and perform inversions of data derived from 

known input structures. A comparison of the input model and the inversion result 

will enable one to estimate the resolving power of the data rayset . 

Fig. 3.12 shows an input structure for which residuals were computed using the 

data ray paths. The heavy black areas are regions of fast velocity. All other areas 

have zero variation from the starting model: The anomalous fast regions extend to 

all depths in the mantle. The upper two layers were given a 3% variation, the third 



-146-

•••••• •• . . 
. . . . 

. . 

. . . 

Figure 3.12 The input structure for a synthetic inversion using the data raypaths. 
The input anomalies are enclosed by boxes. They contain 4 blocks per 
layer except for the anomaly just north of Florida which contains only 2 
blocks. The anomalies extend vertically throughout the model space. 
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layer a 2% variation and all the layers below have 1% variations . The location of the 

anomalies is such as to give an idea of the resolution for most of the model space 

without putting anomalies so close as to cause mixing from one anomaly to another in 

the mvers1on. The synthetic residuals were processed with the technique applied to 

the real data (discussed above) . This includes inverting for just the upper three 

layers first and also the smoothing of the final solution as given by equation (3 .8). 

The final results of the inversion are displayed in Figs. 3.13a-g as planar sections of 

every second layer in the model. The boxes containing the input anomalies in Fig. 

3.12 are reproduced on the inversion result maps. The scale for the velocity varia­

tions are given below the maps . Notice that the scale only reaches 80% of the input 

structure in the upper 4 layers and 70% of the input in the lower layers. The stipled 

regions are blocks which have a total weight of less than 400 km. That is, if the 

denominater in equation (3.8) for a block b is less than 400 km the block is considered 

completely unresolved. For an average weight wr of 3, this means blocks need 1600 

km of raylength in their immediate vicinity to be included in the maps. The same 

masking is used in all the following figures. 

The results of the synthetic inversion show large variability in the resolving 

power from location to location. The top two layers show excellent reconstructions of 

the input structures up to 80% of the amplitude with the exception of the two Atlan­

tic anomalies. The southern Atlantic anomaly shows clear east-west streaking with 

only about 50% of the correct amplitude within the input area. Similarly, the north­

ern Atlantic block shows streaking in a northwest-southeast direction . This result is 

not surprising due to the event-station distribution. Most of the Atlantic events are 

on the Mid Atlantic Ridge with paths westward to North America. The north 
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0 to 140km 

-2.4" 2.4" 

Figure 3.13a Results of the synthetic inversion between 0 and 140 km depth . The 
input structure is shown in Fig. 3.12. The boxes in that figure are repro­
duced here . The scale, in percentage velocity variation , is shown above . 
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th= 235 to 320 km 

Figure 3.13b Results of synthetic mvers10n from 235 to 320 km depth . 
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405 to 490 km 

-0.8 " 0.8 " 
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Figure 3.13e Results of synthetic mvers10n from 405 to 490 km depth. 
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Figure 3.13d Results of synthetic mvers10n from 575 to 670 km depth. 
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Figure 3.13e Results of synthetic mvers10n from 770 to 870 km depth. 
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th= 1000 to 1150 km 

• • • • • • • • • • • • • . . . . . . . . . . . . •:··­
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Figure 3.13f Results of synthetic mvers10n from 1000 to 1150 km depth. 
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Figure 3.13g Results of synthetic mvers10n from 1300 to 1400 km depth . 
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1600 to 1750 km 

-0.7" 0.7" 

Figure 3.13h Results of synthetic mvers1on from 1600 to 1750 km depth . Note the 
drop in resolution at this depth relative to the layers above . 
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Atlantic is sampled mostly by events from north of Iceland to stations in Europe. 

Below 320 km , Figs. 3.13c-g, the reconstructions are not as good as for the shallow 

mantle. This is probably due to the longer raypaths needed to sample deeper and the 

initial inversion allowing only the upper three layers to vary. Streaking of the solu­

tion is evident from 770 km to 1150 km depth between the eastern Canadian block 

and the block near Iceland. The block near Portugal is the worst location at all 

depths. Note, however, that above 1600 km depth and within North America and 

the Carribean , every anomaly is reproduced to within 50% amplitude and that areas 

outside the anomalous blocks have smaller amplitude variations than within them. 

Below 1600 km the anomalies become more spread out and it is only possible to dis­

cern large scale regional variations. When examining the results of inverting real 

data, in the next section, these synthetic examples should be kept in mind . 

The vertical resolution was not addressed in the above discussion . Turning rays 

in the mantle generally spend more than 50% of their time in the layer in which they 

bottom . Thus, the vertical resolution is generally much better than the horizontal 

resolution. 

A second experiment was done to investigate the effect of noise on the inversion . 

Due to uncertainties in the position of the minute mark on the seismograms and the 

difficulty in finding the exact onset of an S-wave, the teleseismic travel-time picks are 

uncertain to within ± 1 sec. The upper mantle arrivals have greater uncertainty due 

to interference from several phases arriving at the same time. We estimate the uncer­

tainty of those picks to be about ± 2.5 sec. These estimates are probably conserva­

tive and many picks are probably more accurate than stated above. Random mislo­

cation of earthquakes by about 10 km will also add about 1 sec to the uncertainties. 
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To test the effect of random errors, an inversion was run on the data rayset with 

random travel-time anomalies. The rays were given an anomaly from -2.5 sec to 2.5 

sec with an equal probability of having any value between the extremes. This is not 

a realistic experiment but is done only to make an estimate of what errors in the 

times can produce in the inversion. Figs. 3.14a-d show planar sections through 4 

layers of the model derived from inverting random n urn hers. The scales for velocity 

variations are given below the maps. Note that the top layer ranges from 3% to -3% 

and the lower layers vary from .9% to - .9%. These ranges are those used in the next 

section showing the inversion of the real data. We use the same scales for this test so 

that these results can be compared directly to the final model. Note that the inver­

sion rarely gives blocks with near maximum amplitude and that when it does, the 

anomalies are very localized. The largest variations are found where the resolution 

runs shown previously were worst, i.e., the Atlantic region . Fig. 3.15 shows the posi­

tion of three cross sections through the model. Figs. 3.16a-c show the cross sections 

along the labeled lines with a vertical exaggeration of about 3 to 1. The scale varies 

with depth as it will in the final model figures. From 0 to 320 km depth, the scale is 

3% to -3%, from 320 to 405 km it is 1.5% to -1.5% and below 405 km the maximum 

variations are .9% to - .9%. As in the planar sections, the largest amplitude 

anomalies are very localized. There are no large amplitude structures continuous over 

more than 400 km depth. As with the resolution test runs, these figures should be 

kept in mind when interpreting the results shown next . 
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0 to 140km 

-3.0" 3.0" 

Figure 3.14a Results of inverting random time residuals from 0 to 140 kmdepth . 
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Depth= 405 to 490 km 

-0.9" 

Figure 3.14b Results of inverting random time residuals from 405 to 490 km 

depth. 
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Figure from 770 to 870 km 
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0.9" 

Figure 3.14d Results of inverting random time residuals from 1300 to 1450 km 
depth. 
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A 

B 

c 

Figure 3.15 Position of three cross sections through the random residual inversion 

model. 
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Results and Discussion 

The results of the inversion are presented as planar sections for each layer in 

Figs. 3.17a-p. Lines of constant latitude are drawn every 10° and lines of constant 

longitude every 30° for reference. The projection is such that great circles through 

the center of the map are straight lines. The worst distortion is around the edges of 

the map. The most obvious feature of the inversion was the large lateral variations 

found in the upper 320 km relative to the deeper mantle. For this reason, the scales 

vary from +3% to -3% in the upper three layers, +1.5% to -1.5% in the fourth layer 

and + .9% to - .9% in the mantle below 405km depth. 

The top layer, from 0 to 140 km depth, shows the largest and most rapid varia­

tions in velocity. The range in velocities shown is from about 4.7 km/sec to 4.4 

km/ sec. Some regions of the shield have velocities up to 4.8 km/ sec. Notice that all 

stable continental areas and oceanic areas with crustal ages greater than about 80 Ma 

have velocities greater than 4.7 km/ sec (see Sclater and Parsons, 1981, for a map of 

crustal ages). Oceanic regions with crust between 20 and 80 Ma have velocities 

between 4.55 km/sec and 4.7 km/sec except for the western Carribean. Note that 

between Greenland and Canada there is a decrease in velocity to about 4.55 km/ sec 

consistent with the map of Sclater and Parsons showing this area to be oceanic crust 

less than 60 Ma. The intermediate age regions of the Atlantic do not vary in velocity 

in direct proportion to the age; however, this region had the worst resolution at this 

depth in the test case shown in Fig. 3.13a and thus this may not be a real 

phenomena. The Atlantic results agree in general with work by Hart and Press 

(1973) who found an average Sn velocity of 4.71 km/sec in portions of the Atlantic 

older than 50 Ma and an average Sn velocity of 4.58 km/sec in the Atlantic with 
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-3.0" 3.0 " 

Figure 3.17a Results of the inversion for a planar section from 0 to 140 km depth. 

The dotted lines mark plate boundaries. Unresolved areas have a slanted 
line pattern through them. 
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140 to 235km 
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Figure 3.17b Inversion results from 140 to 235 km depth . 
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Figure 3.17c Inversion results from 235 to 320 km depth. 
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320 to 405 km 
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Figure 3.17 d Inversion results from 320 to 405 km depth. 
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-0.9" 0.9X 

Figure 3.17e Inversion results from 405 to 490 km depth. 
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Depth= 490 to 575 km 
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Figure 3.17f Inversion results from 490 to 575 km depth. 

0.9 ~ 



-173-

575 to 670km 

-0.9" 0.9" 

Figure 3.17g Inversion results from 575 to 670 km depth . 
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Figure 3.17h Inversion results from 670 to 770 km depth . 
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770 to 870km 
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Figure 3 .17i Inversion results from 770 to 870 km depth . 
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870 to 1000 km 

-0.9 ~ 0.9 ~ 

Figure 3.17j Inversion results from 870 to 1000 km depth . 



-0.9" 

-177-

Depth= 1000 to 1150 km 
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Figure 3.17k Inversion results from 1000 to 1150 km depth . 
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Depth= 1150 to 1300 km 
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Figure 3.171 Inversion results from 1150 to 1300 km depth . 
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Depth= 1300 to 1450 km 
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Figure 3.17m Inversion results from 1300 to 1450 km depth . 
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Figure 3.17n Inversion results from 1450 to 1600 km depth . 
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Depth= 1600 to 1750 km 
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Figure 3.17o Inversion results from 1600 to 1750 km depth . 
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Depth= 1750 to 1900 km 
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Figure 3.17p Inversion results from 1750 to 1900 km depth. The results at this 

depth and below are probably very poorly resolved. 
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crustal ages younger than 50 Ma. Finally, note that all the oceanic regions with crust 

less than 20 Ma have velocities of 4.4 km/ sec or less, including most of the Mid 

Atlantic Ridge. The recently active continental regions, such as the basin and range, 

also have very slow shallow mantle velocities. The transition from slow to fast shal­

low mantle velocities seems to be extremely sharp with the intermediate transition 

zone between the two probably due to the smoothing applied to the model. The top 

layer has a thickness of 140 km and obviously the velocity could vary considerably 

within that depth range, particularly in intermediate to young oceanic areas. The 

estimated velocity within this layer was derived mostly from Sn measurements and 

regional S phases and thus probably represents the highest velocities within the depth 

range. Thus, regions with thinner lids may have slightly lower velocities on average 

in the upper 140 km. This may cause some compensating decrease in velocity in the 

layers just below the top one. 

The next three layers, from 140 to 405 km depth, show a fairly consistent corre­

lation with the surface tectonics. From 140 to 235 km, very high velocities are seen 

in all regions of North America which have not undergone deformation since the 

beginning of the Paleozoic. The east coast of the United States and Greenland , which 

underwent deformation in the Appalachian orogeny, show about 3% lower velocities 

at these depths . All old ocean basins, including the Gulf of Mexico, also show veloci­

ties 3 to 4% slower than beneath stable continent. Note how slow the Mid Atlantic 

Ridge is and how similar it is to the East Pacific Rise and basin and range provinces. 

The velocities are about 6% slower beneath these active regions than beneath the 

stable continent. It is also interesting to see higher velocities east of the subduction 

zone off the coast of Oregon and Washington at these depths. Below 235 km the 
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lateral variations decrease though the pattern remains similar to the pattern at shal­

low depths. From 235 to 405 km, the Superior and Churchill provinces of the Cana­

dian shield are clearly still very fast relative to every other location. See Fig. 3.18, 

taken from Stearn et al., 1979, for the location of the provinces and their ages . The 

Superior and Churchill provinces have not undergone deformation for 1800 Ma. The 

Grenville and Central provinces are also fast to about 400 km but are between 1 and 

2% slower than the older provinces. Throughout these depths, the young East 

Pacific, the basin and range and the youngest portions of the Atlantic are all very 

slow. The older oceanic basins seem to be 1 to 2% faster than the youngest ocean 

from 235 to 400 km, implying hotter than normal mantle to 400 km depth beneath 

active spreading zones. This contradicts the results of Chapter 2 in that we found 

similar velocities from 250 to 350 km beneath the Atlantic and East Pacific. The 1 to 

2% variations found in this chapter may be within the uncertainty of the resolution 

in the Atlantic where the coverage is weakest. 

The transition zone , from 405 to 670 km depth, shows a completely different 

pattern than the upper 400 km of the model. Generally, the lateral heterogeneity has 

decreased by about a factor of 5. Also, the anomalies present are very localized, in 

many cases representing single blocks. The largest feature seems to be a slighltly 

slow region throughout the western Atlantic. It should be kept in mind that rays 

bottoming in the transition zone are almost never first arrivals and at many distances 

are interfering with other arrivals. Thus, these rays probably have the largest uncer­

tainties associated with them . The random noise inversion results shown in Figs. 

3.14b-d resemble somewhat the type of lateral variations observed in the transition 

zone and it is felt that perhaps most of the patterns visible here are not real. What is 
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Approximate age 
of deformation 

(millions of years) 

1 1;1:11000 

I Cj1300 

• 1800 

.2500 

Figure 3.18 Tectonic provinces of precambrian North America with the approxi­

mate age of the last deformation episode for each province , taken from 

Stearn et al., 1979 . 
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important is that the lateral heterogeneity drops considerably below 400 km depth 

and that the heterogeneity observed is not correlated with any particular tectonic 

provmce. Also, there is no large scale anomaly with an amplitude larger than 1% 

throughout the transition zone anywhere in the model space. In spite of the noise 

present, such a feature would be detectable. 

The lower mantle should be better constrained than the transition zone since 

arrivals from below 700 km depth are generally uncontaminated by other phases. 

Still, the eight horizon tal slices of the lower mantle (Figs. 3.17h-p) show considerable 

heterogeneity. As in the transition zone, many localized volumes {in depth as well as 

laterally) with anomalous velocities are apparent. For example, the high velocities 

under the East Pacific Rise from 670 to 870 km are gone from 870 to 1300 km depth. 

Also, though the anomaly is visible, it is only about .5% in amplitude and its dimen­

sions are such that it would produce a maximum of .7 sec travel-time difference for a 

ray traveling directly through it. Thus, as with the transition zone, many of the 

localized anomalies seen in the lower mantle panels are probably not real. Unlike the 

transition zone, however, there is a large scale feature continuous laterally over 3000 

km and vertically over about 1000 km with a large amplitude. Notice in the western 

Caribbean a thin high velocity zone from 670 to 870 km depth. Increasing in depth, 

the anomaly is present with a slight eastward drift to 1700 km depth. This anomaly 

is present north of the Caribbean as well with an increasing eastward drift with 

depth. From 20° to 30° latitude, the high velocity goes from about 85° W at 800 km 

depth to east of Florida at 1600 km depth. Between 30° and 40° latitude the ano­

maly extends from about 95° W at 800 km depth to about 75° W at greater depths. 

From 40° to 50° , the high velocity region is very broad in the north central United 
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States from about 700 to 1000 km depth. At the same latitude a deep extension from 

1000 to 1600 km can be seen beneath the north eastern states, though with lower 

amplitude than to the south. It should be pointed out that this region was well 

resolved in the resolution test runs (Figs. 3.13a-g). Another feature of the lower man­

tle seems to be generally slow velocities to 1700 km depth throughout the Atlantic 

and eastern Canada. 

The results of the mvers10n discussed above can also be seen in cross sections. 

Fig. 3.19 shows the location of 5 cross sections through the model space and Figs. 

3.20a-e show those sections. The sections have 3 to 1 vertical exaggeration and the 

velocity scale varies with depth in the same way as the planar sections did. The first 

cross section, Fig. 3.20a, is through the Canadian shield and Iceland . The high velo­

city deep root beneath the Superior and Churchill provinces of the shield is obvious. 

Iceland is seen to be very slow to about 300 km depth with no obvious root deeper in 

the mantle . The section through Europe is fast on average in the upper mantle but 

shows no distinct pattern . The resolution there is very poor and perhaps some shal­

low high velocities in the region are being spread throughout the upper mantle. 

Notice the lower mantle has no distinct large scale features but is on average slow 

throughout the section, particularly beneath eastern Canada. 

The next four sections are meant primarily to illustrate the high velocity ano­

maly seen in the lower mantle. Fig. 3.20b shows a large flat anomaly from about 770 

to 1000 km depth beneath central North America with a vertical extension at the 

eastern end of it to the bottom of the model. Note also the growth of a continental 

root towards the center of North America. This crosses the central province and is 

not as large as the root beneath the northern shield provinces. A thinner high 
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Figure 3.19 Location of five cross sections through the final model. The profiles 

along these sections are shown iH. the next figures. 
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velocity lithosphere can be seen extending over the east coast of North America into 

the Atlantic. The next section south, Fig. 3.20c, shows the same lower mantle ano­

maly but it descends more rapidly into the mantle than the previous figure showed. 

It is also very diffuse, especially near 1700 km depth, but it must be kept in mind 

that even the synthetic inversion tended to blur input images, particularly at the 

deeper levels. Note that this section through the southern United States shows no 

real continental root below 200 km depth. The following section, Fig. 3.20d, passes 

through the southern part of the Gulf of Mexico. A thin high velocity layer near the 

surface is present from the Gulf through the Atlantic but there is generally slow man­

tle from 140 km to 400 km depth along the whole profile. The location of the present 

day subduction zone is indicated by an arrow on the section. There is slightly faster 

velocity material dipping beneath the subduction zone, relative to the surrounding 

mantle, but there is no clear indication of the subducting plate . The subducted oce­

anic lithosphere is very young here and therefore thin and hot. This may be the rea­

son nothing obvious is present in the inversion. Below 400 km depth, the high velo­

city lower mantle anomaly is very clear. Note how it is far more vertical than in the 

sections to the north. Finally, the last section, Fig. 3.20e, is through Central America 

and the Carribean. Again, the position of the trench is indicated by an arrow at the 

top of the figure . From the trench to 1700 km depth, faster than normal mantle can 

be traced easily. From below 600 km depth, the anomaly is almost vertical. 

From the experience gained in doing the synthetic inversion, Figs. 3.13a-g, it is 

felt that the lower mantle anomaly discussed above is real. No structure in the inver­

sion of noise was as continuous or of such large amplitude as this feature. The ampli­

tude of the anomaly is found to be .7 to 1% but due to the known blurring found in 
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this region (Figs. 3.13e-g), the real structure could well be more narrow and of larger 

contrast, probably about 2%. Unlike any other structure seen in the lower mantle, 

this anomaly can cause very large travel-time differences for certain raypaths. Partic­

ularly from events south of the Carribean to stations in eastern Canada, 5 to 7 sec 

travel-time anomalies can be produced. In fact , these very fast times are observed in 

the data consistently for such paths. Most of the events there are on fracture zones 

and should be free of any contamination due to near source heterogeneities. It is 

especially reassuring that independant investigators have observed at least part of 

this structure in the past. Jordan and Lynn (1974) found high velocities below the 

western Carribean from 600 to 1400 km depth using P and PeP as well as S and ScS 

waves from deep events beneath Peru. Lay (1983) found clear evidence for the same 

anomaly using S and ScS times from deep events beneath Bolivia and Argentina. 

Except for about 20 S times from a deep event beneath Peru, none of the data used 

in the above mentioned studies were used in this study . The extension of the ano­

maly northward would be undetectable in the previous studies due to the event­

station geometries. Dziewonski's (1984) study of lower mantle P velocity does not 

show this feature of our model but he presents only a very long wavelength model. A 

narrow feature , such as described above, would probably not be apparent in a spheri­

cal harmonic expansion of mantle velocities to only 1=6. 

The interpretation of the results of this experiment is difficult, especially when it 

1s not known exactly what features are due to noise and error and which are real. 

There seem to be two structures in the model which are robust, i.e., they are large 

scale with significant amplitude such as to cause large travel-time anomalies. First, 

the velocity of the upper 400 km of the mantle seems to correlate well with the 
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tectonic history at the surface. There is a progresston even within the shield from 

very deep, high velocity roots beneath the oldest shield provinces to less deep , slower 

roots beneath the younger provinces. The parts of North America affected by the 

Appalachian folding events have significantly lower velocities from 200 to 400 km 

depth than the more stable continental parts of North America. All oceanic areas 

appear much slower from 150 to 400 km depth than any of the stable parts of the 

continent. The low velocities found from 150 to 320 km depth imply that there must 

be very high gradients in this depth range similar to those seen in models SNA and 

TNA. Anderson and Bass (1984) have shown that such high gradients can only be 

produced by a nonelastic process. Either partial melting (Spetzler and Anderson, 

1 968; Anderson and Spetzler, 1 970) or a dislocation relaxation process (Minster and 

Anderson, 1980) must be causing the low velocities at these depths. Both processes 

are temperature controlled and thus we conclude the thermal gradients below the 

Canadian shield must be lower to about 350 km depth than beneath the surrounding 

oceanic and active continental regions. Chapman and Pollack (1977) derived mantle 

thermal models from heat flow data for continents and oceans. They conclude that 

stable continental regions are cooler than oceanic regions and con tin en tal orogenic 

zones to below 300 km depth. The North America model developed here tends to 

support their conclusions. Jordan (1981a) has suggested that shields have chemically 

distinct roots to great depths in the mantle . Our results for North America certainly 

do not contradict his model but do not prove it either . 

The second large feature in the results seems unconnected to the upper mantle . 

The high velocity ridge from about 10° N to 50° N is probably a real phenomena. It 

crosses several tectonic provinces and does not seem to be related to any present day 
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processes at the surface of the earth. A possible explanation for the anomaly is that 

it is related to the past subduction of the Farallon plate. Fig. 3.21 shows the position 

of the subduction zones off the coast of North America 120 Ma relative to the hotspot 

reference frame. The present day geoid and continents are also shown. The figure is 

a modification of one given by Chase and Sprowl (1983) in which they find a correla­

tion of present day geoid lows and the position of subduction zones about 120 Ma. 

Notice that the position of the fast anomaly below 1500 km depth (Figs. 3.17n-p) lies 

at the western edge of the subduction zones shown in Fig. 3.21. Notice also, that at 

Carribean latitudes there must have been subduction at about the same location for 

the last 120 Ma as the present day subduction zone is not far from the subduction 

zone at those latitudes shown in Fig. 3.21. Further to the north, the subduction 

zones must have migrated far to the west in the last 120 Ma as the coast line is now 

over 3000 km from the ancient subduction zone shown above. 

Engebretson et al. (1984) discuss in more detail the relative and absolute plate 

motions of the Farallon and North American plates. They show a similar position for 

the subduction zones about 120 Ma and give a further description of the changes 

from then to present. They show a shift in the coast line westward of about 700 km 

at 10° N from about 120 Ma to 50 Ma. At 40° N the shift was about 2600 km over 

the same time period. Furthermore, they state that the Farallon plate was older than 

100 m.y . prior to 75 Ma and dropped in age to about 40 m.y . old about 50 Ma at 40° 

latitude. Further to the south, the subducting plate was probably older than to the 

north during that period. The decrease in age of the subducting plate may be the 

reason the anomaly we see seems stronger at greater depths than it does above 800 

km . It is also interesting to note that the Laramide thrusting (from 75 Ma to 40 Ma) 
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Figure 3.21 Position of subduction zones (heavy line with back arrows) 120 Ma in 
the hotspot reference frame relative to the present continental 

configuration (taken from Chase and Sprowl, 1983). Note that the posi­
tion of the old subduction zone is at the eastern edge of the high velocity 

anomaly below 1500 km depth, Figs. 3.17n-o. 
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is thought to be due to the slab flattening and underthrusting the western United 

States to about the st ate of Wyoming (Dickenson and Snyder, 1978). Engebretson et 

al. (1984) attribute this to an increase in the convergence rate of the Farallon and 

North American plates during this time . Bird (1984) shows how the hingeline, where 

the slab dips steeply, advanced eastward during the Laramide but then rapidly 

retreated from 55 Ma to 35 Ma back to the coastline. He also states that the flat slab 

probably sank rapidly at some point, possibly during the rapid regression of the 

hingeline. The posulated position of the fiat slab during the Laramide in the hotspot 

reference frame, agrees well with the position of the broad fiat zone of high velocity 

between 750 to 1000 km depth beneath the north central United States (see Figs. 

3.17i-k and Fig. 3.20b ). 

Thus, a possible explanation for the deep high velocity structure from the Carri­

bean to the northern United States, is that this structure represents a cold thermal 

anomaly due to a remnant of the subducted Farallon plate. The approximate velo­

city contrast of 2% implies a 200° C to 300° C thermal anomaly . This assumes the 

ratio of velocity change to temperature change is -.0005 km / sec/ C 0 as derived by 

Creager and Jordan (1984). Their value is for P velocity but Jordan and Lynn (1974) 

found the velocity anomaly beneath the Carribean to be the same for both P and S. 

Schubert et al. (1975) predict temperature anomalies of about 500° C over a 100 km 

width for slabs penetrating to 800 km depth. The anomaly described above implies a 

smaller contrast in temperature over a larger region. The integrated thermal anomaly 

observed, however, is of the same order as Schubert et al. (1975) predict and Creager 

and Jordan (1984) have measured . If one assumes the slab becomes anchored to the 

lower mantle upon contact with it (as suggested by Uyeda and Kanamori, 1979) the 
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lower mantle high velocity regions can be associated with past periods of subduction. 

The deeper part of the anomaly, from 1150 to 1600 km depth, coincides with subduc­

tion processes from about 80 to 120 Ma. From 40 to 80 Ma, there was increased con­

vergence and flattening of the slab occuring in the western United States north of 

about 30° N. The broad high velocity area in the north central United States may be 

the remains of the slab subducted during that time period. Further to the south, 

where subduction was more regular, the lower mantle anomaly is also more uniform 

with a slight westward drift with decreasing depth. From 40 Ma to present, the sub­

duction along the western margin of North America has been of oceanic lithosphere 

younger than 40 Ma. The subducting plate was therefore thinner and hotter and 

perhaps has not left a large thermal anomaly in the mantle. There is very little high 

velocity material in the lower mantle north of 50° N. At these latitudes , the conver­

gence after 80 Ma was between North America and the Kula plate (Engebretson et al. 

1986). The Kula plate had a more northward trajectory than the Farallon plate and 

its age to the north of 50° N was less than that of the Farallon plate further to the 

south (Engebretson et al. 1986). For this reason, perhaps, there was much less con­

sumption of old oceanic lithosphere beneath Canada in the hotspot reference frame 

during the last 100 Ma. 

The above discussion is of course highly speculative and much more work needs 

to be done on the seismic structure of the mantle as well as a more detailed descrip­

tion of past subduction histories. If the arguments are qualitatively correct, however, 

they have important consequences for mantle dynamics. The most important impli­

cation is that old oceanic lithosphere is circulating in the lower man tie. Whether this 

is so has been a subject of great debate, see for example O'Connell (1977) and Richter 
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(1979). Recently, however, Creager and Jordan (1984) have presented strong evidence 

for penetration of the slab to about 1000 km depth beneath the Kuriles. They also 

claim the slab, even in the lower mantle, has about a 5% velocity anomaly associated 

with it. On the other hand, Giardini and Woodhouse (1984) have presented evidence 

for a shortening and thickening of slabs near the 660 km discontinuity beneath the 

Tonga subduction zone. They suggest this indicates a resistance to penetration of the 

slab below 670 km depth. In another recent work, Hager (1984) showed that the 

geoid highs over subduction zones can best be modeled by a continuous flow through 

the boundary near 670 km depth but with an increase in viscosity of the mantle at 

that depth of about a factor of 30. He also notes that if slabs are not penetrating the 

lower mantle, they must be piling up above the 670 km boundary to a height of 350 

km over 2000 km horizontal lengths in order to statisfy the observed geoid. Certainly 

no evidence is seen for this anywhere beneath the North American plate in this study. 

The above studies qualitatively agree with the results presented here for the lower 

mantle . The convergence rate of the Farallon and North American plates is given by 

Engebretson et al. (1984) as 70 to 150 km/m.y. from 120 Ma to 30 Ma. At these 

rates, if the slabs fell through the whole mantle at a constant velocity, all slabs sub­

ducted before 23 Ma would now be below 1600 km depth and would not be seen in 

our model. If the high velocity anomalies near 1600 km depth are actually slabs sub­

ducted 100 Ma, then assuming the velocity in the upper 600 km is as given by Enge­

bretson et al. (1984), the velocity of the slab below 600 km depth must be an order of 

magnitude less, about 10 km/m.y .. It is also interesting that the lower mantle ano­

maly observed here has a significant width, probably over 500 km, assuming spread­

ing in the inversion similar to what the synthetic inversion showed. This is far wider 

than typical slabs in the upper mantle where most studies find slab velocity anomalies 
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to be about 100 km thick (see Roecker, 1985, for a recent study of slab structure in 

the upper mantle) . What happened beneath North America may be similar to the 

observations of Giardini and Woodhouse (1984) in the Tonga subduction zone. The 

deep slabs encounter a large resistance near 670 km depth due to a large increase in 

viscosity. At that depth the slabs tend to thicken and shorten by horizon tal shearing 

as described by Giardini and Woodhouse but also, they continue to sink through the 

mantle though at a much slower rate due to the higher viscosity . Broadening of the 

thermal anomaly in the lower mantle could also be caused partially by the conductive 

cooling of the surrounding mantle. Further study is obviously needed to confirm or 

deny these speculations. 

Conclusion 

In this chapter. we have used the tomographic inversion technique to derive a 

three dimensional model of shear velocity beneath the North American plate to about 

1700 km depth. The large variations in observed S and SS travel-times were found to 

be explainable by large lateral variations in the upper 400 km of the mantle . These 

variations are directly correlated, in general, with the surface tectonic history above 

the mantle . The Superior and Churchill shield provinces were found to have a very 

high velocity root to about 400 km depth . All oceanic regions in the model had velo­

cities much lower than beneath the shield from 150 to 400 km. 

Below 400 km depth, the variations in shear velocity are much lower. Little 

heterogeneity was found in the transition zone; however, a slab shaped high velocity 

anomaly continuous from the Carribean to the southern Canadian border was found 

from 700 to 1700 km depth. The anomaly may be up to 2% in amplitude. The 
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northern part of the anomaly is spread out over about 30° in longitude while to the 

south it is more vertical. The entire high velocity structure shows some eastward dip . 

It is hypothesized that the lower mantle anomaly may be the remnant of the sub­

ducted Farallon plate from about 40 Ma to lOOMa. 
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Conclusion 

The work in this thesis found a consistent correlation of shear wave velocity in 

the upper 400 km of the mantle and the tectonic history of the surface of the North 

American plate. We have found that the larger the time interval since the last oro­

genic event, the higher the velocities are in the upper 400 km. For most areas with 

little Cenozoic deformation, high velocities are found at depths above 100 km and the 

tectonic history - shear velocity correlation is particularly strong from about 150 to 

300 km depth . Sipkin and Jordan (1975, 1976, 1980), on the basis of ScS and multi­

ple ScS travel-times, have claimed that a similar correlation of shear velocity and con­

tinental age exists on a world-wide scale . Their estimate of the depth of the correla­

tion was uncertain due to the vertical travel paths of their data. When comparing 

the results of mantle structure studies of different areas, it is difficult to draw conclu­

sions due to the different assumptions and techniques used. For instance , comparis­

ons of typical body-wave and surface wave studies must take into account the disper­

sion due to anelasticity present in the mantle . Also, long-period models usually do 

not contain discontinuities due to the lack of resolving power over short length scales 

whereas body-wave models are usually parameterized with several sharp jumps in 

velocity . In this section we will compare the results found here with published results 

from other areas which used the same parameterization of the mantle as was used in 

this thesis. An attempt will then be made to make some generalizations for the earth 

as a whole. 

Rial et a!. (1984) studied the upper mantle shear structure beneath the Russian 

platform, Baltic shield and the Alpine fold belt from about 75° E to 20° E using S and 

SS phases. The starting models used in that study were just SNA and TNA 
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presented in Chapter 1 of this thesis. They found the SNA model was adequate to fit 

all the seismograms which propagated through the Russian platform and the Baltic 

shield. The distance range of the data used was from 40° to 56° and thus the SS 

arrivals included triplication branches bottoming from about 250 to 800 km depth. 

Most of this area has been stable for about 1700 Ma (Sclater and Parsons, 1981) and 

these results indicate the Russian platform and Baltic shield have a shear structure 

throughout the upper mantle very similar to the shear structure beneath provinces of 

Canada which have been stable for a similar time period. In contrast, the Alpine 

front to the south was found to have far lower velocities in the upper 400 km. Model 

TNA was too slow to satisfy the data and Rial et al. (1984) present a new structure 

for this area. A thin, higher velocity lid and higher velocities below 225 km depth, 

relative to TNA, fit the Alpine data. From 70 to 225 km the Alpine model has veloci­

ties about 8% slower than SNA. The data were sparce for this region and the slower 

velocities could easily extend to below 300 km depth. The Alpine front, of course, is 

a region of very recent orogenic activity. 

Grand and Heimberger (1985) studied other paths using SSS waves as well as S 

and SS phases. Essentially the same technique was used as in the first chapters of this 

thesis. They found similar results for the Russian platform as Rial et al. (1984) but 

found the fold belts of Central Asia to have about 5% slower shear velocities from 50 

to 250 km depth relative to the SNA model. Again, the data were not sufficient to 

determine the exact depth of the relatively slow mantle and the low velocities could 

easily extend to 350 km depth if the the upper 100 km were faster. These slow 

regions were deformed in the Asia-India collision event about 35 Ma (Molnar and 

Tapponnier, 1975). Lyon-Caen (1985) studied S and SS upper mantle propagation 

beneath the Indian shield and the Tibetan plateau. She found a minimum of 4% 
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slower shear velocities beneath Tibet than beneath India from 70 to 250 km depth. 

The Indian shield model had slightly lower velocities than SNA but was essentially 

the same as that model. 

Burdick et al. (1983) and Grand et al. (1985) studied the upper mantle beneath 

northern Africa using S, SS and SSS waves at upper mantle distances. Both studies 

found that the upper mantle shear waveforms which propagated through the 

northwest African shield were very similar to those observed in the Canadian shield 

at similar distances. However, relative to S the upper mantle SS phases were 2 to 3 

seconds faster than those in Canada. The conclusion reached was that the litho­

sphere is slightly thicker and the low velocity zone less pronounced beneath the 

northwest African shield relative to the Canadian shield. Otherwise, the SNA model 

is a good estimate of the upper mantle shear structure beneath that region. The 

higher velocities beneath this province agree well with a heat flow study by Chapman 

and Pollack (1975). They found very low heat flow in this region and postulated an 

extremely cold upper mantle to 400 km depth beneath this part of Africa. They also 

suggest that a deep root beneath Africa may be impeding the motion of the African 

plate. It is also interesting that Hager et al. (1985) model the anomalous geoid high 

over West Africa by the presence of hot lower mantle beneath Africa and not hot 

upper mantle. To the east of the shield, Grand et al. (1985) found lower upper man­

tle velocities. East of 10° E, in northern Africa, there has been abundant Cenozoic 

volcanism. This seems to be reflected in the change in shear structure from west to 

east. A model which fit the sparce data from northeastern Africa showed a high velo­

city lid with a well developed low velocity zone near 200 km depth. The structure is 

similar to that found beneath the eastern United States and the old Atlantic 

(Chapters 2 and 3). 
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No other continental studies have been performed using the technique discussed 

m this thesis. However, many studies have been conducted to find the average 

travel-time delays beneath seismic stations on a world-wide scale. Dziewonski and 

Anderson (1983) present perhaps the most complete set of station delays for P 

travel-times. Their results are for azimuthally averaged P time delays using only 

teleseismic arrivals. The raypaths for teleseisms are very steep in the upper 400 km 

of the mantle and the results of the Dziewonski and Anderson study should give an 

estimate of the average variation in P velocity in the upper 400 km beneath the sta­

tions studied. They find average P times in the western Australian, the Siberian and 

the central African shield regions to be consistently fast, similar to the pattern they 

find for the Canadian shield. Also, station BDF, located in the Brazilian shield, 

records fast arrivals similar to the values measured at Canadian stations like FBC, 

FCC and GWC (see Fig. 3.1 for the station locations). Finally, the station SPA at 

the south pole, is also found to be fast. Of the stable shield regions, only the South 

African shield province is found to have stations with consistently slower P times 

than the Canadian shield . In contrast, most stations in recently tectonic areas are 

slow (for example, the Alpine front, southeast Asia, eastern Australia and western 

North America). The distribution of P travel-time delays in the Dziewonski and 

Anderson (1983) paper indicate that almost all stable cratonic areas on the earth have 

very fast upper mantle beneath them. From the Asian, African and North American 

studies discussed above, it seems likely that most shields have shear velocity struc­

tures similar to that found beneath Canada. 

There has only been one other multiple S upper mantle study of an oceamc 

region. Graves et al. (1985) looked at multiple S data for a profile from Tonga to 

North America, deriving a cross section of mantle shear velocity for a Pacific path . 
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They found a structure beneath the old Pacific similar to that found beneath the old 

Atlantic in Chapter 2. The absolute velocities, however, were about 1% slower 

throughout the upper 450 km in the Pacific model. This is supported by the slow 

multiple ScS times measured by Sipkin and Jordan (1980) for the old Pacific and also 

may explain why the Rayleigh wave phase velocities measured by Nakanishi and 

Anderson (1983) for old ocean are less than those predicted by the Atlantic model (see 

Fig. 2.14). 

To further generalize the oceanic-continental differences found in this thesis, the 

results of the many oceanic surface wave experiments must be discussed . To study 

the upper mantle to depths below 150 km using surface waves, one must use very 

long-period fundamental modes or look at overtones at shorter periods. Early global 

studies using very long-period data (up to 350 sec periods) indicated clear differences 

in structure beneath different tectonic provinces. Toksoz and Anderson (1966) and 

Kanamori (1 970) both found slower velocities beneath tectonically active areas as 

compared with shield areas to at least 400 km depth . Kanamori (1970) found no 

major difference between oceanic and shield structure below 200 km depth . Anderson 

(1967), however, presented shield and oceanic models with slower oceanic velocities to 

400 km depth based on data from Toksoz and Anderson (1966). One problem com­

paring the results of this thesis with the above studies is the definition of shield. In 

the Kanamori study all continental areas not tectonically active at present were con­

sidered shield. Thus, significantly different structures may be included in the single 

shield province. 

Knopoff (1983) reviews a large number of more regional fundamental mode sur­

face wave studies. He concludes, from many studies, that oceanic and tectonic areas 

have significantly slower shear velocities than Precambrian shields to 300 km depth. 
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The works he discusses have little resolution below 300 km depth and no conclusion is 

drawn for systematic differences in structure below that depth . 

More recently, Lerner-Lam and Jordan (1983) used overtone data as well as fun­

damental mode data to compare upper mantle structure beneath Eurasia and the 

Pacific. They conclude that Eurasia has higher velocities to 400 km depth than the 

central Pacific . However, the models derived in their paper are quite different from 

those derived in this thesis. In particular, they find far slower velocities in the upper 

150 km for both the Pacific and Eurasia relative to those found here for Canada and 

the Atlantic. 

Finally , Woodhouse and Dziewonski (1984) have presented maps of upper man­

tle shear velocity for the whole earth . Their study sought a model which would 

predict entire seismograms and thus the study included both fundamental as well as 

overtone data. Above 350 km depth , every stable continental region has higher than 

average shear velocity . Most oceanic areas from 150 to 350 km depth have slower 

than average shear velocities. Exceptions to this are the oceanic regions between Aus­

tralia and Antartica and between southern Africa and Antartica. The south-central 

Atlantic ocean is also fast at these depths in their maps . Whether these exceptions to 

the general trend are artifacts of the inversion or represent real earth structure is cer­

tainly an important area for further research. Little correlation of tectonic province 

and shear velocity is seen below 450 km depth. 

The surface wave studies discussed above have little information on the detailed 

structure of the earth as a whole . However, they are compatible with the conclusions 

of this thesis with respect to lateral heterogeneity . Precambrian shields appear to 

have high velocity roots to about 350 km depth relative to all other tectonic 
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provmces. From the studies usmg S, SS and SSS waveform modeling discussed 

above, it also appears that Precambrian shields have similar shear velocity structures 

with a thick high velocity lid , a decrease in velocity between 150 and 200 km depth 

and a lower than average gradient below. The oceanic models found in this thesis are 

also qualitatively compatible with the surface wave results. The main structural 

feature beneath oceanic provinces is a high velocity lid whose thickness and velocity 

increases with the age of the overlying crust reaching a maximum of 100 km thickness 

and a velocity over 4.7 km/ sec. Below the lid are very low shear velocities to about 

200 km depth followed by a region of high gradient to about 350 km depth . Little 

heterogeneity was found below 350 km depth in this thesis. The agreement, in Fig. 

2.14, of Rayleigh wave phase velocities for periods greater than 250 sec with those 

predicted by SNA, TNA and ATL indicates that the structure found in this thesis 

below 350 km is probably a good average for the earth though some details may be in 

error. 

It ts interesting to speculate on the meamng of the setsmtc results discussed 

above. The growth of a high velocity lithosphere away from oceanic spreading 

centers has been known for some time. There is also a corresponding increase in 

depth of the ocean and a decrease in the heat flow with age for oceanic crust . This 

has been modeled as simple cooling of the hot mantle at ridges with time (see Kono 

and Yoshii, 1975). As discussed in Chapter 3, the very low velocities beneath the lid 

and the high gradient from 200 to 350 km depth indicate a nonelastic process such as 

partial melting is occuring. Anderson and Bass (1984) have shown that gradients as 

high as in models ATL and TNA can not be produced by the temperature derivative 

of elastic constants and reasonable thermal gradients. It is interesting that Olden­

burg (1981) found conductivity maxima at 70 km depth beneath young ocean and 180 
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km depth beneath oceanic crust of 70 Ma. These depths are close to the depths of 

minimum shear velocity in models TNA and ATL respectively. Oldenburg (1981) 

concludes that the conductivity highs represent the depths of maximum partial melt­

ing beneath the respective oceanic areas. An oceanic model of a thickening thermal 

boundary layer above a partially melted asthenosphere appears to be compatible with 

the results found in this thesis for oceanic provinces. As no sharp increase in velocity 

was found near 200 km depth it appears unlikely that there is a chemical boundary 

near this depth as suggested by Anderson (1979) . 

Con tin en tal shear structure, particularly beneath old shield areas, is more 

difficult to explain. The deep roots found here beneath cratons, the existence of 

which was suggested by Jordan (1975), probably indicate lower than average tempera­

tures beneath old stable continental crust to about 400 km depth. Support for this 

also comes from Chapman and Pollack (1977) who suggested that the heat flow meas­

urements from stable continents imply cooler than average geotherms to at least 300 

km depth. They suggest the same process occurs beneath continents as occurs 

beneath oceans. That is, from the last thermal (orogenic) event, cooling has con tin­

ued downward to the present time. For old cratons which have been stable for up to 

3000 Ma, they predict the thermal boundary layer has grown to about 350 km depth. 

Oxburgh and Parmentier (1978) and Jordan (1978) have shown, however, that if this 

were the case, up to 10 km of subsidence would have occured in the cratons due to 

the increase in density of the cooling mantle rock. This does not appear to have 

occured. Also, this model does not explain the decrease in velocity at about 175 km 

depth observed beneath shields in the studies discussed previously. Evidence for a 

rather sharp decrease in velocity at these depths has been presented by Jordan and 

Fraser (1975) and Sacks et al. (1977) . These authors have found converted S to P 
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arrivals from 150 to 200 km depth beneath the Canadian and Baltic shields respec­

tively . The polarity of the converted phases indicates a slow to fast transition from 

depth. Also, Given and Heimberger's (1981) P-velocity model for northwest Eurasia 

shows a decrease of 2.5% in velocity over 10 km depth at about 150 km depth . Their 

study had particularly good data sampling this depth range. 

The above discussion supports the idea that there is some chemical difference 

between cratons and elsewhere. This concept is not new. Jordan (1975, 1978, 1981a) 

has suggested that there are deep chemical roots beneath continents. Oxburgh and 

Parmentier (1978) have given a scenario whereby the continental lithosphere is 

formed by the addition of basalt depleted mantle rising from descending slabs. 

Anderson and Bass (1984) also suggest a difference in chemistry between the continen­

tal lithosphere and the mantle below the lithosphere with an olivine rich lithosphere 

and a garnet-pyroxene rich mantle below. The olivine rich depleted mantle would be 

intrinsically less dense than a more garnet-pyroxene rich assemblage and thus a litho­

sphere of depleted mantle would not sink even if it were cooler than the surrounding 

mantle (see Oxburgh and Parmentier, 1978 and Jordan, 1981a for a discussion of sta­

bility, and Boyd and McCallister, 1976 for a discussion of the relative densities of 

depleted and undepleted mantle). The solidus temperature is also higher for the 

depleted rocks. The high velocity layer to about 175 km depth in model SNA is pos­

sibly formed of olivine rich depleted mantle. The rapid decrease in velocity between 

the depths of 150 to 200 km observed beneath shields would then mark a change in 

chemistry from olivine rich to a more basalt rich composition. This also agrees with 

work by Boyd and Nixon (1975) who find that kimberlite nodules originating between 

100 to 150 km depth are more basalt depleted and thus less dense than the nodules 

originating from 150 to 200 km depth. The shear velocity studies presented in this 
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thesis and elsewhere show that there are lower temperatures beneath stable cratons 

well below 200 km depth. The correlation of high velocities to 350 km depth and the 

position of old shields implies that the roots are not coincidentally situated beneath 

shields. Though the chemical roots may be only 150 to 200 km thick, it appears that 

the thermal boundary layer beneath shields extends to near 400 km depth. This idea 

also agrees with the Chapman and Pollack (1977) geotherms. A thermal boundary 

layer extending below a chemical boundary has been proposed by Jordan (1981a) and 

we feel the seismic studies given here and elsewhere support this. This implies that 

the ' tectosphere', the vertical section of mantle which moves as a single unit over the 

earth, is about 400 km thick beneath stable cratonic regions. However, many con­

tinental regions, such as northeastern Africa and the eastern United States, have 

either had their thermal boundary layer disrupted or they never cooled to great 

depth. The existence of a deep root seems to be directly related to the tectonic 

processes which occur at the surface (for instance volcanism in northeast Africa and 

folding in eastern United States and central Asia) . 

The composition of the surrounding upper mantle has, of course, been debated 

for years. Ringwood (1975) has postulated a model with mostly olivine and mmor 

amounts of pyroxene and garnet . Ito (1974) found that olivine-eclogite with about 

63% pyroxene, 30% garnet and 7% olivine best fits the available data for the lower 

oceanic lithosphere . Recently , Bass and Anderson (1984) have used the seismic results 

presented in Chapters 1 and 2 as well as many other studies, to conclude that a picri­

tic eclogite composition best fits the seismic results for the upper mantle. This assem­

blage contains 47% pyroxene, 37% garnet and 16% olivine. Deciding among these 

models is beyond the scope of this thesis. However, Anderson (1982) has concluded 

that if the upper mantle is eclogitic, subducted slabs would not be able to penetrate 
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the lower mantle . This would contradict the interpretation of the lower mantle 

results found in Chapter 3 as indicating that former slabs are now at depths of 700 to 

1700 km . Other explanations of the high velocity anomalies found in Chapter 3 are 

certainly possible but the work of Hager (1984) and Creager and Jordan (1984) seems 

to indicate there is mixing of upper and lower mantle material. Determining the com­

position of the upper mantle and its relation to the lower mantle, then, remains an 

important problem in geophysics . 
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