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Abstract

The nature of the subducted Ilithospheric slab is investigated
seismologically by tomographic inversions of ISC residual travel times. The
slab, in which nearly all deep earthquakes occur, is fast in the seismic images
because it is much cooler than the ambient mantle. High resolution three-
dimensional P and S wave models in the NW Pacific are obtained using
regional data, while inversion for the SW Pacific slabs includes teleseismic
arrivals. Resolution and noise estimations show the models are generally well-

resolved.

The slab anomalies in these models, as inferred from the seismicity, are
generally coherent in the upper mantle and become contorted and decrease in
amplitude with depth. Fast slabs are surrounded by slow regions shallower
than 350 km depth. Slab fingering, including segmentation and spreading, is
indicated near the bottom of the upper mantle. The fast anomalies associated
with the Japan, Izu-Bonin, Mariana and Kermadec subduction zones tend to
flatten to sub-horizontal at depth, while downward spreading may occur under
parts of the Mariana and Kuril arcs. The Tonga slab appears to end around

550 km depth, but is underlain by a fast band at 750-1000 km depths.

The NW Pacific model combined with the Clayton-Comer mantle model
predicts maﬁy observed residual sphere patterns. The predictions indicate
that the near-source anomalies affect the residual spheres less than the
teleseismic contributions. The teleseismic contributions may be removed

either by using a mantle model, or using teleseismic station averages of
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residuals from only regional events. The slab-like fast bands in the corrected
residual spheres are are consistent with seismicity trends under the Mariana,

Izu-Bonin and Japan trenches, but are inconsistent for the Kuril events.

The comparison of the tomographic models with earthquake focal
mechanisms shows that deep compression axes and fast velocity slab anomalies
are in consistent alignment, even when the slab is contorted or flattened.
Abnormal stress patterns are seen at major junctions of the arcs. The depth
boundary between tension and compression in the central parts of these ares

appears to depend on the dip and topology of the slab.
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General Introduction

Seismic subduction zones have been central to seismic and tectonic studies
since more than 90% of the earthquakes in the world occur within these zones.
These earthquakes are thought to be a consequence of subduction of the
lithosphere into the Earth’s interior. According to Utsu [1971], Wadati was
the first to show clear evidence for the existence of deep-focus earthquakes in
the earth [Wadati, 1928|, and he prepared a catalog of deep and intermediate
earthquakes in and near Japan. In fact, Wadati [1935, Figure 4] gave the first
iso-depth seismicity contour around Japan to a depth of 400-450 km, which
depicts exactly the morphology of subduction zone in the region. Among
important early documents, Gutenberg and Richter related seismicity with
many geological features [1954]. Through cross-arc vertical cross sections,
Benioff displayed the typical narrow slab-like seismicity patterns beneath
many major trenches, including Tonga-Kermadec and South America [1948],
Kurile-Kamchatka, Sunda, Central America, Aleutian, New Hebrides and
Philippine [1954]. These seismicity zones are now called Wadati-Benioff zones,

representing the trace of lithosphere penetrating the upper mantle.

Over the past two decades, the kinematic theory of plate tectoniecs has
evolved to s'tuclies of dynamic movements in the earth’s interior. One of the
strongest evidences for such movements is the migration of the lithosphere in
the form of a mosaic of plates at the surface. In particular, the oceanic

lithosphere is found to originate along the mid-ocean ridges and spreads out. It



eventually subducts at a convergent margin with another plate, usually a
continental continental plate, forming subduction zones (Figure 0.1). The

descending lithospheric material is referred as a subducted lithospheric slab.

It is well known that the descending oceanic lithosphere has anomalously
high-Q and high-velocity to a depth of at least several hundred kilometers
beneath the are, sandwiched by two low-Q, low-velocity zones in the upper
mantle [e.g., Utsu, 1971]. The seismic structure of the slab is directly related
to its morphology and the physical state, hence holds the key to the
understanding of the dynamics of the earth’s interior. A tremendous amount
of geophysical studies, such as those on plate consumption, mantle convection,
origin of island arc systems and structural discontinuities in the mantle, have

pinned down to the fate of the subducted slab at depth.

Early studies on subduction zones were based on their seismicity. Later
on, in a study on focal mechanisms of subduction zone earthquakes Isacks and
Molnar [1971] concluded that the down-dip (along the direction of subduction)
stress within a subducting slab is extensive or mixed at shallow to
intermediate depths, and becomes primarily compressive at depths below
about 350 km. Deep subduction zones below 350 km are also marked with one
of the two distributional peaks of earthquakes with depth, contrasting to the
other peak which includes all the bending events in the shallow region
[Vassiliou et al., 1984]. Due to the extinction of seismicity of a reliable focal
depth below about 680 km [Stark and Frohlich, 1985], and the possible
existence of aseismic subducting slabs, geophysical observables other than

seismicity are needed. As pointed out by Toksoz et al. [1971], seismic travel
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Figure 0.1 A cartoon cross section of possible seismic structure of the subducted slab
[modified from Utsu, 1971]. Solid circles represent earthquake foci. The question mark

at the lower left corner indicates the unknown nature of the deep slab.



times and amplitudes are the most informative for subduction zone study.

This thesis focuses on the seismic structures of subduction zones. The
major approach is to apply a tomographic (slice-picturing) inverse method on
ISC (International Seismological Centre) residual travel time data. Figure 0.2
shows all events deeper than 300 km that occurred from 1964 to 1982 reported
by the ISC catalog, illustrating two profound subduction regions under
investigation in this thesis, the northwest Pacific (NWP) and southwest Pacific
(SWP). This thesis attempts to resolve the complete three-dimensional seismic
structure of a slab, which is the most distinctive three-dimensional velocity
anomalies in the mantle. Although the seismic structure of the earth is
predominately depth-dependent (over 98% of travel times can be explained by
an one-dimensional velocity model), the three-dimensional velocity variations
are the most exciting part, since they are likely to provide clues to our

understanding of the dynamics of the earth.

A tomographic inverse transforms the travel time residuals into a three
dimensional image of slowness (reciprocal of seismic velocity) anomalies. In
contrast to any modeling approach which nonuniquely fits the data with given
models, an inverse is in the process of "data = image = model.” Thus, the
data is uniquely transformed (inverted) into an image in the first stage, and
the image can be interpreted, though nonuniquely, in the second stage. This is
analogous to reflection seismology, where data are imaged into seismic profiles
and followed by geological interpretations. Furthermore, either the image or

the interpretation can be used later to predict the observations.
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Figure 0.2 Global distribution of deep earthquakes. Stars represent events deeper than 300 km in
ISC catalog (1964-1982). Dashed circles are hot spots. Plate boundaries are dashed, and trenches that are
underlaid by subduction zones are plotted as open barbed lines. Regions under extensive investigations
are the northwest Pacific (NWP) and southwest Pacific (SWP) in boxes.



In Chapter 1 an iterative tomographic inverse method and resolution ang
error error estimations are introduced and applied to ISC PP wave travel time
residuals, in a reconnaissance survey on compressional velocity structures of

major subduction zones in the world.

In Chapter 2 the compressional and shear velocity structures of the
northwest Pacific subduction zones are obtained using primarily regional rays.
The region possesses perhaps the best quality ISC data in the world, and an
interpreted slab model for the region depicts the morphology of the subducted

lithosphere.

In Chapter 3 the compressional velocity structures surrounding’
subduction zones in the southwest Pacific are derived from inversions using
primarily teleseismic data. An epicenter relocation is attempted during the

iterations of inversions.

In contrast to the previous chapters, Chapter 4 describes some predictions
from the inverted velocity images, primarily the modeling of travel time

residual spheres in the northwest Pacific.

Chapter 5 analyzes the state of stress in the subduction zones as inferred
from seismic focal mechanisms in the northwest Pacific and Tonga-Kermadec

region.



CHAPTER 1

A TOMOGRAPHIC INVERSE METHOD:
a reconnaissance survey of major seismic slab structures

with ISC PP wave travel times

Abstract

An SIRT tomographic inverse method is discussed with
particular application to the ISC PP wave data set. Details of data
reduction, inversion, and estimations for resolution and error are
presented. Despite the relatively high noise level and poor ray
coverage of the PP wave data, some useful information 1s yielded on
tectonic patterns. The images of PP waves, with coverage over
some regions that is uncovered by P waves, indicate that most
subduction zones are assoctated with relatively fast velocity

anomalies.

1.1 Introduction

The morphology and physical state of subducted lithosphere is one of the
key focal points in modern earth sciences. Nearly all intermediate and deep-
focus earthquakes occur in association with subducting lithospheric slabs,
forming seismic Wadati-Benioff zones. It is thought that the subducted
lithospheric plate, or slab, is the most distinctive velocity anomalies in the
mantle, because it is about 800 ° C cooler than the ambient mantle to at least
700 km depth (e.g., Toksoz et al., 1973; Anderson, 1987). Previous studies in

Japan and other regions have shown that the subducting slabs have



anomalously high seismic velocity and low attenuation to a depth of at least
several hundred kilometers, and are sandwiched between low velocity and high
attenuation zones [e.g., Utsu, 1971; Isacks and Barazangi, 1977; Hirahara,
1981]. Investigation of the morphology of the velocities around Wadati-Benioff
zones and associated anomalies in three-dimension may provide new insights

about the subduction process.

To resolve subduction zone velocities, the approach taken here is to apply
simple ray theory to a large number but quite noisy travel time data taken
from the ISC catalog. Perhaps the most promising approach is a tomographic
inversion. The advantages of the inversion are laid out in the following. The
inversion uses crossing rays to isolate locations of mantle heterogeneities; it is
thus particularly suitable for large data sets. When the reference one-
dimensional velocity model is reasonable, the travel time problem is linear,
hence the inversion is guaranteed to converge to the global minimum. In
addition, the deep seismicity not only provides a good ray coverage over a
subduction zone, but also functions as the best guide for locating the
subducting slab. The seismic energy radiated from a deep source will not be
complicated by triplication caused by shallower velocity discontinuities. As
concluded by Nolet [1985] in probing the applicability of three types of
methods commonly used in seismicity tomography, regions of deep seismicity

could be the only places where one can hope to sufficiently resolve the upper

mantle.

There have been several regional upper mantle least-squares type

inversions around some subduction zones, involving simultaneous source



relocations, such as that in Japan [Hirahara, 1977; Hirahara and Mikumo,
1980], southwest Japan [Hirahara, 1981}, Izu-Bonin Trench [Roecker, 1985] and
central Aleutians [Spencer and Engdahl, 1983; Engdahl and Gubbins, 1987).
Overall, the lateral structure along the strike of subducted lithospheric slab
has not received much attention until recently [[sacks and Barazangi, 1977;
Giardini and Woodhouse, 1984; Burbach and Frohlich, 1986]. The aim of this
thesis is to invert tomographically a large amount of residual travel times for
three-dimensional seismic structures around some deep Wadati-Benioff zones,

from the surface down to at least the bottom of the upper mantle.

Adopted from a medical imaging technique [e.g., Jaffe, 1982, the term:
"tomography” has been widely used now in geophysics for almost any kind of
structural inversion. In this thesis, however, this term is referred specifically to
the reconstruction algorithms which linearize the problem by dividing a model
into a mosaic of resolution blocks or cells. There are other ways to
parameterize the model [e.g., Tarantola and Nercessian, 1984]. Since a three-
dimensional subduction zone structure involves a model space which is often
too large to be handled with a direct least-squares type inversion, we take an
iterative back projection approach which was initiated by Clayton and Comer
(1983]. This approach enables inverting a large data set, and has been applied
to a wide rénge of model scales, from global [Clayton and Comer, 1983; Zhou
and Claytc;n, 1985; Davies and Clayton, 1986] to regional [Grand, 1987;
Humphreys et al., 1984; Humphreys and Clayton, 1988; Zhou and Clayton,
1987] and crustal [Hearn and Clayton, 1986ab; Walck and Clayton, 1987]

structures. A three-dimensional structure can be resolved to a desired
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resolution level by this method as long as the data is sufficient and the ray

theory holds valid.

In this chapter, a reconnaissance survey of compressional velocity
structures of major subduction zones in the world is carried out with a
tomographic inversion of ISC PP wave travel time data. Slabs are the major,
but not the only, subjects of interest. Other mantle structures are inferred
from the images as well. As the first attempt to use secondary phases in
residual time tomography, we take PP waves because of their superior spatial
coverage for shallow regions compared to P waves. In fact, a set of PP wave
picks usually has more diverse takeoff angles at the source than that of the
corresponding P wave data, yielding a better chance to cover a subduction
zone. The disadvantage of using PP waves is that the data are often more
limited in quantity and poorer in quality in comparison with the direct P

arrivals.

1.2 The Tomographic Inverse Method

The iterative back projection scheme initiated by Clayton and Comer
[1983] is an SIRT (Simultaneous Iterative Reconstruction Technique)
reconstructi.on inverse. As summarized by Radcliff and Balanis [1979], there are
three types of reconstruction algorithms used in medical CT (Computed
Tomography) scanning, namely, BPT (Back Projection Technique), ART
(Algebraic Reconstruction Technique) and SIRT. ART was introduced by
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Gordon et al. [1970], and later was modified to SIRT by Gilbert [1972]. The
early application of SIRT to geophysical problems was on cross-borehole

seismic tomography [Dines and Lytle, 1979].

Since the earth’s velocity structure is predominately a function of depth,
our three-dimensional inversion is generally done for slowness perturbations
with respect to a laterally homogeneous reference velocity model. Hence, the
data used are residual travel times between observed times and predictions
from the one-dimensional reference model. The Jeffreys-Bullen (JB) earth
velocity model [Jeffreys and Bullen, 1948] is employed as the reference model
in this thesis, since our data base is the ISC residual travel times which are:
relative to the JB tables. The choice of the reference models actually has little
effect on the inversion because all the models among our choices do not vary
very much from one another, and the slowness field resolved is in respect to
the reference model. As a matter of fact, other models, such as the PREM
(Preliminary Reference Earth Model) [Dziewonski and Anderson, 1981] and
Herrin’s model [Herrin, 1968], are comparable to the JB model in terms of ray
paths; i.e., the ray paths are generally unchanged with respect to the basic
resolution blocks when switching the reference models, or laterally perturbing
the slowness up to about ten percent (about the possible maximum lateral
slowness perturbations). The stability of a data ray path is due to the fixed

locations of seismic source and receiver, and Fermat’s principle.

A vector At is used to represent residual travel time data for M rays
connecting earthquake sources and seismic stations. The velocity structure is

approximated by a model mosaic of N blocks of constant slowness (the



reciprocal of wave velocity) perturbation. Assuming that the velocity
perturbations are small and ignoring caustics, the forward travel time problem

can generally be linearized [e.g., Aki et al., 1977] into

Atyi1 = Ly nAsnxrs (1.1)

where Ly, n is 2 matrix which contains the path length of each ray traversed
through each block, and the vector As denotes the slowness perturbations of
all blocks. Note, the elements of L which are not traversed by a ray are set to
zero. At the n-th iteration the recursive SIRT back projection formula by

Comer and Clayton [unpublished manuscript, 1984] is

As®) = LBAt + (I - LBL)As(®Y), (1.2)

where LB = SLD, S = diag(——)nn and D = diag(—chypeme K is a
pt+L Ly

M
damping parameter, LiM = ) 1;; is the sum of all path lengths through the
=1

N
th block, and LkN = Y lj is the entire path length of the k-th ray.
i=1

In the beginning As(®) = 0. During each iteration the delays of all rays
that pass through a block are accumulated and averaged with respect to their
path lengths to update the slowness perturbation of that block. If a block is
intersected by less than a certain number of rays (e.g., we set five rays for PP
waves), it is removed by setting its slowness perturbation to zero. A
generalized scheme of SIRT inverse will have the same formula as equation

(1.2), often multiplied by a normalization factor in front of its right-hand-side,

but LB will be defined as the complex conjugate transpose of L.
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To adopt a method by Olson [1987] for accelerating the convergence of
inversion, a modification on the matrix S is necessary. From equation (1.2)

Comer and Clayton have shown

=1
As®) = LB ¥ (I - LLB)®At. (1.3)
m=0
Now since
n-1 n-1
Y I-A)"A = Y CH(-AfA=1-(I- AP
m=0 k=0
we have
= :
As®) = LB ng (I - LLB)™LAs = [1 == LBL)“] As. (1.4)
m=0

Hence, I - (I- LBL)® is the conventional resolution matrix, the mappin
pping

matrix between the inverted solution and the real solution.

It is now clear that the convergence of this type of iterative inversion
depends on whether or not all the eigenvalues of (I - LBL) matrix exceed unity
in absolute wvalues. Following Comer and Clayton, we denoted
D'/?2L8Y/? = ULVT, where Upxm and Vo are orthogonal matrices, and
L = diag(0,09, - + -+ y Omin(M,N))MxN- Since

) (I _ LBL) — SI/Q(I . (D1/2LS1/2)T(D1/2LS1/2))S—1/2
_ = S1/2v(1 - £TT)vTs-1/2,
we have

(I - LBL)® = sV2y(I - £T)rvTs-1/2 (1.5)

where (I-ZTE) = diag(1_02l’I_022""71_02min(M,N)’1"'"1)NXN' Hence, the
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convergence of this type of SIRT inversion requires that 11—021| <1, or

0% < 2 as a necessary and sufficient condition.

Comer and Clayton [unpublished manuscript, 1984] have proved

Omax < 1 for a positive u. To accelerate the convergence, we like to find the

lower bound of p under the condition that o, <2, ie.,
| |IDY2LSY%x | |2 < 2| |x| |? holds for all x, where | | | | denotes the
second norm. In fact,
2
| IDVLS x| 2= ¥ [Elki(eriM)-l/%q} /LY
k |1
< NSRS
= ki k
k 1 l 1 I-"+I~‘1
lkixi2
N Zk:zll M+LiM
LM
zlj at LM
<2||x||*= Ex :
Therefore, so long as
B> —LiM/2 (1‘6)

we will always have o, < 2.

Under the condition in equation (1.6), one likes to have most of the
eigenvalues o;, or their mean, as close to unity as possible. The smaller the

denominator of each element in the S matrix, the larger the value of the



corresponding o;. Thus, if one takes the lower bound LiM/.‘Z as shown in
equation (1.6) and denotes n; as the number of nonzero diagonal elements of L

matrix, then
1 1/21 q1/2
mean (0;,) = -n—trace (DY/LS/*)
i

min(M,N) ]ii/L"N

1
n;

1 “+LiM

1 mm%"N) I /LN
o, T LM/2
2 1 min M,N) N
£t /L
min(LM) n; &. ifLs

—2
min(LM) -

(1.7)

Equation (1.7) implys that most of o; are much less than 1, and to enlarge
these values one has to enlarge the elements of the diagonal matrix S.
Nevertheless, even if one uses the largest elements possible by having the lower
bound of equation (1.6), the mean of o;s is still less than 1 in cases that
min(LM) > 2. As a matter of fact, once we put a lower limit on the number of
rays passing through every block, it is almost always true that min(LiM) = 2.
Hence, one should try to use values of the damping constant as close to their
lower bound as allowable. From equation (1.6) we may modify the S matrix of

our inverse equation (1.2) in the form of

S = (1.8)

‘)
= diag [ ]
M



= 18 =

where a is a positive real number and #™) is the zero-th root of the Chebyshev
polynomial for n-th iteration as described by Olson [1987]. The product « gl
is a variable damping factor which is set to place more weight on blocks with
more ray coverage, and to damp over-shoot oscillations during iterations. The
larger the value of a the larger the damping will be. In the inversions
performed in this thesis « is fixed at 1.0. During one inversion # goes from

unity to zero monotonicly to accelerate the convergence of the inversion.

There is no quantitative way to decide the optimal number of iterations.
In fact, a trade-off between resolution and error is well known for inversion on
a linear system [Backus and Gilbert, 1967]. Both resolution and error will’
increase with increase of iteration numbers, although the rate of convergence
can be accelerated. More iterations will increase the effect of smaller and
smaller eigenvalues, and thus the amplitude of the solution will increase
unrealisticly in such kind of numerical calculations. For instance, solution from
15 iterations and 100 iterations will have very similar patterns while the latter
has higher magnitude. Therefore, we believe the large patterns of the image
more than their magnitude. Practically, we decide the number of iterations
based on the behavior of the solution. Following Tanimoto and Anderson
[1985] we can plot the relation between the number of iterations and the
solution value of every block. There is usually a boundary between solutions
of most blo_cks that converge and a remaining number of blocks that have not
yet converged. The second group of blocks have eigenvalues that are too small
to be inverted within practical number of iterations and computer limitations.

Since solutions of most blocks have converged farely well after several tens of
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iterations, we choose to have thirty iterations for PP wave data. The

corresponding variance reduction is near 32% during the inversion.

1.3 Ray Tracing

Ray tracing is an important step in the inversion procedure, since it
connects the travel times with velocity anomalies. In an ideal case, we would
like to use a three-dimensional ray tracer and calibrate both residuals and ray
paths during an inversion. One of the early three-dimensional ray tracing
techniques [Jacob, 1970] is designed particularly for the slab effect. There are:
two common types of three-dimensional ray tracing, shooting methods [Julian,
1970] and bending methods [Wesson, 1971]. There are also many hybrid
versions [e.g., Julian and Gubbins, 1977; Pereyra et al., 1980; Thurber and
Ellsworth 1980]. Currently, however, it is impractical for us to adopt the
three-dimensional ray tracing with the large data sets and the computing
facilities. However, since the earth's velocity structure is predominately
layered, ray tracers based on two-dimensional (assuming ray paths stay in the
vertical plane through source and receiver) and even one-dimensional velocity
models are applicable when the block size is sufficiently large. In this and the
next chapters, as a first-order attempt, a ray tracer based on a one-
dimensional velocity model is used and the ray paths are assumed to be fixed
through inversion. The fixed ray path assumption may not produce large
errors because it is a two-point problem rather than a shooting problem.

Given less than about ten percent of slowness perturbations, the fixed source
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and receiver locations do not allow much variation of the ray paths.

The ray tracer used in this thesis is based on a classic approximation due
to Mohorovicic (p.122, Bullen [1953]). Within the i -th layer, the velocity v is
approximated by

v =ar” (1.9)

where r is the distance to the center of the earth and a; and b, are two
constants of the layer. This approximation allows analytic solutions of the ray
integral equations for both travel time t and distance A. For calculating ray
path length 1, a fifth-order unweighted Gaussian integration scheme is utilized.
The requirement for the accuracy of ray path length | is not as high as that for.
t and A because in the end it is only used as a weighting function for the
solution. Because the block grid used for inversion is predefined, the ray

tracing based on (1.9) allows velocity discontinuities between layers.

There are many other types of numerical ray tracing techniques for
layered velocity structures. However, those using a piece-wise linear
approximation often require too many layers, and those using a spline function
approximation [Cerveny, 1980; Cerveny and Jansky, 1983] require several
orders of continuity across the layer interfaces, will exclude zeroth and first

order discontinuities in the velocity model.

In our ray tracing calculations, the ray parameter p (the horizontal
slowness) is kept as the fundamental variable. The ray tracer is capable of
producing all body phases with a very high precision. As an example, the

synthetic travel time chart in Figure 1.1 is produced by this ray tracer.
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During the inverse calculation a major portion of computer time is devoted to
the generation of the L matrix which contains the path lengths of all passing
rays in each block. In such a calculation, the intersection points of each ray
with block interfaces are located first, based on the assumption that a ray
stays on the vertical plane containing the source and the receiver.
Consequently, ray path length, travel time and distance are accurately

calculated.

When tracing many seismic rays in a one-dimensional (laterally
homogeneous) earth model, the reference ray technique such as that by Comer
(1984] may be adopted. We constructed a reference ray table using the fact
that all seismic stations are generally located at the surface of the earth.
From a surface source, a series of rays in a given one-dimensional velocity
structure can be found of source-receiver distances started from zero and
incremented by a small 6A. Each row of our reference ray table contains
parameters for one ray. The first column contains the ray parameters, and the
rest of the columns contain the depths of all rays at each distance, which is
also incremented by 6A. In using this reference ray table, we first locate the
column which has a distance nearest to the given source-receiver distance, and
then search through the column to obtain the ray with a depth nearest to the
given focal depth. A very close approximation of the given ray is thus yielded,
represented’by the ray parameter p of the row. If a better approximation is
desired, one can either trace further from the approximated ray or make a

finer reference ray table.
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1.4 Data Reduction

Data sets for ray theory tomographic inverse, such as the commonly used
ISC data, are usually very large. As one example, Figure 1.2 displays all ISC
travel time picks in the year 1982, with total of 480,507 picks. The ISC
(International Seismological Centre) routinely processes and catalogs
worldwide earthquakes that are also monitored by more than two dozen
regional scientific agencies, such as JMA (Japan Meteorological Agency). The
ISC data contains epicentral estimates and arrival times of various phases
(most are body waves) at over 3,000 stations. It is undoubtedly the single’
largest seismological data set currently available. Of course, there is noise
existed in the ISC data, although there has not been any quantitative estimate
about it (A very recent estimate by Gudmundsson et al. [1989] of the random

noise level in the teleseismic ISC P wave data is about 1/3).

The key issue to using the ISC data is to properly assess the signal to
noise ratio in the data, hence to extract the reliable information. We like to
determine whether secondary phases, such as the PP waves, can provide clues
to the velocity structure of the mantle. Our emphases in data reduction are
on estimations of noise level and resolution power. We will take the data set
of ISC PP;waves as an example to demonstrate the data reduction. The
statistical properties (mean and standard deviation) at each stage of the
reduction are presented in Table 1.1. In the next section the data reduction

steps are described in detail.
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Figure 1.2 ISC travel time chart of 1982. See Figure 1.1 to
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depths, i.e., the widening of a single phase such as P, S and PkP
waves.



Table 1.1 Correction statistics of ISC PP-wave data.

corrections event pick mean [sec] s.d. [sec]

original ISC PP wave data 15550 101817 -0.7126 6.377
62° <A<142°, |dt|<16 sec & np>50 8322 69886 -0.3835 5.666
earth ellipticity 8322 69886 -0.3267 5.623
bounce point elevations & |dt| <12 sec 8136 66241 -0.0680 4.736
grouping and sorting 1631 35020 -0.2227 4.420
ev. (2.5° X2.5° x50 km), st. (1.25° X1.25°)

5 source-receiver static & |dt|<10 sec 1613 33744 -0.0002 3.546
6 bounce point statics 1613 33744 -0.0127 3.231
1 more source-receiver statics & |dt|< 10 sec 1613 33741 -0.0118 3.226
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1.4.1 Data selection

The size of the data set prevents us from making a direct check on every
individual pick. However, some types of erratic picks can be removed
systematically. For instance, we may choose a particular distance range to
avoid triplications or possible contamination from other phases. A check on a
travel time chart, such as that in Figure 1.1, is often helpful. As shown in
Figure 1.3, the PP wave picks are selected within a window which ranges from
62° to 142° in distance and 16 sec from the theoretical times. The near
distance boundary is set to avoid ambiguities of triplications that are caused
by major discontinuities in the mantle, such as the cluster of picks around 40 °:
distance. The far boundary is established to eliminate contaminations by PKS
waves. This distance restriction results in a maximum bottoming depth

around 2,000 km.

The boundaries for residual times are used to window out some obvious
picking errors. A very large residual travel time is very likely to be erratic
(mispicking phases, wrong tic-marks, wrong source association, etc.). As
shown in Table 1.1, during the data correction stage the residual boundaries
are gradually reduced from +16 sec to +10sec. If a ray travels 1000 km
through a 10% velocity anomaly in a medium with a 10 km/sec background
velocity, the residual travel time is about 10 sec. This case is assumed to be
the one W-ith the maximum residual that could be caused by mantle
heterogeneities, including cool slabs, continental roots, and hot plumes. On the

other hand, the initial residual boundary is larger than 10 sec in order to take

account of the correctable systematic trends in the raw data.
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Figure 1.3 PP residual distribution over distance. The selected part of the PP waves fills in the
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PKS waves (see Figure 1.2).
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Finally, a lower bound for the quality of the event, in terms of source
location and receiver density, is needed. It is commonly a choice between the
minimum magnitude of events or the minimum total number of picks for each
event. Small magnitude earthquakes or poorly picked ones tend to have more
severe errors in source location and origin times. They are also more likely to
contain wrong residual travel times. We have found that the total number of
picks is a more reliable criterion than the magnitude. A large number of picks
usually implies not only a relatively high magnitude, but also a good coverage
of receivers. Total number of picks, therefore, has more direct influence on
the quality of the residuals. For PP waves, every event used has more than 50

picks. Nearly 70,000 picks remain after the above selections.

1.4.2 Standard corrections and statics interpretation of PP waves

Any correction to the data has to be absolutely necessary because we
would like to keep the modification of the data to a minimum. Most
corrections are designed to treat a particular problem and therefore are not
standard. For instance, in Chapter 3 we will make corrections for velocity
variations outside the modeled region since most picks used in those cases are
teleseismic and the distribution of ray paths is extremely uneven. A source
relocation correction will also be discussed then. Furthermore, a correction for

the elevation of the bounce points of secondary phases, such as PP waves, will

be covered in the next section.

One of the few standard corrections is for the earth’s ellipticity.

Although the ellipticity term is small, usually less than 0.5 sec in travel time,



=97 &

it is systematic and hence can be mapped into the solutions. In this thesis, an
Earth ellipticity correction term obtained from an approximation method due

to Dziewonski and Gilbert [1976] is removed from the data.

A data set for a tomographic inversion is almost always very biased in ray
coverage. A summary ray technique which combines rays of the same source
and receiver areas will improve the bias to some extent, hence is mentioned
here as one of the standard corrections. We usually use a summary block
which is of smaller size than the inversion block. Rays possessing the same
source and receiver summary blocks belong to the same summary ray bundle.
A median, rather than an average, of residual travel times of each bundle of*
rays is taken as the residual, since a median is less effected by error residuals
that are sparse but of large amplitudes. In addition, we sometimes take
smaller receiver summary blocks than source summary blocks because the
receivers are more accurately located. The shortcomings of the summary ray
technique include its subjectivity in the size of the summary block and in the
assignment of the new source and receiver locations. When the block size is

large, the source and receiver locations of summary ray get quite arbitrary.

Recently, Gudmundsson et al. [1989] proposed that by binning rays into
groups of same source and station blocks, the average variance of ray groups
at the smallest bin block size represents the variance of random noise, while
the average variance at the largest bin block size approximates total data
variance. This brings us to two interesting and important extensions of the

summary ray technique for evaluating the noise level and improving data

quality without using summary rays. The method of noise evaluation will be
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discussed in Section 1.6. The method of quality improvement is carried out by
eliminating residuals that deviate much from the medium of residuals of the
same source and station areas. This "grouping and sorting” process is usually
quite efficient. Of course, the size of the source and station areas and the
threshold of deviation depend on the data and can be decided through
experiments. Smaller area size and narrow deviation threshold result in better
data quality, but poorer ray coverage, a typical trade-off between error and
resolution. The size is usually a fraction of the inverse block size. The
grouping and sorting process greatly reduces the high-frequency noise (see
Figure 1.11), although it also cuts off a considerable portion of the data. The:
process reduces the number of PP wave picks by a half (Table 1.1), and the

ray coverage by about 20%.

Another standard correction is for heterogeneities near source and
stations, namely, statics. A statics term represents the average residual travel
time at a joint point of seismic rays, thus containing the variations of lateral
slowness in the shallow regions. The statics need to be removed from the
data, especially for lower mantle inversions. The major reason for the removal
is that most teleseismic rays have small take-off angles (see Figure 1.7). This
tends to spread the upper mantle anomalies down in depth. Because the
source and station statics are related by the seismic rays, our source-receiver
statics calclilation is done iteratively, i.e., a removal of average residuals for all
sources, followed by a removal of average residuals for all stations, and then

another cycle of removals for sources and stations, etc. The bounce point

statics for PP waves in this study are averaged over a small area, as discussed
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in the next subsection. Some useful tectonic information can be drawn from
the statics components, especially that of stations, which have accurate
locations. Statics maps of events or bounce points, on the other hand, are less

reliable due to uncertainty of their locations.

The statics maps of stations, events and bounce points for PP waves are
shown in Figure 1.4. The slow and fast regions on these maps are usually
distinct, showing the effect of different tectonic provinces. The highly covered
regions in these maps show similar patterns. There are also differences. For
instance, patterns around China and Hawaii are different in the statics maps of
stations (Figure 1.4a) and of events (Figure 1.4b). The stations, all on the.
surface, are of known locations; hence, the station statics are of less noise. On
the other hand, the events bear more noise due to mislocation. Therefore, the
differences in the statics are probably due to patterns at different depths and
noise, which includes source mislocations. We attempt to interpret features in
these maps in comparison and contrast with results from some of the earlier
studies. The P wave station statics map by Hager and Clayton [1989] is
produced by the same method as the one used here. The composite residual
travel time maps by Dziewonski [1984], and the anomalous regions from
Tanimoto and Anderson [1985] from surface wave data are compared as
different types of studies. The maps of PP statics are generally consistent
with the earlier studies in most of the regions that have been mentioned by
these earlier workers. In particular, the maps correlate well with the station
statics of P waves in the slow and fast regions, except that the magnitude of

PP statics are larger than those of P result in many parts of the world. The
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Figure 1.4 Statics maps. a. PP wave station statics; b. PP wave source statics; and ¢. PP wave bounce
point statics. Plotting conventions are identical to Figure 0.2. White and black boxes are fast (negative)
and slow (positive) statics, respectively. The size of the boxes is proportional to the magnitude of the stat-

ics term, and reaches to the maximum when the absolute value of a statics residual is greater than 2.0 sec.
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large amplitude of PP wave results is probably due to the fact that PP waves
are exposed to more shallow structures than P waves are. Finally, the shallow
mantle is more heterogeneous [Gudmundsson et al, 1989], with short

wavelength but high amplitude anomalies.

The fast areas in the statics maps include most of the subduction zones
and many tectonically stable regions. Even though there are probably errors in
event location, the event statics map (Figure 1.4b) displays prominent fast
signatures around most subduction zones, such as that underneath the Kurile,
Japan, Mariana, Tonga, Peru and Chilean trenches. Shield regions such as
Siberia and Canada are generally fast in station and bounce point statics maps
(Figure 1.4a and c¢). Northern Europe and southwest Africa are fast in PP
station statics, as well as in P station statics [Hager and Clayton, 1989] and in
the composite residual travel time maps by Dziewonski [1984]. Old oceans
such as the northwestern Pacific are generally fast in PP bounce point statics,

which agrees with Tanimoto and Anderson [1985].

The slow patterns in the statics maps are usually the tectonically active
regions. Both station statics maps of PP waves and P waves display slow
residuals in southwest Europe and Hawaii. Southwestern North America,
Tibet and South Asia are slow in PP statics maps and in studies by
Dziewonski; [1984], Tanimoto and Anderson [1985], and Hager and Clayton
[1989]. The triple junction in the India ocean is slow in the PP event statics

and by the surface wave study of Tanimoto and Anderson [1985].

There are also some differences between the PP statics and the earlier

studies. The Andes on the west of South America is dominantly fast by PP
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event statics, but it is not as fast in P station statics, although the same
region is generally fast in the residual maps by Dziewonski [1984]. East Asia is
mostly slow in P station statics map while it is mixed with fast and slow in

the PP statics results.

The patterns along the mid-ocean ridge (MOR) are mixed in the PP event
statics map. Many of the variations are perhaps due to noise. However,
velocity perturbations underneath MOR could vary a lot from region to region.
The upwellings beneath the MOR are hot and therefore may be of slow
velocity. The slow MOR of the Atlantic ocean and fast MOR of the India
ocean perhaps suggest that the former is younger and more active than the:

latter.

1.4.3 Bounce point corrections

One distinguishing feature of secondary phases, such as the PP waves, is
the m/2 phase shift associated with each bounce. The bounce points benefit,
by extending the coverage over the upper mantle, but they require an extra
correction. The residual travel times of PP waves and other secondary phases
that were reported by ISC have not been corrected for the effects of elevation
and the velocity structures surrounding the bounce points. In this study of PP
waves, a linear regression correction for the elevation effect of bounce points is
applied. 'fhis correction and the bounce point statics calculation largely
remove the influence of the local shallow velocity structure. The elevations of
bounce points are based on a world bathymetric and elevation data (1° X 1°

sample size) from the National Geophysical Data Center of NOAA.
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The elevation of a PP wave bounce point can affect the travel time by as
much as several seconds. In order to examine this effect, the residual travel
times are plotted against elevations of bounce points for the PP wave data in
Figure 1.5. There is a clear correlation between the residuals and the
elevations. This correlation is also an evidence that the PP wave data is not
totally noise, implying that there is systematic information which is

worthwhile to be explored.

Due to the differences between the crustal velocity structure of deep
ocean, shallow sea, planes and mountainous regions, and referring to the
variation of mean residuals relative to the elevation of the bounce points as
shown in the lower half of the figure, the data was divided into six portions
according to the elevations of the bounce points. Their depth ranges are as
follows: (1) deep ocean, elevation below -3.2 km; (2) mid-ocean and continental
slope, -3.2 to -1.2 km; (3) shallow sea, -1.2 km to sea level; (4) flat land areas,
sea level to 1.5 km; (5) mountains, 1.5 to 3.2 km; and (6) high mountainous
regions, above 3.2 km. A linear regression equation is then derived from the
data corresponding to each depth range. The slope of each regression line and
average of residuals within each range decrease monotonically from deep ocean
to high mountains, reflecting the thickening of the crust across this elevation

spectrum.

Notice that in the first range of bounce point elevation in Figure 1.5, the
distribution center of the data points deviates more from the zero residual line
than the linear regression line does. This is because we originally placed equal

residual bounds on both positive and negative sides in selecting data.
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Therefore, all corrections should be applied gradually (a little at a time) to the
data to minimize this initial bias. For example, the correction for effect of the
bounce point elevation is done iteratively with regard to the regression line
within each range. The upper and lower bounds on the residuals are reduced

gradually from +16 sec to +£12 sec during the iterations.

The existence of bounce points also affect the staties calculation. We
have to consider these effects because the statics are the variation of slowness
in the shallow region of the earth and the rays near the bounce points traverse
through the shallow structure. Since the locations of most of the bounce
points are spatially scattered, it is not feasible to apply the conventional:
statics calculation by averaging rays at a common location. We have to
average the statics over each 1° X1° area when there are more than 5 bounce
points within it; this is called bounce point statics calculation. Because this
calculation also affects the residuals of the sources and receivers, we also take

source and receiver points as bounce points in the calculation.

The iterations of statics calculations are terminated when the statics
contribution from each iteration is about the same level as that of the previous
one. After a few trial-and-error experiments, we decided to run three iterations
of regular source and receiver statics calculation, then three iterations of the
bounce poiﬁt statics, followed by two more source and receiver statics

calculations.
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1.5 Resolution Estimation

The resolution of the inversion depends on the coverage of the data rays,
i.e., the number of passing rays and the distribution of their directions in each
block. Most tomographic inverse problems are "mixed-determined” [Menke,
1984]. The number of independent parameters, or "over-determined” blocks,
is fixed once the ray geometry is given. Hence, the size of inversion block is an
important consideration. We usually choose the block size by inspecting the
residual variance over a range of block sizes (e.g., Figure 1.11). Of course, the
block size has to be much larger than the wavelength of the data waves, to°
allow the use of ray theory. In addition, we keep the block size large enough
so that most of the rays will pass through less than three to four dozen blocks,
to reduce the error in ray path computation. In the inversion we discard
blocks of less than certain number of passing rays, because those blocks are

more likely to be "under-determined.”

The inversion of PP wave data was done on a grid (Figure 1.6) which is
identical to that used previously in a P wave study [Clayton and Comer, 1983;
Hager and Clayton 1989]. The blocks are of almost equal volume, with each
block about 5° X5° horizontally on the earth’s surface and 100 km in
thickness. The azimuthal and vertical distributions of PP wave rays are
shown in Fi—gures 1.6 and 1.7. The coverage is quite good in most parts of the
northern hemisphere and along most subduction zones. Some oceanic regions,

such as the Atlantic ocean, seas around South Asia and a north-trending zone

in the middle of Pacific ocean, are well covered. Along the vertical direction,
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Figure 1.6 Azimuthal distribution of PP rays on the surface. This panel shows a map view of the
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-68_



Layer

= 40~

5] L XF L QF L 4F L SF L 7F » 20
1 BRSO
2 PENAN
5 e
4 I
y - .
6 _’—_—~—d_—f/ﬂ\\ﬁﬂ‘
: PR ..
8 _,ﬂ-—-—__x"'“/ﬂ~\“\\___
= _/___,_____’___—4”\\5_\_
- TR e TN
” Wi v
" W e
- L,
14 //,\‘“’-§~"’“—"‘~\
< ST
5 e
& LT
e i
- PO,
20 A L -1L L2 S R I [ B R N L S . IIT\I S ) L e
30 45 60 75 80

Incidence Angle [degree]

Figure 1.7 Distribution of ray incidence angles at each

depth layer. The distribution curve at each layer is normalized
The incidence

00 to

by the layer’s maximum, indicated on the right.

angl
1200 km.

e varies most widely from layers 8 to 12, at depths from 7

10876
10142
8510
87395
7882
6865
5410
4450
3568
2234
1433
1163
1013
1042
870
813
668
600

Maz Accu.mulq_.tion No. of Rays



-4] -

the coverage within each layer is over 65% from surface down to 1300 km, and

decreases to below 50% at 1700 km and to null near 2000 km.

From equation (1.4), the conventional resolution matrix at the n-th

iteration is

RO =1~ (I-1LPLpP, (1.10a)
or

I-RM™ = (1-LBL). (1.10b)

This estimate for the resolution is for the linear system only, and ignores the
non-linear (ray path perturbation) part of the problem. Tests by Christof
Stork (1988) have shown that the linear resolution is reasonable for velocity

variation under 10%.

The iterative nature of the method prevents a direct calculation of the
resolution matrix. Evaluation of the resolution matrix for the entire
parameter space by equation (1.10) is also impractical because of its size.
Another approach is to compute, based on a given synthetic model of slowness
field, the residual travel times for all data ray paths. These residuals are
subsequently inverted to give a new slowness field. The comparison between
the given and the inverted slowness fields provides a direct check on the

resolution.

In practice, the resolution of the inversion has two aspects. The first is
how well can the inversion recover the true amplitude of the anomaly for each
block. The second is how much each block is coupled with its neighbors, that

is, to what extent are the anomalies spread over adjacent blocks. The coupling



aspect, which has often not received much attention, is generally more critical
than the first aspect because it could causes artifacts. The only practical way
to estimate the resolution for the tomographic system is the "impulse” test,

which will be addressed in detail in Section 2.3.

Since the intent of this chapter is to take a very crude reconnaissance
survey over major subduction zones in the world with ISC PP wave data, we
have only tried a few simple tests to gain an understanding of the resolution.
In each test, residual travel times for data rays are calculated based on a
synthetic slowness model. The result of the subsequent inversion is compared
with the given model. More extensive resolution and noise analysis for the-
inverted results are given in Chapter 2 and Chapter 3 where detailed seismic

structures of subduction zones are studied.

The synthetic model of the first resolution test has a slowness
perturbation of 1.0 for all small boxes in the slices of Figure 1.8, and zero
elsewhere. This test is actually based on the idea of "impulse tests,” although
it is not performed on each individual block. As displayed in the figure, the
results after 30 iterations indicate that the model slowness field is imaged quite
well, both in terms of locations and magnitudes when there is sufficient ray
coverage. When the locations of the test zones are changed, the results are

similar to the example given here.

The model for the second resolution test is an homogeneous slowness field.
As shown in Figure 1.9, most blocks result in slowness values very close to the
given one, after ten iterations. It turns out that as long as the model value is

nonzero, the convergence of the inversion is not sensitive to the magnitude of
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perturbations in the small boxes. As shown, the subsequent inversion recovers the synthetic model well.
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Figure 1.9 Histogram of the second resolution test. This plot
is for a synthetic resolution test similar to that shown in Figure 1.8,
except that the slowness model is homogeneous with a value of
—2.0X 1073 sec/km for all blocks. This histogram displays the cumu-
lative number of blocks over the resulting slowness value after 11
iterations. Notice that the block number is sharply peaked at the
given homogeneous slowness value, as indicated by the vertical bar.
Those blocks that have values far from the given are poorly- or un-
resolved blocks, usually located near the edge of the covered region.
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the given model. Moreover, the poorly resolved blocks are usually located near
the edges of the covered regions. Compared with the interior blocks, the edge
blocks are poorer in azimuthal ray coverage and the inverse iterations are

much less effective on them.

1.8 Error Estimation

The first question in addressing the error is whether the PP data is really
informative. We think the answer is positive. The best proof of this is perhaps
the correlation between the residual times and the elevation of the bounce
points (Figure 1.5). Since the locations and elevations of bounce points are
random, there would not be such a clear correlation if the data were just
random. We have tried to reduce noise in the residuals by means of sortings,
elevation corrections and statics removals. The data reduction procedures and
the nature of SIRT inversion in terms of averaging cross-rays generally help to

extract the systematic information from the data.

The error of the inversion depends on both the noise level in the raw data
and the propagation of noise through the inversion. The noise includes errors
in residual travel times and in the set-up of the inversion (such as error in
assuming t,l-lat the ray paths are fixed through the iterations). The propagation
of noise is related to the ray distribution. In this section we examine the effect

of the inversion process on the noise level.
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The arrival times for each phase are dependent on the waveform. A
survey over hundreds of randomly selected waveform records, in comparison
with the ISC readings, suggests that the pickings for phases such as P, S and
PP are reasonable in most cases. The m/2 phase shift of a PP wave relative to
a P wave apparently does not effect the PP picks in a systematic manner. To
pursue this further, we have compared the observation with synthetically
generated waveforms from the onset time to several minutes after the PP
wave train. An example of this comparison is shown in Figure 1.10, where
waveforms from some shallow events which were studied by Nakanishi and
Kanamori [1984] are examined. The focal mechanisms and other source
parameters used are those given by Nakanishi and Kanamori. Notice that
shallow events are the most difficult ones for picking the correct PP arrival
times; hence, the estimate in this case represents a conservative one. The
differential times between each pair of synthetic and ISC reported PP arrivals
are listed in Table 1.2. This type of check suggests that ISC data set has
generally picked the corrected “wiggles” of PP waves. However, it is
apparently very difficult to assign the PP wave arrival time to the precision of
a fraction of a second from these long-period body wave records. The error in
PP wave pickings could be as high as several seconds; this will place serious

restrictions on the attempted inversion.

Our next attempt is to detect any bias in the ISC PP wave arrivals. The
distribution of the ISC PP wave residuals is between normal and double-
exponential, although the kurtosis value obtained indicates the data is more

normal-distribution-like. The picking error for PP arrival time is expected to
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Figure 1.10 A comparison of observed and synthetic PP
waveforms. The focal mechanisms on the left are taken from
Nakanishi and Kanamori [1984]. The observed waveforms cover
from onset P arrivals to after PP arrivals, while the synthetics
below are for PP arrivals only, except the third trace for the Kurile
event. Solid vertical bars indicate the synthetic PP arrival times,
and the dashed bars indicate the PP arrival times picked by ISC.



- 48 -

| WVWWWWW = B

NUR 90.5°

NDI €69.9°

NUR 65.3°

PTO 814°

HKC 83.8°

POO 54.4°

- KOD 62.3°



- Y =

Table 1.2 Comparison of observed and synthetic PP arrivals of five shallow
events in 1980.

Date Region Depth M, Faulting Station Distance  dtpp!
km degree sec

Jan. 2 Mindanao 63 6.0 Reverse SBA 86.6 -1.6
NUR 90.5 23

Sep. 26 Papua 33 5.9 Strike-slip KOD 65.9 -4.7
NDI 69.9 -4.0

Dec. 31 Kurile Is. 33 6.1 Reverse NUR 65.3 -3.0
POO 68.4 -2.3-

PTO 91.4 04

Oct. 10 Algeria 10 6.5 Reverse POO 65.4 1.3
HKC 93.9 1.2

Nov. 23 Italy 10 6.0 Normal POO 54.4 2.7
KOD 62.3 -3.7

t: This is the differential time of the synthetic minus the observed PP arrivals.



be larger than that of P waves due to interference from coda of early arrivals
before PP waves. We have conducted a noise level study on 19,023 pairs of P
and PP arrival times. For these samples the standard deviation, which is
caused by both the noise and the slowness heterogeneities, is 2.84 sec for P
waves and 4.25 sec for PP waves. The higher deviation of PP waves may be
caused by a higher noise level of PP waves as well as the fact that PP waves
experience more shallow heterogeneities than the corresponding P waves. It is
found that there is no difference between the observed average of time delays
from P to PP waves and the theoretical average of déiays, thus indicating an

unbiased body of PP wave samples.

The above studies did not detect systematic error in the PP wave
pickings, such as the suggested mispickings that could be caused by precursors
and phase shift. However, many of the errors in waveform picking and data
editing are larger than 10 seconds and hence will be windowed out during the
data corrections. In particular, the summary ray sorting functions as a double

check on each ray used, and thus significantly improves the data quality.

In Section 1.4.2 we mentioned when binning rays into groups of same
source and station blocks, the average group variance for a very small bin
block size approximates the variance of the random noise, while the average
variance at the largest bin block size represents the total data variance
[Gudmunds;son et al., 1989]. The relationships of average group variances and
bin block sizes of PP data at different processing stages are displayed in Figure
1.11. The efficiency of each correction is judged by its reduction of the

average variances at small block sizes. For instance, the grouping and sorting
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the average group variance of residuals with same source and
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reduces the noise level, and the inversion has absorbed a large por-
tion of the long-wavelength variations of travel time residuals.
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process considerably improves the data quality, since it largely reduces the
high frequency noise with little effect on the long-wavelength variations, which
are assumed to relate to mantle heterogeneities. On the other hand, the statics
terms and the inverted image contain much of the long-wavelength variations

which are usually the informative part of the data.

If the inversion were perfect, the lowest curve in Figure 1.11 would be a
flat line along the top of the shadowed area, which represents the variance
level before the inversion at bin block size equal to the inversion block size.
Predicatably, the actual curve after inversion shows aliasing of some high
frequency noise into the image, although the curve is quite flat. The change of
the average group variance at a given block size during the inversion, denoted
by AV, represents the portion of residual travel times being transformed into
the image at the corresponding wavelength. As a result, the random noise level
in the image can be estimated as

AV at the Inverse Block Size
AV at the Largest Block Size

1/
(Random Noise Level ) imsgs = (1.11)

The estimations of random noise levels are nearly 429 for the PP wave
image. One can further compute the model covariance matrix by a numerical
method which is used by Davies and Clayton [1987], to evaluate the noise
propagation. A large number of inversions are performed using data ray
paths. The residual travel times used, however, are randomly generated from
a distribution similar to that of the data but with the variance of random
noise which is estimated above. Subsequently, the variance of slowness

perturbations at each block due to noise in the data is obtained through many



- B3 =

inversions.

The resolution and error estimations discussed above suggest that the
reliability of the PP wave images is marginal. We have more confidence on
long-wavelength patterns than the high frequency features. There are several
ad hoc ways to recognize reliable anomalies. For instance, if the data are
sufficient, one may divide the data into portions, such as two halves, to run
separate inversions. The similar features resolved from separated data sets are

more likely to be realistic.

1.7 Images of PP Wave Structures

The application of the tomographic inverse to image the ISC PP wave
residual times is intended as a reconnaissance survey of major seismic slab
structures. We should keep in mind that the PP image contains a high level
of noise (nearly one half as inferred in last section). The short-wavelength
patterns and the magnitude of the image are not very reliable. Nevertheless,
we would like to look over the image while regarding it as unrealistic in many
aspects. Among the interesting features that we will attempt to see are, first,
are there fast velocity anomalies associated with major subduction zones?
Second, since the inverse solutions are not limited to subduction zones, what
kind of velocity structures are associated with other tectonic elements, such as
regions beneath continents and mid-ocean ridges? Third, to infer the size and

magnitude scales of the compressional velocity anomalies in the upper mantle
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and top half of the lower mantle. Finally, we also have interest in the
coverage of PP wave image in comparison with the P wave’s, since much
higher quality PP wave travel time or waveform data may be used in the

future to study regions not covered by direct P waves.

First we will examine the general features of the images of PP waves.
Figure 1.12 shows two typical horizontal slices of the image, at depth ranges
300-400 km and 800-900 km, respectively. The slowness anomalies are
contoured, with an interval of one half percent. Note that the image has fairly
good coverage in the Pacific ocean at these depth ranges. A similar image of
ISC P waves [Clayton and Comer, 1983] has much less coverage in the Pacific
and the southern hemisphere at depth 300-400 km, and in the central Pacific
at depth 800-900 km. At the 300-400 km depth range of the image, the
subduction regions, such as under the Aleutian, Kurile, Japan, Izu-Bonin,
Ryukyu, Java, Peru and Chilean trenches, are generally fast and of short
wavelengths. Regions underneath the continental shields, such as the Eurasia,
India and North America shields, are of long wavelength, and fast or neutral
at 300-400 km depth and mixed at 800-900 km depth. These are the longest
wave-length anomalies in the horizontal slices. Regions below oceans, on the

other hand, are generally slow or mixed and of short wavelength.

The PP wave image is similar to the P result in some large scale patterns.
For instance, the layered averages of PP wave image are slightly slow from
surface down to 900 km and slightly fast from 900 km to 1900 km. P wave
image shows very similar trends, which probably indicate that the

compressional velocity of the JB model is slightly too fast in the the upper
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Figure 1.12 Examples of horizontal slices of the unsmoothed image of PP
. Map plotting conventions

PP wave perturbations at depth ranges 300-400 km and 800-900 km are shown
and blank areas are uncovered.

are identical to Figure 0.2. The contour interval is 0.5%



(penurnjuod) g1°1 2Indry

1se

G¢c-

0o

&)
mr_|
>
=

1
Q
S

0g =

gae saaem-Jd

[%] 00

wy 006 01 008 Yidaq



=

mantle and top of the lower mantle, and too slow in the upper half of the
lower mantle. On the other hand, the anomalies in the images are not
completely relative to the JB model, because many of the data corrections
could have changed the average character of the residuals. Both P and PP
images show that most continental shields are underlaid by long-wavelength
and low magnitude variations. Subduction zones are generally associated with
fast anomalies. Mid-ocean ridges are underlaid with many slow features in the
upper mantle. Many large features extend deep into the lower mantle. Some
correlation exists between the PP wave image and the shear wave study by
Grand [1987] in North America. The upper mantle under western North

America is generally slow while eastern North America is generally fast.

By a least-squares method, we have fitted the image at all depth ranges
with spherical harmonics. Figure 1.13 shows fitting results from degree 1 to 15
at depth ranges 300-400 km and 800-900 km. The fitting is satisfactory in
general, since the power spectra, as given in Figure 1.14, are reduced towards
the highest frequency. In fact, the expansions shown in Figure 1.13 are quite
similar to the corresponding slices in Figure 1.12. At the 300-400 depth range
most subduction regions are relatively fast in the expansions. At the 800-900
depth range the heterogeneities are of longer wavelengths. The average of the
image is slow at 800-900 depth, indicating that the JB reference model is

probably too fast in the top of the lower mantle.

According to Figure 1.14, except the top two layers, there is not much
power for all layers at degrees larger than 12, or smaller than about 30°in

lateral dimension. The maximum power ranges from degree 2 to degree 8, and
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Figure 1.13 Spherical harmonic expansion of the images in Figure 1.12. The expansion is from
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right. The power at each layer, except the top four, is dominated by
degrees less than 12.
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it seems to shift to lower degrees at deeper layers in our solution which covers
about 2/3 of each layer of the upper mantle and top half of the lower mantle.
Similar studies on P waves have shown that the power spectra from degrees 1
to 12 are essentially white for all lower mantle depths [Hager and Clayton,
1989], and the integrated lower mantle power peaks at degree 2 [Richards,
1986]. If the above observations are true in general, they suggest that the
wavelength of mantle heterogeneities is increasing with depth in the upper
mantle and most part of the lower mantle. This is in agreement with the

study by Gudmundsson et al. [1989].

To carry out the reconnaissance survey, we have sliced the PP image
according to subduction zone orientations from previous studies, mainly
following Uyeda and Kanamori [1979]. The survey results are listed in Table
1.3. Several example slices are illustrated in Figure 1.15. Regions around the
subduction zones are usually associated with fast anomalies, although they are

of low amplitude (often a fraction of a percent).

It is clearly very subjective in assigning the range of the notable fast
anomalies associated with subduction zones, as in Table 1.3. There are
certainly many elongated fast anomalies in the image which do not associate
with subduction zones at all. The values given in the table are selected
through examining the image in terms of earthquake foci, resolution, and the
stability of At,he image anomalies. The observations are of the quite lower order
due to low resolution (large block size and low ray coverage) and high noise.
This is the motivation for more detailed surveys over several dozen vertical

slices in the hope of gaining a general feeling about the seismic structures



Table 1.3 Parameters of Benioff-Wadati Zones (modified from Uyeda
and Kanamori [1979])

Position of Plate  Strike of Maximum
Arc Boundary Section Depth! Dip References
= . i k
Scotia 58°S,24°W EW 200 (200) 70  Frankel and McCann [1979)
South Chile 40°S,72°W N100°E 160 (200) 30  Isacks and Barazangi [1977]
Central Chile 30°S,70°W N100*E 200 (?) 11 Isacks and Barazangi [1977]
North Chile 20°S, 70°W N70°E 300 (?) 30  Isacks and Barazangi [1977]
Peru 10°S, 78°W N60°E 220 (300) 8  Isacks and Barazangi [1977]
Middle America 12°N, 87°W N45°E 280 (400) 65  Dewey and Algermissen [1974]
Lesser Antilles 15°N, 60" W EW 250 (300) 65 McCann and Sykes [1984]
Juan de Fuca 46°N, 127°W  EW 600 (700) 65 Rasmussen et al. [1987]
Alaska 595°N, 150°W N73°W 150 (200) 55  Lahr [1975]
Aleutians 51°N, 177°W  NI10*W 300 (600) 65  Engdahl and Gubbins [1987]
Kuriles 45°N,153°E  N40"W 650 (900) 50  Engdahl et al. [1977)
NE Japan 40°N, 144°E EW 600 (?) 40  Ishida [1970]
Ryukyu 24°N, 126 'E N30°W 300 (400) 45  Katsumata and Sykes [1969]
Philippine 5°N, 128°E EW 600 (?) 55  Hamilton [1974]
Izu-Bonin 30°N, 143°E N100*W 560 (700) 45  Shiono et al. [1980]
Marianas 18°N, 148°'E EW 700 (800) 90  Katsumata and Sykes [1969]
Tonga 21°S,173°W N70°W 650 (?) 53  Giardini and Woodhouse [1984)
Kermadec 33°S§,178'W N70*W 600 (?) 65  Giardini and Woodhouse [1984]
New Zealand 405°S,177°"E  N48'W 350 (600) 67  Ansell and Smith [1975]
New Hebrides 17°S, 167°'E N70°E 300, 530 (300) 70  Isacks and Barazangi (1977,
Dubois [1971]
New Britain 6°S, 147°E N40°W 200, 600 (200) 65  Isacks and Molnar [1971]
Solomons 6°S, 154°E N40°E 550, 150 (500) 70  Isacks and Molnar [1971]
Andaman 12°N,92°E EW 100 (400) 50  Eguchi et al. [1979]
Sumatra 5°S,100°E N60"E 200 (300) 30  Fitch [1970]
Java 10°S, 113°E NS 300, 600 (300) 55  Fitch [1970]
Banda Sea 7°S,130°E N30°W 400 (500) 55  Fitch [1970]

t Maximum depth: The value in front of parentheses is of the Benioff-Wadati
zone from the references. The value in parentheses is an estimate of the fast

PP wave slowness anomalies associated with the subduction zone.

All

estimates are multiples of 100 km, the thickness of the resolution blocks used.
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Figure 1.15 Vertical slices of the unsmoothed image of PP
waves across subduction zones. Several examples of great circle
slices passing normally through subduction zones at the center are
shown. The numbers at the top give the central location of the
slice, the azimuth of the great circle, and the dip and possible depth
of the subduction zone. The map in the top panel of each plot is a
projection of the world along the great circle slice, which is indi-
cated by the heavy straight line. The dashed circles denote hot
spots, dashed lines mark plate boundaries, and open barbed lines
indicate subduction zones. The middle panel shows a slice with no
vertical exaggeration. The bottom slice has a vertical exaggeration
around 6. The open circles in each slice indicate fast regions, while
dark circles indicate slow regions. The mean of anomalies at each
layer has been removed. The location of the subduction zone below
100 km, as inferred from previous studies (Table 1.3), is marked
with a short heavy line. The line is sometimes extended with dots

to indicate fast regions just below the subduction zone.
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around subduction zones. Mostly as coincidences, the maximum depths of the
notable fast slabs in Table 1.3 are comparable to the subduction zone depths

given by previous investigators.

As shown in Figure 1.15, the slice across Middle America indicates that
the fast slab anomaly reaches to about 400 km depth, and there is a
distinctive slow anomaly under the Azores near the triple junction of the plate
boundaries in the North Atlantic. Underneath the Juan de Fuca trench, there
is a fast slab-like anomaly that reaches to a depth of 600 km, comparable to
that suggested by Rasmussen and Humphreys [1988]. The slice also shows that
western North America is generally slow while eastern North America is
generally fast in the upper mantle. A notable slab reaches to 500-600 km
depth under the Aleutians and 500 km under NE Japan. The fast slab under
the Ryukyu trench may reach to 400 km depth. Under the Tonga trench,
Giardini and Woodhouse [1984] have suggested that the slab reaches to a 650
km depth. The anomalies in our image are fast and slab-like around the slab
location, and the fast anomalies spread below 600 km. Finally, the slice across

the Summatra trench shows broad fast bands to around 600 km in depth.

1.8 Summary

An SIRT tomographic inverse has been introduced in this chapter. Some
aspects of the data reduction procedures, which probably possess more

significance toward the resulting image than the inverse method does, are
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discussed. In particular, the statics maps, which are produced as corrections
for near source and station heterogeneities, show fast and slow velocity
perturbations in general agreement with the known tectonic settings. We also
described several practical ways in evaluating resolution and error of the
inverse system. The resolution is estimated through some synthetic tests, while
the noise levels in the data and the image are estimated by a summary ray

technique.

The application of the inverse to the ISC PP wave data yield some useful
clues about the heterogeneous velocity structures in the upper mantle and the
top half of the lower mantle, although the reliability of the image is regarded’
as marginal. In this depth range the PP wave image, with nearly 1/2 of noise,
shows a general increase in wavelength and decrease in magnitude of
heterogeneities with depth. The image indicates that there are fast anomalies
associated with most subduction zones. The depth extent of these notable fast

slab-like anomalies is in general agreement with previous studies.
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CHAPTER 2

TOMOGRAPHIC INVERSION IN
THE NORTHWEST PACIFIC:

detailed P and S wave slab structures

Abstract

Slab-like high P and S velocity anomalies around the Wadati-
Benioff zone under island arcs of the northwest Pacific are resolved
through travel-time tomographic inversions, with stations outside the
modeled region excluded. Analyses of resolution and noise show that
the images are generally well resolved. The images illustrate that
slab anomalies are continuous along strike in most parts of the upper
mantle of the region, and become contorted and generally broadened
with depth. Near the bottom of the upper mantle, fingering of the
slabs, including segmenting and spreading, is indicated. The fast
anomalies associated with the Japan, Izu-Bonin and Mariana
subduction zones tend to flatten to sub-horizontal at depth, while
downward spreading may occur under parts of the Mariana and
Kurile arcs. The fast anomalies below 700 km are not in the shape
of a single coherent sheet. Slab fingering and intense deep
seismicity are probably the consequence of the slab encountering a
barrier of some form around the "670 km” discontinuity.

2.1 Introduction

In last chapter, the tomographic inversion method and its application to

finding three-dimensional mantle velocities was introduced. While the high



noise level of PP data was discouraging, there was indication of fast anomalies
associated with slabs. Travel times of direct arrivals such as P waves and S
waves have a much lower noise level, but the ray coverage is so uneven for
whole mantle studies that we simply don't have crossing-rays in many large
regions. Consequently, a reasonable solution is to investigate regional
structures using direct arrivals in region of good ray coverage. This strategy

bridges the gap between local and global structural studies.

In this chapter, detailed compressional and shear velocity structures of
the subduction zones under the island arcs of the Northwest Pacific are
investigated. We take a tomographic inverse approach to transform the travel
time residuals into three dimensional images of the slowness anomalies, and
then interpret the images in terms of the seismic structures of the subduction
zone. One of the primary reasons in choosing the Northwest Pacific region is
that it possesses some of the deepest and most active subduction zones in the
world (see Figure 0.2). The deep seismicity not only provides good ray
coverage in the radial direction, but also produces travel times which have
little or no contamination from velocity discontinuities, and has little ray path
distortion when using a one-dimensional reference model. In addition, the
earthquake locations are the best guide to the interpretation of the slab image,
since it is generally assumed that these deep events are occurred in association

with the descending lithospheric slab.

Previously, there were least-square type inversions in several areas in this
region [e.g., Hirahara, 1977, 1981; and Hirahara and Mikumo, 1980] that

resulted velocity structures with a fast signature for the subducting slab to a
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depth of about 600 km. It is therefore quite promising to study the
morphology of the subducting slab in this region using seismic observations.
Particularly, there are very large amounts of P and S wave travel times in the
ISC catalogs for the region, many for deep earthquakes that occurred along
most parts of the major Northwest Pacific subduction zone. The concave
nature of the trench towards the land and a large number of island stations

improve the ray coverage for the subduction zone.

There are many tectonic components we would like to integrate into our
interpretations. For example, the well-known increase in seismicity below 300
km is very distinctive in this region. This increase and the down-dip
compressional mechanisms have been taken as evidence of stress build-up in
the lower portion of the upper mantle [e.g., Isacks and Molnar, 1969, 1971;
Vassiliou and Hager, 1988]. In Chapter 5 we will discuss the relationship

between velocity anomalies and the principal stress axes of earthquakes.

We defined the segmentation and spreading of a deep slab as "fingering”
[Zhou and Clayton, 1987; Zhou, 1988|, which implies an independence in
spreading direction of each fingered anomaly. The term is distinguished from
"segmenting,” which has been commonly used in subduction zone studies to
describe fractures of a slab perpendicular to its strike at relatively shallow
depth. For instance, Isacks and Barazangi [1977] have investigated lateral
segmentation along many subducted plates and concluded that segmentation is
one of the important factors enabling more uniform bending of the plate along

each segment. Fingering of the slab-like fast anomaly is observed in the images

resolved around the "670 km” discontinuity.
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2.2 Data and Method

All the travel time residuals used are selected from the ISC catalog from
1964 to 1982. The raw data consists of 306,729 picks of P waves and 151,171
picks of S waves. In contrast to most previous inversions (e.g., Hirahara,
1981], stations outside our modeled region are excluded. The reason for this
exclusion is good coverage provided by local stations. Had we included
stations outside, we would have to do something to account for large regions
with few crossing-rays. In the Southwest Pacific region in the next chapter we
have included most teleseismic rays because regional stations provide
insufficient coverage there. As shown in Figure 2.1, for the Northwest Pacific
region we applied a smaller area window in selecting earthquakes than the
window in selecting stations. All source locations are between 0° N to 60° N
and 115°E to 164 °E and station locations between 10°S to 72° N and 100°E
to 180 °E. Except for areas near the edge of the region where the ray paths
are confined to narrow bundles, each ray path is almost entirely contained
within the model. Blocks containing less than 5 rays are not included in the
inversions. The exclusion of teleseismic rays means that at depth, say below
700 km, many ray paths are nearly horizontal. However, a coherent steep-
dipping fast anomaly, if it exists in the modeled region, should be resolved by
these rays because of the azimuthal crossings. As will be discussed in section

2.3, smearing along the ray path will be detected by the resolution tests.
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Figure 2.1. Index map around Island Arcs of the
Northwest Pacific. The stations are circles, with their sizes
indicating the number of P wave picks used. The events used are
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stacked vertical slices along the trench in Figures 2.16 and 2.17,
and the solid lines in the middle show the locations of vertical

slices in Figure 2.15.



2.2.1 Uncertainty in source locations

The uncertainty in source locations is of concern, because the velocity
heterogeneity associated with a subduction zone can be quite large. The
hypocenter uncertainty of teleseismically located events is usually less than 20
km [e.g., Spencer and Engdahl, 1983]. Barazangi and Isacks [1979] show that
for earthquakes deeper than 50 km the location based on teleseismic data
shows no substantial bias or distortion of the spatial distribution. This
conclusion is supported by Nieman et al. [1984] with theoretical computations.
The ISC earthquake locations, particularly for the deep events, are generally in
good agreement with other more careful determinations (e.g., Hirahara, 1981;
Giardini and Woodhouse, 1984; Engdahl and Gubbins, 1987; Bock, 1987). A
comparison of focal depths determined by ISC vs. PDE (Preliminary
Determination of Epicenters) by NEIS (National Earthquake Information
Service) in Figure 2.2 indicates that the focal depth discrepancy between these
agencies is usually less than 30 km for events deeper than 100 km. Note that
the PDE has a fixed focal depth at 33 km for a series of events which
assumably have relatively poor station coverage. In addition, there is no
obvious decrease in the focal depth discrepancy by going to earthquakes of

higher magnitude.

In the northwest Pacific region there are stations above most of the
events which give good focal depth control. In the next chapter, we combined
source relocation into the iterative velocity inversion in the Tonga region. The
maximum source mislocation is found to be about 5 km for most intermediate

and deep-focus events with station coverage comparable to those used for this
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Figure 2.2. Example of discrepancy in focal depths. The
two panels show focal depths given by PDE and ISC for some
events in the 1977-1982 time period. Events in the top panel a)
are of magnitude greater than 4.5, while events in the bottom
panel b) are of magnitude greater than 5.5.
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study. The two block sizes used in this study are 1° X1°X50 km and
2°%2° %50 km, which are much larger than average uncertainty in source

locations.

One of the greatest difficulties in source relocation is that there is no
a priori knowledge of the three-dimensional velocity structure. Previous slab
inversions which involve source relocation generally invert for source locations
and slab structures simultaneously [Hirahara, 1977, 1981; Hirahara and
Mikumo, 1980; Spencer and Gubbins, 1980; Spencer and Engdahl, 1983;
Roecker, 1985; and Engdahl and Gubbins, 1987]. We would like, in an ideal
case, to invert the system iteratively and calibrate both travel time residuals
and path lengths for source locations and perturbations of ray paths by a three
dimensional ray tracer after each iteration. With a large data set, such as the

one used in this study, however, it is currently impractical to do this.

As a first-order attempt, we use a ray tracer based on a one-dimensional
velocity model and assume that the ray paths are fixed in order to make the
computation feasible. Consequently, no source relocation is involved in this
study since the original ISC location is also based on the one-dimensional JB
velocity model. We attempted to select those events that are relatively well-
located. First, we eliminated all events shallower than 60 km, since they
usually have large location uncertainties. Secondly, each selected event has to
be observed by more than 50 stations in the model region (the total number of
stations used for source location is much greater), to ensure a wide aperture
for source location. Thirdly, we iteratively removed average travel times, or

statics, at stations and sources. The station statics represent near station
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heterogeneities, while the removal of source statics tends to reduce the effect of
depth mislocation. The fact that the P and S wave images from the current
inversions correlate well in most parts of the upper mantle indicates that the
effect of source mislocations is small, since the S wave data were not used in

ISC hypocentral determinations.

2.2.2 Data corrections

The epicentral distance range of the data goes from nearly zero to about
75° (Figure 2.3), crossing the triplications of travel times caused by velocity
discontinuities in the mantle. In order to avoid any artifacts that may be
introduced by a cut-off of data over a certain distance range, we keep the
picks across triplication ranges, and assume they are all first arrivals. This
assumption is justified on the grounds of the lack of a distinctive pattern in

the possible ranges of triplications.

The errors with source location are further reduced by data corrections.
Some criteria have been imposed on data selection. Firstly, each event has to
be observed by more than 50 stations in the region to insure a valid source
location. Secondly, travel time residuals larger than 10 sec for P waves or 12
sec for S waves are discarded initially to avoid mispicks (erratic readings of
tick marks or phase misidentification, ete.). Furthermore, we exclude rays
with ratios of residual over path length greater than 12% of the reference
slowness at their sources. This exclusion is designed to avoid erratic readings

at short distances. A correction for the earth ellipticity is also done following

Dziewonski and Gilbert [1967].
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Figure 2.3. Plots of travel time residual vs. distance. The
distance distribution of raw data for events of focal depth greater
than 60 km. Most of the residuals which distance around the tripli-
cation regions are likely to be first arrivals.
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In addition, we applied the grouping and sorting procedure, which is
described in Section 1.4.2, to exclude picks in the P and S wave data that
deviate significantly from the group mediums. The size of the source and
station areas, and the threshold of deviation depend on the data. The smaller
the size and narrower the deviation threshold, the better the data quality, but
the poorer the ray coverage. The distributions of the data sets over epicentral
distance and deviation from the group medium are shown in Figure 2.4. After
some experiments, it was decided to take the group area size as 1° X1° X25
km for both P waves and S waves. For the threshold of deviation, we first
exclude all groups containing single rays. For P waves, picks were included
with less than 1.2 second deviation in two-ray groups, less than 1.6 second in
three-ray groups, and less than 2.0 second in groups with more than three
rays. For S waves, the corresponding thresholds are 2.5, 3.2 and 4.0 seconds

for groups with two rays, three rays and more than three rays, respectively.

This grouping and sorting process cuts off about 28% of P wave picks and
about 32% of S wave picks. In return, the high-frequency noise in data is
greatly reduced. In Section 2.5, images inverted with and without the
grouping and sorting procedure are shown to illustrate its trade-off with the
coverage. Estimations of resolution and noise level in Sections 2.3 and 2.4 are

carried out on data sets with the sorting.

We have corrected for the local heterogeneity near stations and sources by
iteratively removing the statics at stations and sources respectively, when the
number of rays is more than eight. Even though this procedure eliminates the

absolute calibration of anomalies, it is beneficial to remove event statics since
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Figure 2.4. The plots show P waves (top) and S waves
(bottom) travel time residuals, which are with respect to the
group mediums and distributed over time and epicentral
distance. The number at the peak of each plot indicates the
maximum number of residuals. Residuals in the shaded areas are

excluded during the grouping and sorting procedure.
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their removal enhances the contrast between the slab and its surroundings,
and it will also eliminate systematic errors (e.g., focal depth errors) that are
likely to contaminate the inverted results. As shown is Figure 2.5, the maps of
station statics between P and S waves are generally similar and correspond
well to surface tectonic patterns. The maps of event statics will be meaningful
only when they are plotted at each depth range, to account for their vertical

distribution.

2.2.3 Inversion method

An iterative inverse which is modified from the scheme by Comer and
Clayton, as summarized by equation (1.8), is used. The model space is divided
into resolution blocks of assumably constant velocity perturbations. Smaller
block size means higher resolution power, but lower ray coverage and more
model parameters. Since we do not know a priori the proper block size, we
have performed inversions on two grids of different block sizes. The first grid
has dimensions of 2°X2°X50 km, while the second has dimensions of
1°X1° X50 km. As shown later, these two grids resulted in velocity models
very consistent with one another; hence, we consider the block sizes chosen to
be adequate. As mentioned earlier, we assume all the ray paths are fixed in our
computation. Because the problem is a two-point problem rather than a
shooting problem, i.e., both the source and receiver for each ray are known
and fixed, the fixed-path assumption probably holds true without large error,

at least for the regional first arrivals and the block size used here.
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Figure 2.5. Station statics. Dashed curves denote plate
boundaries, and open barbed lines indicate trenches above
subduction zones. The average travel times of the P waves (left
panel) is generally similar to that of the S waves (right panel).
The statics are fast along Kurile, Japan, Izu-Bonin trenches, and
slow in the back arc regions. On the continental East Asia, P
waves are fast while S waves are slow. China is slower than the
Siberian Shield. The amplitude of the S wave statics is about
double that of P wave statics.
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2.3 Estimation of Resolution by Impulse Tests

We have discussed the evaluation of resolution for the inverse problem in
Section 1.5. In this section, we focus on the "impulse test,” an approximate
approach to computing the resolution matrix. The approach is based on the
following test. A synthetic model is constructed with a slowness perturbation
at the location of interest, such as in the subduction zone. The travel time
residual of each data ray is then computed by ray tracing through the model,
and is used in the subsequent inversions. Two examples of the comparison
between the synthetic models and the corresponding solutions are shown in
Figure 2.6. In the first case (Figure 2.6a), the high velocity model has a low dip
angle, which is usually difficult to resolve with teleseismic rays alone. Our
generally satisfactory resolution is due to the use of regional picks (<25°) and
deep earthquakes. The second model (Figure 2.6b) is under the central Izu-
Bonin trench where seismicity bends to flatten around 550 km depth. This
model has a rather unusual shape, combining a vertical high-velocity column
(not a slab) which bends abruptly in the middle, and a vertical column which
bends gradually in the middle. The inversion has properly recovered the shape
of the model, but has underestimated the amplitudes in some places,
particularly* in the lower mantle. Generally, the resolution for patterns is
sharp, but the resolution for amplitude is low at depth. Notice that the
removal of layer mean velocities in the right panel of Figure 2.7b enhances the
coherency of the pattern. This kind of removal was used for data images

because we are mainly interested in the relative velocities.
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Figure 2.6. Comparison of synthetic models with
corresponding solutions. The left panels in a) and b) are the
synthetic models. The middle and right panels in a) are the P
and S wave solutions, respectively. Both the middle and right
panels in b) are the P wave solution, and the right one has the
mean layer velocities removed. The stars denote earthquake foci,
and the slowness perturbations are contoured with an interval of
2%. The black areas are blocks with less than 5 passing rays,
defined as uncovered. In the covered areas, the white areas are
fast, cross-hatched areas are slow, and dotted areas are of less
than one half of the contour interval, or 1.0%, of slowness
perturbations. As shown, the patterns of the models are
recovered well by the inversions, while the amplitudes are
underestimated in some places.
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The idea behind the above test leads to our "impulse test” approximation.
To "impulse test” the resolution for a particular block, we first construct a
synthetic model with unity slowness perturbation at the block and zero
elsewhere. The subsequent inversion using data ray paths and residual times
generated from the synthetic model results in a column vector which
corresponds to the block in the resolution matrix R(™y, n. The conventional
resolution vector for a block is the row vector in R(®y, . When R o is
symmetric, i.e., when S is a constant multiplied with an unit matrix, the
column vector yielded is the true resolution vector for the block. Even when
R(My, N is asymmetric, the diagonal element of the resolution matrix can

always be obtained, which can partially indicate the resolution level.

A diagonal element of the resolution matrix provides information about
the resolution for the corresponding block, because the sum of all elements of a
resolution vector for a given block is unity. When the inverse problem is well
resolved, the diagonal elements are large, while off-diagonal ones are small.
One can also compare the values of the diagonal elements between different
blocks to get an estimate of the relative resolving level. Furthermore, as
mentioned by Aki and Richards [1980], the total sum of diagonal elements of a
generalized inverse problem is equal to the number of independent model

-

parameters that can be resolved.

The "impulse test” is useful to detect smearing in the image. The
smearing will generally take place where rays travel in almost the same
direction. The "impulse test” is also used to check the amplitude of the

image. In addition, when the model space is ‘large and the resolution is
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expected sharp, one can perform many "impulse tests” simultaneously for well
separated blocks. In this manner, we have conducted "impulse tests” for all
model blocks in this study. As examples, horizontal slices of some "impulse
tests” are shown in Figure 2.7. Note that the resolution vectors are generally
concentrated over the impulsed blocks, even when the amplitude is of very low
value in some cases. Poor resolution usually exist near the edge of the covered
area. In general, the resolution of both compressional and shear velocities are
quite sharp in most areas of interest. In particular, the resolution for patterns
is uniformly satisfactory across the 670 km discontinuity, but the resolution

for amplitudes decreases in the lower mantle.
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Figure 2.7. Examples of the resolution "impulse tests.”
These are map views of some "impulse tests” for P and S waves
on the 2° x2° x50 km grid at depth 300-350 km, 600-650 km
and 750-800 km. Heavy solid curves are coastal lines and plate
boundaries. Open barbed lines denote trenches above subduction
zones. Cross-hatched boxes are the impulsed blocks, blank areas
are uncovered, and contour interval is 0.1. Each panel is the sum
of the column vectors of resolution matrix for the impulsed
blocks. Note that the pattern associated with each impulsed
block is usually concentrated, even though the amplitude is low

in many cases.
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2.4 Estimation of Error and Error Propagation

The noise in the image comes from the data noise and the propagation of
noise through the inversion. Following the discussion in Section 1.6, the effect
of each data processing step, including corrections, sorting, and inversion, can
be displayed by the relation between the block size and the average group
variance. As shown in Figure 2.8, the efficiency of each correction is judged by
its reduction of the average variances at small block sizes. For example, the
grouping and sorting procedure considerably improves the data quality,
because it largely reduces the high frequency noise of the data with little effect
on the long-wavelength variations. On the other hand, the statics terms and
the inverted image contain much of the long-wavelength variations, which are
usually the informative part of the data relating to mantle heterogeneities.
The number of inversion iterations is determined experimentally, by examining
plots of the type shown in Figure 2.8. In the current study, 30 and 20
iterations, respectively, are used for inverting P and S wave data; while 50

iterations are used for data sets without the grouping and sorting.

According to equation (1.11), the random noise levels in the images are
approximately 25% and 17% for P and S waves, respectively, at 2° X2° X 50
km grid, and 20% and 11% for P and S waves, respectively, at 1° X1° X50
km grid. A finer grid is expected to result in lower noise level. The smaller
values of S wave noise level in comparison with that of P wave are
compensative to the much poorer S wave resolution. Based on these estimates

of variance, we have computed the model covariance matrix following Davies
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Figure 2.8. Relation between the average group variance
and the grouping area size. The group variance is for a group
of residuals for rays of the same source and station areas. The
curves are for the P waves (top) and S waves (bottom) at
different stages. The vertical dashed line at the left indicates the
inverse block size of the 1° X1° x50 km. The top of the shaded
zone is at the variance of the data just before inversion at the
inversion block size, representing the noise level. Note that the
grouping and sorting procedure considerably reduces the noise
level, and the inversion has absorbed a large portion of the long-

wavelength variations of travel time residuals.
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and Clayton [1987], to evaluate the noise propagation through the inversion.
Basically, a large number of inversions are performed using the data ray paths
but synthetic travel time residuals. The residuals are randomly generated
from a distribution which is similar to the data distribution in shape, but with
the variance obtained above. The inversions give large number of slowness
perturbations for each model block. The variance of the perturbations for a
block then represents the variance of model noise corresponding to noise in

travel time residuals.

Figure 2.9 shows an example of a vertical slice of the P wave image of
data in 2° X2° X50 km grid, with cutoff of parts of the image that have
slowness perturbations below the level of the propagated noise. As shown,
most anomalous features in the figure, such as the slab-like fast features, stand
above the noise level. On the other hand, of course, a real signal could have an
amplitude below the noise level. The computation of the model covariance
matrix suggests that most anomalies in our images are reliable, since they are

from the long wavelength, or systematic, portion of the data.

Another issue is about the systematic error. We argue that such error in
the data probably are sufficiently small because, firstly, all picks used are first
arrivals \fvi-’ghin short to intermediate distances and all events have dense
station coverage (Figure 2.1). Secondly, all earthquakes used have focal depth
greater than 60 km, and therefore bear less influence from source mislocations,
crustal effects and triplications. Thirdly, the corrections applied to the data,
especially the grouping and sorting procedure, further ensure the data quality.

Finally, the statics terms, which could also contain error with focal depth, are
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Figure 2.9. Vertical slices with cutoff from covariance
matrix. This vertical slice, identical to that shown in Figure 2.15a,
is of the P wave image under the Kurile trench. The plotting con-
vention follows that used in Figure 2.6, and the contour interval is
1% now. Black areas with white cross lines denote blocks whose
image amplitudes are below the noise level, which is estimated by

computing the model covariance matrix.
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removed iteratively for both stations and events.

We define the data variance reduction as

M M
Y-/ Xtd (2.1)

=1 =1
where t; and p; denote data and model prediction of travel time residuals,
respectively, for the j-th ray. For the current work the data variance
reductions, in the final inversion stage alone, are 58% and 59% for P and S
waves, respectively, at 2° X2° X50 km grid, and 48% and 51% for P and S
waves, respectively, at 1°X1°X50 km grid. The distributions of the
remaining residuals after inversion are sharper and more Gaussian-like in
comparison to that before inversions, indicating that much of the systematic
information has been taken into the images. For instance, Figure 2.10 shows
the residual histograms of data sets without application of the grouping and

sorting procedure.

A smaller block size is expected to result in a higher variance reduction,
because it means more model parameters. Of course, the values of variance
reduction here merely show the relative fitting level of the inverted models.
The efficiency of the inversion, however, is obscure from those values, because
the presence of random noise has set an upper limit for any inversion
technique. For this reason the group variance vs. area size graph shown in
Figure 2.8 is a much better illustration of the efficiency of the inversions. A
comparison of the variance curves in Figure 2.8 before and after the inversions
indicates that the inverted models in this study have absorbed most of the

long-wavelength and systematic components of the data.
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Figure 2.10. These residual histograms are of P and S wave
data without applying the grouping and sorting procedure. a)
and e) are of raw data with ellipticity corrections; b) and f) are
of data after other corrections and before final inversions; ¢) and
g) are of data after inversions on 1° X1° x50 km grid; and d) and
h) are of data after inversions on 2° x2° x50 km grid. On the
upper right corner of each plot, the number of residuals and their
average and standard deviation are printed. Notice that the
inversions reduce the standard deviations of the residuals, and
the distributions after inversions are narrower and more

Gaussian-like.
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2.5 P and S Wave Images

The P and S wave data, with or without the grouping and sorting
procedure, are inverted on two different grids. Figure 2.11 shows several
horizontal slices on the finer block grid, with data after the sorting. The model
coverage decreases from the coarser to the finer block grids, and from data sets
without the sorting to data sets with the sorting. In general, the P and S wave
anomalies correlate well, as shown in Figures 2.12 and 2.13, respectively, for
the images without and with the sorting. The resolution at several depth

ranges are inferred from results of the impulse tests shown in Figure 2.7.

There are fast compressional and shear wave anomalies in the image
associated with the descending lithosphere inferred from seismicity. Slab
anomalies are generally continuous along strike in most parts of the upper
mantle, and are often sandwiched by large amplitude slow anomalies on the
arc and trench sides in the top several hundred kilometer depth range. P and
S velocities correlate well over most of the upper mantle, but are less similar in
the lower mantle, probably at least partially due to a decrease of resolution
with depth. Anderson [1987b] pointed out that at relative low pressure and
high temperature, shear velocity anomalies are expected to be similar to
compressi.o;xa! velocity anomalies, since the temperature effect on both the
bulk modulus and rigidity is very volume dependent. At high pressure,
variations of seismic velocities are smaller and they are due primarily to

changes in the rigidity.
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Figure 2.11. Horizontal slices of the images on the
1°x1° x50 km grid. Slice a) is of the S wave image at 200-250
km depth. Slices b), ¢) and d) are of the P wave image at 200-
250 km, 400-450 km and 600-650 km, respectively. The legend
convention is the same as that used in Figures 2.6 and 2.7. The
average velocity variation of each layer, given at the top, has
been removed. Our interpreted fast slab model at this depth
range is indicated in heavy dashed lines, while the entire
interpretation down to 800 km depth is pictured in Figure 2.14.
Patterns in the P and S wave images generally correlate well.
The fast slab-like anomalies associated with the subduction zone
and slow anomalies on both sides of slabs are shown.
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Figure 2.12. Horizontal slices of the images on the
2°x2° x50 km grid without grouping and sorting. The P
(left) and S (right) wave images at each depth range are shown.
The plotting convention is identical to that used in Figure 2.11.
The anomalous features, especially these which are associated
with subduction zones, are somewhat correlated between
adjacent panels above 650 km. However, the correlation between
adjacent panels becomes much poor below a depth around 650 to
700 km, even though the resolution for patterns is more or less
uniform across this depth.
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Figure 2.13. Horizontal slices of the images on the
2° %2° x50 km grid with grouping and sorting. See Figure
2.12 for interpretation. Slices in this figure show the more
reliable anomalies in the slices in Figure 2.12. Notice that the
patterns in the images at 200-250 km, 400-450 km and 600-650
km depth ranges correlate well to the patterns on 1° x1° x50
km grid in Figure 2.11.
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Estimates of the average velocity variations of the slabs and of the
ambient upper mantle, where the resolution for amplitude is reasonably good,
are listed in Table 2.1. These values are with respect to the average velocity of
each layer. The "ambient mantle” here is taken as the region outside of the
most coherent fast anomalies that are associated with the Wadati-Benioff
zones (the locus of the intermediate and deep focus earthquakes). Therefore,
the estimates for the ambient mantle, particular for the top 300-400 km range,
are possibly slower (more positive) than the real mantle average velocity, since
those regions are heavily influenced by slow heterogeneities beneath the back-
arc basins. The velocity contrast between slabs and their surrounding slow
regions shows a large variation, as high as 7 to 8 percent in the shallow
mantle. The relative amplitude of the shear wave anomalies, in a laterally
averaged sense, is about one and a half times the amplitude of the
compressional wave anomalies in percentage (i.e., d InVg =~ 1.5 d InVp). The
ratio is slightly lower than values estimated by some previous investigators, as
described in Anderson [1987b]. The larger shear velocity variations shows that
lateral variations in rigidity are more important to seismic velocity than lateral

variations in bulk modulus.

A three-dimensional seismic slab model for the Northwest Pacific
subducti;n-zone, Figure 2.14, is interpreted from horizontal slices (map views)
of the P and S wave images. Anomalies in horizontal slices are usually more
recognizable than that in vertical slices (profiles), probably due to: a) layered

images are more uniform in resolution; and b) curving and segmentation of the

slab along its strike make rapidly varying patterns in vertical slices. The
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Table 2.1 Estimated average amplitudes of slab related anomalies with
respect to the average layer velocities.

P-waves [% S-waves [%

Depth [km] slab arnb[ien]t mantle slab amb[ien]t mantle
0 to 100 -2. to -4. +2. to +3.5 -1. to -4. 2+ to +4.
100 to 200 -2. to -3. +2. to +3. -3. to -5. +1. to +4.
200 to 300 -1. to -3. +1.5 to +2.5 -1. to -4. +1.5 to +3.
300 to 400 -0.5 to -4. +1. to +2. -2. to -3. +2. to +3.
400 to 500 -1.5 to -3. +1.5 to +2.5 -2. to -4. +1.5 to +2.5
500 to 600 -1. to -2. +1. to +2. -0.5 to -2. 1.+ to +1.5
600 to 700 -0.5 to -2. +0.5 to +1.5 -0.5 to -2. +1. to +1.5
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Figure 2.14. Interpreted model of slab anomalies. This
figure illustrates two three-dimensional views of our
interpretation model of the fast velocity anomalies associated
with subducted lithosphere in the region, from surface down to
800 km depth. The model is interpreted based on correlated fast
features in the P and S solutions in two different block grids,
layer to layer comparisons, and seismicity. The model indicates
the continuity of the fast slab in the upper portion of the upper
mantle, and the complication of fingering and spreading of the
slab in the transition region.



138 -




-139 -

interpretation is based on correlated fast features in the P and S solutions in
two different block grids, layer to layer comparisons, and the seismicity
distribution. The interpretation assumes that the fast slab model is
continuous in the down-dip direction in all places. Hence, in some vertical
slices (e.g., Figure 2.15) the model is always continuous while fast anomalies
along subduction zones are truncated by slow patches in some places. It is
obvious that this slab model is merely one interpretation of the tomographic
images. Even though it is arguable towards how to interpret these noise-
bearing images, our intention is illustrating the images with their resolution

and noise aspects as well as showing "our version” of slab interpretation.

The model covers the seismic slabs under the Kurile, Japan, Izu-Bonin,
Mariana and Ryukyu arcs, from the surface down to 800 km depth. No
interpretation is given for the Philippine arc since the data coverage is not
adequate there. The interpretation is terminated at 800 km depth because
both P and S velocity heterogeneities are of lower amplitude and more random
appearance in the lower mantle compared with the upper mantle. This is
especially true for S waves below 800 km. Laterally, the slab appears to
buckle at several locations in the upper mantle, probably due to geometrical
convergence similar to that proposed by Minamino and Fujii [1981]. There are
apparently three major segmentations of the slab, as shown in horizontal slices
in the depth range 400-450 km in Figures 2.12 and 2.13. These segmentations
are under the junctions of the Kurile, Japan, Izu-Bonin and Mariana trenches,
and all correlate with abrupt lateral changes in the Wadati-Benioff zone. The

central portion of the Kurile slab anomaly is torn apart near the bottom of the
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upper mantle.

To illustrate the vertical morphology of the slab, a series of vertical slices
of the P wave image across the strike of subduction zones from the
2°X2° X50 km grid are shown in Figure 2.15. These are paired with results
of some "impulse tests” for resolution. The results of the "impulse tests” are
used to judge the reliability of the image at various locations and, particularly,
to detect any along-path smearing. Similarly, the seismic slab model for the
region (Figure 2.14) is interpreted with reference to such "impulse tests.” In
order to display a more stable and representative anomalous pattern, we
stacked parallel vertical slices of the P and S wave images in 1° X1° X50 km
grid. Figures 2.16 and 2.17, respectively, show the stacked slices of images for
P and S wave data with and without the application of grouping and sorting.
The locations of these stacked slices are shown as the small boxes in Figure

2.1.

In the cross sections, the fast slab-like anomalies which are associated
with the seismicity subduction zone generally fold and definitely broaden with
increase in depth. The thickness of the slab anomaly is about one to two
hundred kilometers, which makes it thicker than the mechanical slab near
surface. The thick slab anomaly could be due to the large block size used. On
the other hand, the slab may be really thickening with depth. The slab
anomalies reach to 650 km depth in most areas. Fingering of the slab, i.e.,
segmenting and spreading, is generally observed in the transition zone. Fast
velocity anomalies in the form of single coherent sheets are not evident in the

lower mantle of the region.
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Figure 2.15. Vertical slices of the 2° x2° x50 km grid. The
surface locations of these slices are shown as the heavy solid
curves in Figure 2.1. Each slice is paired with the result of the
“impulse” resolution tests to the right. The plotting convention
for the slowness follows that used in Figure 2.6, except the
contour interval is now 1%. The heavy dashed lines indicate the
cross section of the interpreted model shown in Figure 2.14,
which is an interpretation of the coherent subduction zone
related fast anomalies in the horizontal slices of the images. The
plotting convention for the "impulse” tests follows that used in
Figure 2.7. The depth of 670 km is indicated with a solid line.
The curvature of the earth is removed, and there is no vertical
exaggeration. In all slices the fast slab anomalies around the
Wadati-Benioff zone are clearly shown; they all broaden with
depth, and probably reach to the bottom of the upper mantle.
The resolution is generally sharp, except in some areas under the
Kurile and Mariana trenches.
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Figure 2.16. Stacked vertical slices of images from data
sets without application of the grouping and sorting
procedure. The images are in the 1° X1° x50 km grid. The
locations of these stacked slices are indicated as the small boxes
in Figure 2.1. Each pair of slices are the P (top) and S (bottom)
wave images, respectively. The plotting convention follows that

used in Figure 2.6, except the contour interval is 1%.
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Figure 2.17. Stacked vertical slices of images from data
sets with the grouping and sorting procedure. See Figure

2.16 for explanation.
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Under the Kurile trench (slice A-Al), the fast slab-like anomalies appears
folded, and fingering is seen around 600 km. A fast anomalous band at depth
around 850 km in this region was seen in an inversion on data without the
grouping and sorting procedure. However, this band is not so evident in the
slices currently shown, based on the data after the grouping and sorting
procedure. The resolution in this region is quite poor in the lower mantle (see
the right panel of Figure 2.15a). The slab under Japan (slices B-B1 and C-C1)
has more or less constant low dip angle, which flattens to sub-horizontal near
the 670 discontinuity. Even though there are no earthquakes below 450 km
along slice B-B1, a fast slab is seen extending to the upper mantle-lower
mantle boundary. The resolution of the image is very sharp in the area under
Japan. The subducted Pacific lithosphere is probably flowed underneath
Japan into sub-horizontal under the edge of the continent Asia. Bending is
apparent in both seismicity and the slab-like anomaly under the Izu-Bonin
trench (slice D-D1) near the bottom of the upper mantle. The slab is steeply
dipping above 400 km, but becomes sub-horizontal at depth somewhat below
the deepest earthquakes. Finally, both the horizontal and downward
spreading of the slab are indicated under the Mariana trench (E-E1), although
the resolution is poor in parts of this region. Thickening and flattening of the
slab are possible, and some fast anomalies are seen around 900-1000 km depth,
in forms of horizontal layers which are separated by slow layers above and

below.

Slow velocity anomalies on the arc and ocean sides of the slabs in the

upper part of the upper mantle are clearly shown in the images. One of the
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largest slow anomalies imaged is under the back-arc region of the northern
Philippine plate, extending north to underneath the Sea of Japan (see the
200-250 km panels in Figures 2.11, 2.11 and 2.12, and vertical slices C-C1 and
D-D1 in Figures 2.15, 2.16 and 2.16). This anomaly occurs from the near
surface down to almost 300 km in depth, coincident with the anomalous
absence of seismic activity in the same area below 70 km. Apart from deep
subduction zones, shallow fast slab anomalies are also resolved under Luzon
and Ryukyus, extending farther north, along the east edge of the Sea of Japan
(Figures 2.11, 2.12 and 2.13). In the following discussion, however, we will

concentrate on structures under the major subduction zones of the northwest

Pacific.

2.6 Discussion

The depth extent of the subducted lithosphere is a critical but difficult
problem. Although this study yields some high-resolution images of the fast
slab-like anomaly, the question is still largely open, mainly due to the
nonuniqueness in interpretation and decrease in the amplitude of resolution at
depth. Penetration of the lithospheric slab into the lower mantle has been
proposed previously for the region based on extensive residual sphere studies
[Jordan, 1977; Creager and Jordan, 1984, 1986]. A deep anomaly has been
found in the Kurile region from a waveform analysis [Silver and Chan, 19886].

Our study involves earthquakes in a large region, and utilizes rays from other
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sources which traverse the mantle below the earthquakes. The inverse
approach we use makes no assumptions about the form of the anomaly.
Forward modeling is a logical check on the inversion results (e.g., Zhou et al,,
1988, as the Chapter 4 of this thesis), but it should be pointed out that since
residual sphere stucies have essentially zero resolution along the ray paths, the

anomaly could generally be anywhere between the source and the receiver.

Our images indicate that fast slab-like anomalies appear to extend to
below 670 km under parts of the Mariana trench, and possibly parts of the
Kurile trench (Slice E-E1 and A-Al in Figures 2.15, 2.16 and 2.17). The slab
in other regions, however, tends to flatten to sub-horizontal around 600 km
depth, in accordance with the flattening of seismicity. The difficulty in making
a general interpretation of the slab is apparent in these figures. There are
apparently many fast regions in the upper part of the lower mantle that are
unrelated to Wadati-Benioff zones, and other regions where the deepest
earthquakes are underlain by slow anomalies in the lower mantle. In many
cases, because we don’'t know whether the 670 km discontinuity is elevated or
depressed, we don't know if the velocity anomaly, or the inferred mechanic

lithosphere, crosses the discontinuity.

According to Hager and Raefsky [1981], an accumulation of old slab
would lead to a depression of the 670 km discontinuity by at least 25 km and
would likely reach 150 km if the mantle is chemically layered. From this type
of system to the whole mantle convection, the degree of depression is expected
to be smaller. Observationally, a sharp 670 km discontinuity has previously

been suggested based on precursors to P'P’, denoted by P'670P’ [e.g., Engdahl



- 162 -

and Flinn, 1969; Whitcomb and Anderson, 1970; Richards, 1972; Husebye et
al., 1977; and Nakanishi, 1988]. However, the P’'670P' phases are not
consistently observed and their erratic nature suggests extreme lateral
heterogeneity in the 670 km discontinuity [Nakanishi, 1988; Wallace and Holt,
1988|. Barley et al. [1982] and Faber and Muller [1984] discussed converted
phases and suggested that they are scattered from lateral heterogeneity around
650 km depth. Faber and Muller pointed out that a relatively smooth
transition zone between the upper mantle and lower mantle below East Asia
can explain the lack of precursor energy for events around Japan. Bock and
Ha [1984] found a large S-P phase conversion depth (~ 700 km) under Tonga,
which may result from a dynamical or thermal deformation of the 670 km
discontinuity beneath the Tonga slab. In this study correlations between
adjacent panels appear much poorer across a depth around 650 km (Figures
2.12 and 2.13). This suggests that if slabs do cross the 670 km discontinuity,
they likely do not retain the form of a single coherent sheet, but exist in the
form of either small fingers or very broad patches. But this is not consistent

with the hypothesis of Creager and Jordan (1984, 1986).

Previous theoretical and experimental studies [e.g., Anderson, 1979,
1987a; Knittle et al., 1986; Kincaid and Olson, 1987; Ringwood and Irifune,
1988] give varying results on the relative buoyancy of the slab near the upper
mantle-lower mantle boundary. Consequently, the fingering of the slab, i.e.,
co-existence of the down-going and flattening of slab fingers during the
evolution history of subduction, is possible. Anderson [1979, 1987a] points out

that both peridotite and eclogite are less dense than the lower mantle and
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slabs may therefore be unable to penetrate the boundary, although boundary
deformation is possible. Fast regions in the lower mantle may be due to
thermal coupling, i.e., cooling of the lower mantle by the slab. This adds an
extra difficulty to interpreting deep slab morphology from tomographic images.
Flattening of the slab could be the result of either chemical or viscous
stratification. A deep extension of a fast anomaly could be the result of local
penetration or thermal coupling. The images indicate that morphology of the
slab in the transition region is apparently very complicated. The fates of the
descending slab have been discussed in many studies [e.g., Davies, 1980;
Vidale, 1987; and Gurnis and Hager, 1988]. It is therefore not adequate to
extrapolate the general characteristics of the slab from observations in a few
places only. For instance, even if the slab descends into the lower mantle
under the Kurile trench, the calculation of the total downward flux across the
boundary based on this result, would obviously be too large, since the high-
velocity anomaly is not continuous across the boundary in many other places.
Our study also shows that it is not appropriate to take the magnitude of the
slab-related-anomaly from shallow and intermediate depth earthquakes and
apply it to deep-focus earthquakes. More detailed studies of all subduction
regions are needed to advance our understanding about the slab penetration

issue.

Our study has illustrated many aspects of the vertical and lateral
morphology of the slab. Along the strike of slab, our image solutions suggest
that most slab anomalies under island arcs of the Northwest Pacific are

continuous, but become quite contorted and broadened with depth. This
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indicates that the descending lithosphere is initially quite coherent, but as
suggested in our interpreted model in Figure 2.14, segmentation of the major
northwest Pacific slab, which is under the Kurile, Japan, I[zu-Bonin and
Mariana arcs, takes place below 400 km depth. The segmentation may
partially be a consequence of along-strike stretching due to differential
flattening on different slab segments. In our interpreted slab model, the
along-strike length of the major northwest Pacific slab between 13° N to 51° N
increases about 15% from the surface to 400 km depth, ignoring truncations of
the slab. This estimation can also be made simply from the lateral trace of
seismicity at those depths. If along-strike stretching and across-strike
broadening of the lithospheric slab really occurs, the descending velocity of the

slab should decrease.

Contortion and flattening seem to be a general characteristic of the
vertical morphology of the slab in the upper mantle. The slab probably
thickens with depth, and is fingered and broadened to several times its near-
surface thickness in the transition zone. This slab broadening phenomena, if
real, is obviously not just a thermal conduction effect. Temperature induced
phase changes [Anderson, 1987al, increase in viscosity with depth [Gurnis and
Hager, 1988] and slab doubling [Giardini and Woodhouse, 1984] are large
effects. Piling up of the slab material around the boundary is another
hypothesis [Anderson, 1987a]. These effects seem to be in accord with the
peak of deep seismicity below 350 km and the down-dip compressional stress
regime of the slab as suggested by focal mechanisms of deep earthquakes

[Isacks and Molnar, 1969, 1971].
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In most cases, the resolved slab anomalies are associated with clusters of
seismic activity. There are indications that the peaks of deep seismicity tend
to spatially coincide with either flattening or fingering of the slab-related
anomalies. Most shallow earthquakes occur near the top of the lithospheric
slab [e.g., Engdahl and Gubbins, 1987] due to bending of the oceanic plate and
breaking of interplate asperities [Lay and Kanamori, 1981]. From this study,
however, we find that hypocentral locations in the lower half of the upper
mantle sometimes lie nearer the central or even the bottom parts of the fast
anomalies. Source location uncertainty does not affect this observation greatly
since the fast slab anomalies are resolved with respect to the given source
locations, and the location uncertainty is small for most events used. This
means that the dips of Wadati-Benioff zones, as determined from earthquake
locations, can differ from the slab dips inferred from the fast wvelocity
anomalies. The shallow dips of the earthquakes, assumed to represent the
slab, have been used to argue for whole mantle convection and deep slab

penetration (e.g., Hager and O’Connell [1981]).

Our models support the hypothesis that the descending lithospheric slabs
finger and spread above or near the upper mantle-lower mantle boundary.
This, plus the peaks of deep seismicity, appears to be the consequence of the
slab encountering a barrier of some form around the transition zone. This
could be associated with an increase in viscosity [e.g., Hager, 1984; Hager et
al.,, 1985, a chemical or intrinsic density contrast or the loss of .negative
buoyancy of the slab [Anderson, 1979, 1984; Jeanloz and Thompson, 1983;
Anderson and Bass, 1986].
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The compressional and shear velocities obtained in this study agree well
with some previous works in the northwest Pacific region. For instance,
comparison with five cross sections from a regional least-squares inversion by
Hirahara [1981] indicates good correlation exist with four of them, with the
one under Kinki to Kii being the exception. Under the southern part of the
Sea of Japan and central Honshu, a slow anomaly from the near surface to
about 300 km depth was previously detected [Hirahara, 1977, 1981; Hirahara
and Mikumo, 1980]. This is part of a large slow feature resolved in this study
(Figures 2.11, 2.12, 2.16b and 2.16c¢). This feature extends to the Philippine
plate and coincides with the absence of intermediate to deep earthquakes in
parts of the region. These results are obtained from different inversion

methods on different block grids, from similar data.

Recently, Kamiya et al. [1988] obtained tomographic images with a fast
slab-like anomaly extending to 1200 km under Japan Their image correlates
well with ours from the surface down to 600 km under Japan and Izu-Bonin
[Zhou, 1988]. The lower mantle results differ, probably due to the difference in
data. Kamiya et al. used ISC data from 1977 to 1983, and included teleseismic
picks and shallow events. In contrast, we used ISC data from 1964 to 1982 and
excluded teleseismic picks and events shallower than 60 km. The region with
deep slab anomaly of Kamiya et al. below 950 km is not covered by our
images. The block size of Kamiya et al. is finer than that of the small block
grid of ours, thus their ray coverage is correspondingly lower than ours.
Hence, their deep slab anomaly is entirely from teleseismic data, and therefore

subject to along-path smearing. The deepest seismicity around 500-600 km
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depth in the slice under Japan is on the edge of the model by Kamiya et al.,
and shows a tendency of flattening to sub-horizontal from the fast slab
anomalies at 400-600 km depth in both theirs and our models. A residual
sphere study of this area [Zhou et al., 1988] also gives a fast horizontal slab-
like feature at the base of the mantle and show. Furthermore, the deep lower
mantle contains large scale coherent structures which sometimes map into the

residual sphere as steeply dipping slab-like structures.

In a recent survey of intermediate and deep seismicity in the Circum-
Pacific region, Burbach and Frohlich [1986] have located four well constrained
PSBs (Possible Segmentation Boundaries) along the Kurile, Japan, Izu-Bonin
and Mariana trenches. They have also noticed the abnormal absence of deep
seismic activity around two of their PSBs at the junctions of the Kurile and
Japan trenches and Japan and Izu-Bonin trenches. Our images indicate
segmentations of the slab anomalies along these PSBs within the upper mantle
(Figures 2.12, 2.13 and 2.14). Previous investigators have suggested that the
slab is buckled under the two junctions, and that there may be a hinge fault
under the first one [Isacks and Molnar, 1971; Minamino and Fujii, 1981], and
the slab is continuous to at least a few hundred kilometers depth under the
second one [Aoki, 1974; Utsu, 1974; Hirahara, 1981]. P and S results in this
study indicate that slab is buckled under both junctions and torn apart at

about 400 km depth.

Kanamori [1971] proposed a model to interpret the opposite first motions
between a great Tokachi-Oki earthquake (M;~8.0) and its largest aftershocks

(Mg~7.5) under the first junction. The model suggests that a tear exists along
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the junction but the two segments are held together by lateral compression.
Since the separation takes place with no detectable seismic activity, we are
inclined to extend Kanamori’'s model in the following way. We suspect that
the slab is indeed broken under the junction by a tear or a hinge fault near
the surface, but the two segments are kept together in the shallow region by
lateral compression from the convergent geometry of the slab there. Due to
differential flattening of the slab in the deep portion of the upper mantle, the
lateral compression gradually diminishes with increasing depth and the

separation finally takes place aseismically.

The strong slow anomalies on the ocean side of the slab in the upper
mantle, which are usually not as strong as the slow regions under back-arc
basins, have not been discussed previously. One interpretation of the slow
anomaly is that it is actually a representative of normal mantle at that depth.
This interpretation will shift the anomaly amplitudes of slab and ambient
mantle as listed in Table 1 to be more negative (fast). Both the P and S
results show a slow background in the upper mantle, as indicated by layered
means given for each panel in Figures 2.12 and 2.13, and cross sections in
Figures 2.15, 2.16 and 2.17. This probably suggests that the JB model is too
fast in the upper mantle. Nataf et al. [1984, 1986] also conclude that the
shallow mantle in the vicinity of the Pacific subduction zones is slow for shear
waves and the mantle below 300 km is fast. Some global studies of
compressional waves [Clayton and Comer, 1983; Hager and Clayton, 1989;
Zhou and Clayton, 1985] indicate that the JB model is, in general, too fast in

the lower mantle above 900 km depth, too slow from 900 km to 1,100 km, and
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then too fast again to about 1,900 km. The contour pattern of the slow
anomalies under the back-arc basin near Honshu seems to support the wedge
flow model [McKenzie, 1969; Toksoz and Hsui, 1978, the absence of
intermediate and deep earthquakes and presence of volcanic activity from the

island of Honshu to the northern Philippine Sea.

2.7 Conclusions

Images of three-dimensional P and S velocity structures under the island
arcs of the northwest Pacific have been resolved by a tomographic inversion
method. A grouping and sorting of rays with the same source and station
areas considerably reduces the noise of the data. Analysis of resolution and
noise show the images are generally well resolved. The resulting velocities
substantially improve the fit of the data. There are strong high velocity
anomalies associated with the Wadati-Benioff zone. Although earthquakes are
generally embedded in fast regions, the dip of the Wadati-Benioff zone
seismicity sometimes differs from the dip of the high velocity regions. The P
and S results correlate well, especially in the upper mantle. Laterally, the
amplitude of the shear anomalies is around one and a half times that of the
compressional anomalies in percentage. The slab anomalies appear contorted
and broadened with depth in most parts of the upper mantle, while fingering
and spreading of the slab occurs in the transition zone. The slab usually

flattens to sub-horizontal around the 670 km discontinuity, although
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downward continuity of fast anomalies below this depth may occur under
parts of the Mariana and Kurile arcs. The shallowly dipping slab under Japan
may have slipped under the edge of the Asia continent. A three-dimensional
interpretive slab model of the region has been constructed based on velocity
images and seismicity. Our results support the hypothesis that the fingering
and spreading of slab anomalies above or around the upper mantle-lower
mantle boundary and their relation with deep seismic activity reflect the
behavior of the descending lithosphere, and they are caused by the slab
encountering a barrier of some form near that boundary. We cannot resolve
whether the slab sometimes penetrates the boundary or the boundary is simply
depressed underneath the subduction zone. If the slab does cross the
boundary, however, it appears not to retain the form of a single coherent

sheet.
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