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11 Introduction and SUlYlrrulry 

Introduction and summary 

More than a decade ago the method of seismic delay time tomography was introduced in 
geophysics by Alci et al. (1974, 1977). In the 1977 paper the inverse problem is formulated 
of retrieving the three-dimensional seismic velocity structure of the Earth's interior from a 
finite number of data (delay times). Originally the method aimed at imaging the seismic 
structure of the lithosphere using a simple plane wave approximation for the incident 
seismic waves which illuminated a three dimensional block model of the lithosphere. 
Concurrently, papers dealing with mantle tomography on a global scale were presented by 
Sengupta and Toksoz (1976) and Dziewonski et al. (1977) also using a block division of 
the Earth's interior. 

In the early days of seismic tomography the computer hardware and inversion 
algorithms limited the applications of delay time tomography to using only a few hundred 
velocity model parameters. Elegant inversion algorithms like the Singular Value 
Decomposition method were used which also allowed formal computation of the errors and 
of the spatial resolution in the tomographic mapping. However, square matrices of the size 
of the number of unknowns needed to be inverted and, at that time, the relatively small 
computer memories available imposed a severe restriction on the inversions. 

This changed in the middle of the 1980's when Clayton and Comer (1984) were the 
first to apply an iterative row-action method in large scale lower mantle tomography. Row
action methods do not perform a full matrix inversion inside the computer's memory. 
Instead, one matrix row at a time is processed. Since the matrix describing the tomographic 
problem can be stored on disk, the great advantage is that many more model parameters, 
0(105

), can be used which allows a detailed parameterization of relatively large volumes of 
the Earth. 
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In the young history of seismic delay time tomography many geophysicists have been 
impressed by the beauty of the method, but have been much less convinced of the 
reliability of the results. First, the quality of the delay time data has never been thoroughly 
studied. Secondly, the emphasis has been on imaging the Earth's interior rather than on 
studying the reliability of the tomographic mapping, which is indeed difficult to assess. 

The subject of this thesis is large scale upper mantle delay time tomography where we 
use two different row-action methods to solve the inversion problem. The algorithms are 
the conjugate gradient method called LSQR of Paige and Saunders (1982) and a member of 
the family of Simultaneous Iterative Reconstruction Techniques (SIRT). The research is 
discussed in the framework of an application to the upper mantle beneath central and 
south-eastern Europe, the Mediterranean region and the Middle East. 

When this research started little was known about the characteristics of row-action 
methods in delay time tomography. Nolet (1985) showed in a synthetic experiment that the 
LSQR method provided a much faster convergence rate to the least squares solution than 
SIRT, but the behaviour of these algorithms in a real tomographic problem needed to be 
scrutinized more fully. Another interesting problem to investigate was whether the 
enonnous amount of ISC (International Seismological Centre) P delay time data for seismic 
waves which bottom in the upper mantle were useful for tomographic inversion. In the 
upper mantle the ray geometry is more complex than in the lower mantle. This poses 
additional problems in delay time tomography of the upper mantle. Moreover, most of the 
'upper mantle data' are derived from low magnitude events which in many cases can only 
be located with poor accuracy. Consequently, delay times belonging to low magnitude 
earthquakes presumably contain large errors. Hitherto in most tomographic studies only 
delay time data from well detennined large magnitude events were used and only 
observations from stations at distances larger than 300 were admitted. In this research the 
situation is just complementary. 

In Chapter 1 an introduction is given to the data and the basic principles of delay time 
tomography. In many publications these subjects are only treated with rather minor 
attention. We will dwell on it more extensively to clarify the intrinsic problems of delay 
time modeling. First we will stress that delay times are essentially numerical waste which 
is obtained on output of an earthquake location (least squares) algorithm. This may seem a 
pessimistic approach, but then we have to realize that the use of delay times as data in 
seismic tomography does not necessarily imply that they are useful as data. We will 
indicate that many sources of bias and error exist which make the interpretation of delay 
times in seismic tomography very complex. 

In Chapter 1 a linearized model for interpretation of delay times is derived that 
accounts for (i) the combined effects of seismic velocity heterogeneity with respect to a 
reference model of the Earth, (ii) earthquake mislocation, and (iii) station corrections. In 
the later Chapters it is emphasized that an adequate delay time model should account for 
the earthquake mislocation because otherwise the reliability of a tomographic image is 
likely an overestimate of the true resolving power of the data. 
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Two different methods of model parameterization are briefly discussed and two 
sections are devoted to the problems which we will encounter in the later Chapters. These 
problems can already be inferred from the type of data and their proposed interpretation, 
i.e. the way in which we will try to explain the delay times. 

Although the basic results on the upper mantle velocity structure in this area were 
already obtained early (Spakman 1985) our attention was more drawn to the reliability 
aspects of the tomographic imaging. In particular, the characteristics of the inversion 
algorithms proved to be very important for the interpretation and quality of the 
tomographic results. This is the subject of Chapter 2. To screen the inversion procedure we 
make use of so-called sensitivity analysis; synthetic data are derived from synthetic models 
of velocity heterogeneity, a considerable amount of normally distributed noise is added, 
and next the data are inverted for the synthetic model. The inversion response obtained is 
compared to the exact synthetic model. This leads to some interesting observations. It is 
proved that the non-uniform illumination of the Earth's interior by seismic waves (which is 
translated into the coefficients of the matrix equation) can explain the majority of the 
differences between the tomographic results obtained with either the LSQR or the SIRT 
method. Moreover, both methods proved to have their own image enhancing/distorting 
effects. Another observation is that the inversion results obtained with both methods 
achieved about the same fit to the data if expressed in terms of the data variance reduction. 
However, the solution obtained with the LSQR method exhibits superior convergence to 
the least squares solution, i.e. with LSQR we obtained a much better focussed image of the 
upper mantle velocity heterogeneity. Finally, an inversion experiment where the correlation 
between ray paths and delay time data is destroyed, shows that the delay times contain 
significant information on the upper mantle structure. 

In Chapter 3 the tomographic scheme developed is here applied to retrieve the 3-D 
velocity heterogeneity of the upper mantle beneath the western Alpine collision belt. The 
details of computing the tomographic equations, data selection, ray geometry and the 
parameterization of the upper mantle by a large number of cells are extensively discussed. 
Also in this case history the inversions are performed with the two row-action methods. A 
comparison of the results is given. The emphasis in Chapter 3 lies on obtaining insight into 
the reliability of the mapping, and no interpretation of the inferred velocity anomaly 
patterns is given. We will dwell on a number of sensitivity test results and give many 
examples of how we can interpret these in order to draw inferences about the quality of the 
mapping of real data. 

According to the sensitivity analysis and data analysis we obtained a highly resolved 
tomographic image of a part of the upper mantle. But, as we shall argue, the true spatial 
resolution may be less than what the sensitivity analysis indicates. Two problems are 
identified and discussed: (i) the reliability of the data and (ii) the influence of the reference 
model employed, the Jeffreys-Bullen model. The ray illumination (matrix) is computed 
from this model. Relatively small changes in the reference model may have large impact on 
the geometry of the ray paths. The JB model does not posses a Low Velocity Zone nor 
important velocity gradients/discontinuities at the "400" and "670" kilometer transition 
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zones. The imaged anomalies in the upper mantle, however, provide evidence for the 
existence of some of these features. This is further substantiated by an a posteriori 
investigation of the delay time variation with epicentral distance. Although we could have 
partly amended the reference model, we note that in view of the results obtained by 
Paulssen (1987) and of the 3-D heterogeneity that is inferred in this thesis it will be rather 
problematic to find a radially symmetrical reference model that gives a satisfying 
description of the ray geometry in all parts of the upper mantle. Fast and efficient 3-D ray 
tracing algorithms are needed to solve this problem thoroughly. As will be clear we did not 
completely succeed in substantiating that the upper mantle anomalies occur where they are 
mapped, a common problem in seismic tomography. However, the imaged anomalies 
exhibit strong correlation with the larger scale tectonic features at the surface of the Alpine 
belt. This is an independent indication for the possibly high resolution obtained in this 
research. 

In spite of all the problems, delay time tomography provides us at present with the best 
working-models for the larger scale 3-D structure of the Earth that may find their way in 
other branches of geophysics. The research reported in Chapter 4 is an example of this. We 
give an interpretation of the anomaly patterns in the upper mantle beneath the Aegean 
region. As is strongly indicated by the velocity anomalies, we infer large scale subduction 
of the Eastern Mediterranean lithosphere beneath the Hellenic Arc. The anomaly patterns 
suggest slab detachment beneath the mainland of Greece. The major part of the imaged slab 
behaves aseismically but, due to temperature/chemical contrasts with the ambient upper 
mantle, could be discovered by delay time tomography. Earlier estimates of the penetration 
depth of the Hellenic slab are all based on the depths of the deepest earthquakes below the 
Aegean (Le. about 200 km). From the tomographic image we infer a a slab length of at 
least 800 km with a minimum penetration depth of 600 km. Using the latest plate kinematic 
studies of the convergence of the African and Eurasian plate and including upper estimates 
for the relative movements within the Aegean "plate" the minimum duration time of the 
subduction process is estimated to be 26-40 Ma. This duration time is at least twice as large 
as previous estimates which were partly based on the seismically active slab. The deep 
subduction and the estimated minimum duration time provide a new view on the 
geodynamical evolution of the Aegean region. 
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Chapter 1 

The interpretation of delay time data in seismic tomography 

The methods of seismic tomography aim at retrieving the three dimensional seismic 
velocity structure of the Earth. This is achieved by the inversion of travel times of seismic 
waves or even through the inversion of complete waveforms. In this chapter we will give 
an introduction to the basic properties of the method of delay time tomography. The 
method relies on the assumption that delay times with respect to computed (reference) 
travel times of seismic phases can be interpreted in terms of the Earth's anomalous velocity 
structure with respect to a reference Earth model. The data are invariably obtained as the 
residuals from a minimization process in which phase arrival times are used to locate 
earthquakes in a reference velocity model of the Earth. This rather complicates their 
interpretation. Therefore, we will focus in this chapter upon the forward modeling aspects 
and their associated problems in large scale delay time tomography. 

1.1 ISC delay times of P waves 

The most extensive data set which is available for tomographic inversion is that of the ISC 
(Bulletins of the International Seismological Centre, 1964 - 1984). In this section we 
discuss briefly the origin of ISC delay times in order to set the perspective for their later 
interpretation in seismic tomography. 

Strictly, ISC delay times of P waves result from the process of locating earthquakes. 
Delay times minimize the difference between the estimated travel times and travel times 
that are computed from the Jeffreys-Bullen time tables (Jeffreys and Bullen, 1940). Thus, 
delay times appear on output of the ISC location algorithm as a set of time residuals 
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simultaneously with estimates of the origin time and hypocentre coordinates. The 
minimization process involves Jeffrey's Method of Unifonn Reduction in conjunction with 
classical least squares (Adams et al. 1982, see also, e.g., Bulletin of the ISC, January 1984). 

It has been recognized that delay times are not statistically distributed according to a 
Gaussian probability density function (e.g. Jeffreys 1967, Buland 1984). The distribution of 
delay times that are derived from locating teleseismic events tends more to resemble a 
superposition of a Gaussian distribution and a slowly varying background with large 
variance, i.e., a "Gaussian with heavy tails" (Buland 1984, 1986). In order to avoid the 
problem of discarding or identifying outliers (i.e. anomalous delay times in the sense that 
they are not drawn from a Gaussian probability density function) the Method of Uniform 
Reduction retains the anomalous data but assigns small weights to them. This results in a 
small influence of the outliers on the estimation of the hypocentre coordinates and the 
origin time. It also implies that the values assigned to the other delay times in the 
minimization process do not depend heavily on the presence of outliers. 

Figure 1 shows a histogram of 556,572 P wave delay times (solid line, shaded area) 
originating from earthquakes that occurred in the Mediterranean region and the Middle 
East and that were recorded at epicentral distances from 0° to 90°. The data have a mean of 
+0.107 seconds and a standard deviation of 2.36 seconds. The dashed line is a Gaussian 
curve (0'= 1.29 seconds) that fits the inner portion of the histogram well and contains 83% 
of the data. The dotted line depicts a Gaussian curve (0'=1.56 seconds) with the same peak 
amplitude as the histogram and that would contain all the delay times if they were normally 
distributed. Both Gaussian curves have their peak at -0.23 seconds. If we discard the delay 
times that in absolute value exceed 5 seconds the mean delay time of this data set drops to 
-0.034 seconds and the standard deviation reduces to 1.52 seconds. Figure 1 clearly 
illustrates the non-normality (heavy tails) and asymmetry of the delay time distribution. 
77% of the delay times in figure 1 are observed within the first 30° of epicentral distance. 
Qualitatively, the observations made by Buland (1984) for delay times that are mainly 
observed at teleseismic distances also pertain to upper mantle data. The bulk of the delay 
times have values between -2 and 2 seconds. Values of possible outliers may amount to 
several tens of seconds. 

In general, when an event is located the main sources that possibly contribute to an 
event mislocation, an origin time error and the associated set of delay times, are: (a) 
observational errors (reading, phase mispick), (b) systematic errors due to single 
station/instrument effects, (c) non-uniform and/or insufficient azimuthal distribution of 
observing stations, (d) the Earth's lateral heterogeneity, (e) systematic deviations of the 
laterally averaged seismic velocity structure of the Earth from Jeffreys-Bullen reference 
model (e.g. high/low velocity zones, seismic discontinuities) and (f) possible bias due to the 
location algorithm introduced by the a priori assumptions regarding the statistical properties 
of the delay times. These sources of "error" are not unique for the ISC data but are involved 
in any possible procedure, where phase arrival data are used to estimate the location of 
earthquakes. Adams et al. (1982) note that effect (e) can lead to a mislocation exceeding 
the computed standard errors in the location parameters. 
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Figure 1. Histogram of556,572 ISC P delay times (solid line, shaded area) as the number in 0.1 
second intervals. The delay times belong to earthquakes that occurred in the Mediterranean and 
the Middle East during 1964-1982. They are observed from 0° to 90° ofepicentral distance. For 
comparison two Gaussian curves are displayed. See section 1.1 for further explanation. 

Contributions (d), (e) and (b) constitute a part of a delay time that we may attempt to 
retrieve by a tomographic inversion of large sets of delay times. The next section is devoted 
to modeling these effects. For a good understanding of the intrinsic problems of this 
modeling it is useful to keep in mind that delay times are essentially obtained as numerical 
output with a, up to now, poorly understood complexity. Furthermore, they are implicitly 
dependent on the estimates of the focal parameters. In seismic tomography delay times 

become data and are input for the tomographic inversion problem. 

1.2 A model for the interpretation of delay times 

In seismic delay time tomography we rely on the possibility that delay times contain 

significant infonnation on the anomalous velocity structure of the Earth with respect to the 

reference model in which the earthquakes are located. We will set up a model for delay 

time interpretation that attempts to account for the effects of velocity anomalies, event 
mislocation and origin time error and systematic effects related to single 
stations/instruments. Other, more concise derivations can be found in most of the papers 
referred to in section 1.3. 
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By definition a delay time, d, can be expressed as: 

(Ia) 

where tarrival is the observed arrival time, To is the computed travel time for a wave 
originating at the computed source location X o and arriving at the station located at xs ' 

rigilltg denotes the computed origin time and So (r) represents the reference slowness 
(reciprocal velocity) model of the Earth. The reference model quantities To, X o , and tgrigill 

are estimated in the earthquake location process by minimizing all delay times belonging to 
one earthquake (section 1.1). After these quantities have been determined the delay times 
can be computed from (Ia). 

The observed arrival time can be interpreted as the sum of four contributions: 

t arrival =t°rigill + T(x' S' x ) + h(x . s . x ) + E (Ib), , so' 0' S 

t°rigill is the true origin time at which the earthquake occurs. T (x;s ;x ) is the travel time in s 

the actual Earth belonging to a seismic wave that originates at the true source x. The wave 
has traveled through the true slowness (reciprocal velocity) field s (r) and is observed at a 
station located at x ' Note that T(x;s ;x ) is never observed. The quantities T, x and s(r)s s 

are unknown. We only have estimates of their approximations To. Xo and So (r). The third 
term, h (xo ;so ;xs )' denotes a station correction which we incorporate to account for 
systematic station effects on the observed arrival time. Finally, E is an error term that 
absorbs the contributions to the arrival time other than t°rigill + T +h, like observational 
errors. 

There are several reasons for incorporating h in (I b). We have taken the station 
location, xs , to be the same in defining T and To (Eq. Ia) which means that the station has 
the same location in both the actual Earth and in the reference Earth. In practice, we will 
use relatively simple reference models for efficient computation of reference model 
quantities. This implies that the assumption that X is the same for the Earth as for the s 

reference model will be difficult to hold in general. For instance, a spherically symmetrical 
reference model cannot account for the effects of the topography of the Earth's surface. 
One reason for including the station correction term in (Ib) is to account for this difference 
in location. Furthermore, a correlation has been observed between the instrument gain of 
WWSSN stations and the average estimated delay time at a station (S. Grand 1985, pers. 
comm.) which leads to systematic errors in the observed arrival time. Instrument effects 
can also be incorporated in h. In general h (xo ;so ;xs ) stands for any systematic effect on 
the arrival time that is related to a station at xs ' The event location X o and slowness field 
So (r) are included in h to denote possible azimuthal and epicentral distance dependencies, 
like station location errors and, if necessary, effects of near station velocity heterogeneity. 

Substituting (Ib) in (Ia) we find for the delay time d: 

(Ic) 

where !J.t =t°rigill_ t:rigill is the origin time error. We remark that if the reference model is 

spherically symmetric (e.g. the Jeffreys-Bullen model) we assume that To is corrected for 
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Figure 2. Schematic depiction of the physical quantities involved in the model for interpretation 
ofdelay times. 

the Earth's ellipticity, for instance, with the method proposed by Dziewonski and Gilbert 
(1976). 

In the geometrical ray approximation we can express the travel time as a line integral 
along the ray pathL(x;s;x ) of the slowness s(r):s 

T(x;s ;xs ) = f s dl (2) 
L(x;s;x,) 

where dl is a differential line element of L. With L we denote the path that renders the 
travel time stationary with respect to small perturbations in the ray geometry, thus 
T(x;s ;xs ) satisfies Fennat's Principle. Substituting (2) in (Ic) leads to 

d = J s dl - J So dlo + t::..t + h (xo ;So ; xs ) + E (3) 
L (x;s ;x, ) L (xo ;So ;x, ) 

where the subscript 0 denotes reference model quantities (see also Figure 2). Since the ray 
geometry depends on the slowness s(r), T and hence d depend in a strongly non-linear 
way on s(r). This makes it a very complicated problem to solve (3) for s(r). We seek a 
description that connects the delay time d to the slowness anomaly !::>.s(r) = s(r) - So (r) 
and the event mislocation t::..x = x - xo , since these ( and h and t::..t) are the quantities we 
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are interested in. 
By adding two terms we can rewrite (3) as 

d = j S dI - j So dlo
 
L (x;s ;x.) L (x;so ;x.)
 

+	 j So dlo - j So dlo +~t +h(xo;so;xs)+e (4) 
L (x;so ;x.) L (Xo ;So ;x.) 

The first two terms of (4) describe the difference in travel time of two rays which both 
originate at the true source x but have traveled through the different slowness fields, i.e. the 
real Earth's slowness field, s(r), and the reference slowness model, So (r), respectively. We 
will call this difference the true time delay with respect to the reference model travel time 
since it relates to the true ray (and source). Recall that (ISC) delay times relate to the 
reference source x ' The difference between the last two integrals of (4) corrects d for the o 

mislocation ~. The correction is required since we used a reference model instead of the 
real Earth's velocity structure to locate the event. 

Equation (4) can be linearized if we assume that slowness anomalies ~s(boldr) only 
give rise to small perturbations in the ray geometry L (x;s ;x ) with respect to L (x;so ;xs )s 

and a small mislocation ~. These are small in the sense that (i) we may apply Fermat's 
Principle to the first integral of (4), replacing L(x;s;x ) by L(x;so;x ) and (ii) a Taylor s s 

expansion can be made of the integrals involving the ray geometry L (x;so ;xs ) around the 
reference ray geometry L (xo ;so ;xs )' Note that this assumption implicitly imposes a 
restriction on the reference model So (r). We will come back to this later. After linearization 
we obtain (incorporating the second order terms of the Taylor expansion in e): 

d = j ~s dlo + ~. V.J j ~ dlo] 
L (xo;So ;xs )	 L (Xo ;So ;xs ) 

(5) 

where Vx. = (a/axo ,a/ayo ,a/azo) is the gradient operator containing partial derivatives with 
respect to the cartesian focal coordinates. The path L (x ;so ;x ) and Vx. To (x ; So ;x ) cano s o s 

be computed from the reference model. The first two terms approximate the true delay. 
The second and third terms account for the location error ~. 

The second term on the right hand side of (5) is the only remaining non-linearity 
connecting d to ~s (r) and ~x. It expresses the change in the true delay when taking the 
reference source and origin time instead of x as starting point. The cross term connects two 
perturbations and is in general anticipated to have a second order effect on d. However, for 
rapidly varying anomalies, Le. varying on the length scale of the source mislocation vector, 
the cross term may possibly become significant. A situation like this can occur if an event is 
relocated from outside a subducting slab to inside the slab where the gradient of the 
anomalous velocity field can be as large as the gradient of the background model. It can 
easily be shown that for a slowness contrast of 8% (i.e. with respect to the reference model 
velocity of 9 km/s) and ray lengths of 100 km the travel time difference expressed by the 
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cross-teon teon amounts to approximately 0.9 seconds. We note, however, that this can 
also be a situation where the use of Feonat's Principle for obtaining (5) is not warranted. 
Retaining the cross-term for its possible importance might contradict our assumption that 
Fermat's Principle can be applied. We restrict ourselves to studying slowness anomalies for 
which, on the average, the non-linear teon leads to a second order contribution to d and 
incorporate it in E. Equation (5) becomes: 

d = J Lls dlo + /lx·Vx" To (xo; So ;xs) + Llt + h(xo;so; xs) + E (6) 
L (xo ;So ;x.) 

This is the equation that we will further implement for delay time tomography. It is a basic 
equation that is suitable for both linear and non-linear inversion of delay time data. 

We note that Lls(r) relates to the velocity anomaly Llv (r) as 

Lls =s -So = lI(vo+Llv)-lIvo =-Llv/v0
2 

for small deviations Llv(r). We might as well have used v(r) and vo(r) for the derivation. 
The use of the slowness fields instead leads only to a somewhat simplified notation. 

1.3 Model parameterization 

We will now proceed with finding a form of (6) which is suitable for the inversion of large 
sets of delay time data. 

Equation (6) relates one datum, d, to the slowness anomaly field, Lls (r), the 
mislocation, /lx, the origin time error, Llt, and the station correction, h (xo;so ;xs )' Envisage 
the situation where we have obtained a huge number of delay times from the location of 
many events using many stations. The associated set of (reference) ray paths may sample 
Lls (r) in all directions with many "crossing" rays. Then, the combined equations (6) offer 
the possibility of extracting information about the unknowns from the data. We can 
combine the delay times of all events since (6) accounts separately for typical event and 
station effects on d. This allows the inversion algorithm to extract from all delays that part 
of a delay time which is consistent with Lls (r). 

Let i denote the i -th delay time (and ray), 1 the l-th event and k the k -th station. Note 
that for every ray, k and 1 are uniquely determined by i. A set of M data is expressed by 

. k 
d; = J Lls dl~ + YI + E; i =1, ... ,M (7a) 

L (x~ ;So ;x:) 

yl'=/lxl 'Vx"To(x~;so;xs~ +Lltl + hk(x~;so;x:> (7b) 

where the term yt has been separated for future notational convenience. We remark that 
every /lxl consists of three discrete parameters, i.e. /lxI, LlYI and Llz1 which account for the 
spatial mislocation. 

In the following we will assume that the station correction hie can also be expressed in 
terms of discrete parameters. A simple choice would be one constant hie for every station. If 
a station location is uncertain we can use a parameterization of hie (x~ ;So ;x:> that is quite 
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similar to the event mislocation term and invert for small deviations in the reference 
location x:. 

Hence, yf consists of discrete parameters only, whereas ~s(r) is a (piecewise) 
continuous function. The remainder of this section is concerned with modeling the 
slowness anomaly field. 

In practice, the earthquake and station distributions are discrete implying that the 
sampling of ~(r) is discrete which in tum leads to unsampled space between the 
geometrical rays. Hence, there is insufficient data to estimate the entire slowness anomaly 
field in all its detaiL In order to extract information from the data we have to formulate 
additional constraints for ~(r). 

Two approaches will be considered to define the a priori model constraints. The first 
implements the a priori parameterization of ~(r) by a number of slowness anomaly 
functions of known general shape but of unknown amplitude. The second approach defines 
a priori statistical constraints with respect to the admissible amplitudes and smoothness of 
~s(r) without approximating ~(r) by known functions. We will give a brief discussion of 
both methods. 

1.3.1 Projection of~ on a set ofdata-independent slownessfunctions 

Since we cannot resolve ~(r) in all its detail we may wish to confine ourselves to 
retrieving that part of ~(r) that is, for instance,locally constant over a particular volume. 
In this case we can divide the Earth's interior in cells or blocks of some shape, following 
the approach of Aki et al. (1977). The average velocity with which rays travel inside a cell 
is taken as typical for the entire cell volume, in this way fixing the anomalies in the 
unsampled space between the rays. Choosing cells for the model parameterization implies 
that we want to approximate ~s(r) by a number of cell-slowness functions with constant 
slowness values in every cell. 

In general, any a priori model parameterization invokes some kind of approximation of 
~(r) by a (set of) slowness anomaly function(s). Let the approximation of ~(r) be 
represented by, say M(r). If we would exactly specify ~§(r) and substitute it in (7), the 

'inversion would only lead to estimates of ~I' ~tl and hk • Rather we want to use a 
parameterization that leaves some constants to be determined through inversion, e.g. invert 
for the slowness values in cells of fixed spatial dimensions. 

An elegant treatment of this problem can be accomplished using the mathematical tools 
of linear functional spaces (e.g. Nolet 1985). Let «I> denote the set of square integrable 
piecewise continuous slowness fields that are defined on the Earth's interior, VEarth • We 
want to approximate any p(r)E«I> (where rEVEarth ) by a set of predefined functions. To 
achieve this we choose a set of N linearly independent slowness functions 
Ij (r), j=I, ... ,N. For instance, the Ij (r) can be non-overlapping cells with constant 
slownesses. The I/r) constitute a basis of a subspace n of «1>. For any approximation we 
need a measure that expresses what any two functions p (r), q (r) E «I> "have in common". 
This can be accomplished using the integral inner product: 
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<P, q > = I p (r) q (r) d3r (8a)
 
V

Earth 

with an associated function norm defined by 

Ip I=<p,p>'h (8b) 

Assume that the I j are orthonormal in the sense 

</,.,1",> =0,.". (9) 

where 0,.". is the Kronecker symbol. If the Ij are not orthonormal we can always construct 

an orthonormal basis from them (e.g. Nolet 1981). 
An approximation .1.f(r) E n of .1s(r) E C1> can be obtained by projection of .1s(r) on 

the basisl/r) as 

N 

.1.f(r) = L Sj I/r) (lOa) 
j=l 

(lOb) 

Of course how accurate the approximation is depends on the choice of the I j (r). The error 
due to the model choice itself, regardless of errors in the data, is at any location r: 

N 

.1sE(r) = .1s(r) - L Sj Ij(r) (lOc) 
j=l 

For future considerations it is useful to calculate the norm of M 

N 
I~.f I=CLsl)'h (lOd) 

j=l 

where we have used the orthonormality (9). 
We can express equations (7a) in terms of the projection coefficients by using (lOc) 

which leads to 

N 
Edj = L Sj Aij + rl' + dj + Ej i =1, ... ,M (lla) 

j=l 

where 

A jj == I I/r) dl~ (lIb) 
L (x~ ;SD ;x:) 

~E= I .1sEd~ (lIe) 

L (x~ ;SD ;xs~ 

Equations (lla) constitute the general set of tomographic equations that is obtained from 
the projection of .1s(r) on the basis functions I/r). The A jj must be computed using the 
reference model. The inversion for the slowness anomaly field is now reduced to estimating 
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the N coefficients Sj (and the y/:) by inversion of equation (I la). Next, the solution ~s(r) 

can be computed from (lOa). Note that we transformed the problem of estimating a 
continuous function M (r) into the problem of estimating the values of a discrete set of 
projection coefficients. The inaccuracy of the approximation is reflected by the delay time 
error djE which is unknown and cannot be inverted for. 

The case of parameterization with non-overlapping cells of arbitrary size is obtained by 
specifying the basis functions as (Nolet 1985): 

Ij (r) = V/h. if r in cell j (12) 

= 0 otherwise 

where Vj is the cell volume. It is easily verified with (8) that the cell functions are 
orthonormal in the sense (9). The projection kernels Ajj can be obtained from (lIb) as 

L·
A .. =-')- (13)

I) V.ll> 
) 

where L jj is the ray path length of the i -th ray in cell j. 
So far, Sj is not the average slowness in the j -th cell. The connection with the set of 

equations that are more commonly used in delay time tomography can be shown easily. Let 
~ denote the average slowness anomaly in cell j. We express ~ in terms of the projection 
coefficients Sj as follows 

3~ =V/ J &' (r) d = V/'''' J ~S (r) Ij (r)d3r l (14)r 
V·ll> 

v cell j VEarth ) 

Substituting equations (13) and (14) in (1Ia) leads 10 

N 

dj = L. Sj L jj + yf + dt + Ej (IS) 
j=l 

The first term in equation (IS) expresses exactly what we intuitively expect from a cell 
parameterization, i.e. the total delay that is acquired by the i -th ray while crossing the cell 
model is a sum of individual cell delays that can be computed in a straightforward way by 
multiplying the average cell slownesses, Sj, with the ray segments L jj • 

The cell parameterization is originally due to Aki et aL (1977) and has been often 
followed. A number of unnecessary modeling assumptions in the original implementation 
(the "ACH method") are discussed by Gubbins (1981) and Koch (1985). 

Cell functions, in a sense, represent a rough parameterization of M(r). Alternatively, 
we can impose the constraint that the heterogeneities are (locally) smooth. This can be 
accomplished by projecting ~s(r) on smoothly varying basis functions. For instance, one 
can use cubic splines (Hovland et aI. 1981, Thompson and Gubbins 1982) or invert (on a 
global scale) for certain spherical harmonic components of the heterogeneities (Dziewonski 
1984, Morelli and Dziewonski 1987). The inversion of the limited number of data may lead 
to sufficiently accurate estimates of the projection coefficients which select the ~s(r)E n 



27 The interpretation ofdelay times in tomography 

that best fits (e.g. in a least squares sense) the data. Slowness anomaly values in the 
unsampled areas between rays can be obtained from the basis function expansion (lOa). 

We may even choose to fit special anomaly functions to the data. Spencer and Gubbins 
(1980) apply an a priori chosen subducted zone geometry of which the dip, strike, width 
and the velocity anomaly of the slab are determined from inversion of the data. 

Using cells is without doubt the simplest parameterization one can think: of. It has the 
advantages of clearness and tractability since it allows simple visual representation of the 
model parameterization and at the same time of the slowness anomaly values that are 
obtained from the inversion of (15). Moreover, it enables easy comparison of the slowness 
anomaly values with the cell hitcount, Le the total number of rays that traversed a cell. The 
cell hiteount proves to be a very important quantity for the inversion problem (Spakman 
and Nolet 1988). We note that cells that are not sampled by rays can be excluded from the 
inversion. 

The use of smooth basis functions has the advantage of obtaining smooth anomalies. 
However, if we choose cells of relatively small size, thereby possibly over-parameterizing 
the model, and at the same time impose additional smoothness constraints on the solution 
we can obtain relatively smooth anomalies (Spakman and Nolet 1988 (Chapter 2), Nolet 
1987). Using relatively small cells will also lead to smaller modeling errors, diE, (Eq Hc), 
which may hold in general for a detailed local parameterization. 

Under-parameterization of the model, Le. by using too large cells or too smooth 
anomaly basis functions may lead to relatively large errors dr For the forward modeling 
this is no problem since we can wish to resolve such large scale anomalies, but, as we shall 
notice in section 1.4, we possibly run the risk of introducing bias in the solution of the 
inversion problem. 

1.3.2 A Bayesian approach to retrieving the slowness anomalyfield 

The projection methods described in the previous section do not take ~s(r) as unknown 
function but, instead, ~.f(r) (Eq. (lOa)). Thus, one is inverting for those anomalies patterns 
whose shapes and amplitudes can be fit by a limited number of a priori defined spatial 
functions, neglecting all other anomaly patterns, Le. ~sE(r) (Eq. IOc). This approximation 
leads to (additional) delay time errors diE (Eq. Hc). 

Tarantola and Nercessian (1984) follow a different approach. They propose to invert 
directly for the entire continuous slowness field, ~s(r), without an a priori 
parameterization with slowness functions, thus retaining all models that may possibly 
satisfy (7a). The approach that is followed requires a priori constraints too, which result 
from Bayesian statistical considerations (see Tarantola 1987). The constraints are defined 
by means of model covariance functions that specify our a priori confidence in the 
reference model so' An often used model covariance function has a Gaussian shape: 

C (r,r) = a2exp[-Ihlr-rI 2 /D 2 
] (16)s o 

At every location r, (16) explicitly specifies that So (r) has an a priori uncertainty 0' and 
that the uncertainties are correlated in the neighbourhood r of r on a typical length scale D . 
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For L\s(r) this implies that we restrict in a statistical sense how much (amplitudes::: 0 (cr)) 
and in what way (smooth over distance D) the anomalies are allowed to deviate from the 
reference model. In principle, model covariance functions can be chosen to incorporate all 
a priori information that is available on the velocity anomalies. 

The solution of the linear inversion of (7a) (ignoring yt> can be stated as (Tarantola 
and Nercessian 1984): 

M 

~ST (r) = L aj J C (r;rj) dl~ (17)
So 

j=l L (x~ ;So ;x:) 

where aj is a weight for every ray i. The CXj are constructed from the estimated errors in 
the data, the model covariance functions and all delay times. Using (16) as the model 
covariance function in (17) implies that we construct the solution by integrating along 
"Gaussian ray tubes". The rays that contribute most to the amplitude of the slowness 
anomaly in r travel within a distance D from r. In this way the slowness anomalies can be 
estimated in the unsampled space between the geometrical rays. Of course, the a priori 
restrictions that are imposed have their own filtering effect which depends on the 
specification of the model covariance functions. 

Tarantola and Nercessian (1984) show that the Backus and Gilbert (1970) approach to 
inversion when applied to three dimensional delay time tomography (see also Chou and 
Booker 1979, Gubbins 1981) can be seen as a special case of their formalism, i.e. the case 
where data errors are negligible and where the a priori knowledge is non-existent (i.e. Cs. = 
constant). 

The implementation of this Bayesian view on delay time tomography is based on a 
functional representation of quantities (Tarantola 1987). How it should be extended to 
include discrete parameters as the source mislocation illf./ is not obvious. 

The comparison of (17) with (lOa) indicates that (17) can also be interpreted in terms of 
a projection of the slowness field on basis functions. In the case of (lOa) these are 
subjectively chosen functions that, however, do not depend on the data. In (17) the basis 
functions (Le. the integrals as a function of r) depend on the reference ray path and the 
model covariance function (e.g. D and cr). The Sj in (lOa) are obtained from inversion 
(projection) of the data and determine the best ijchievable approximation of L\s (r) with 
respect to the chosen basis functions (and (8)). Equation (l7) reflects the fact that the 
anomaly field is entirely constructed from the data (the number of basis functions is thereby 
fixed) using a priori knowledge about the uncertainties in both the reference model as the 
data. In fact by specifying the model covariance functions we add (subjective) information 
to the system of equations by means of specifying correlations between the slowness 
anomalies. 

As far as the modeling aspects are concerned, (lOa) results from purely mathematical 
considerations whereas (17) includes a Bayesian statistical viewpoint from the start 
(Tarantola 1987). However, upon inversion of (1Ia) we often incorporate ad hoc Bayesian 
aspects as explicit damping of the solution which forces the solution in the direction of the 
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reference model (i.e. in absence of reliable constraints we prefer a solution that lies close to 
the reference model). We can also select the solution that renders the smallest model norm, 
e.g. minimizes the Euclidean norm (lOd). In this way we obtain the solution of (1Ia) that 
lies closest to the reference model in the sense of the employed model norm. In both 
examples we make use of our a priori confidence in the reference model. The need for such 
additional constraints up on inversion of (1Ia) will be discussed in the next section and in 
Chapter 2. 

We will only consider a model parameterization with slowness functions which leads to 
(1Ia), and therefore a detailed comparison of both approaches to delay time tomography is 
beyond the scope of this thesis. 

1.4 Towards the inversion of delay times 

In the previous section we only considered the forward modeling of delay times and briefly 
discussed the kind of solution one may formally expect to obtain in a linear inversion of 
the equations. In chapter 2 we will extensively discuss the inversion for 0 (H)'l) model 
parameters from 0 (06

) equations that arise from using a cell parameterization of a part of 
the Earth's interior. But before that we can already recognize a number of problems 
associated with the inversion of delay time data. We will discuss them in the context of cell 
tomography, but the observations hold in general. 

The success of a tomographic inversion depends, of course, on how well the solution is 
constrained by the available data (i.e. delay times and rays). In many practical cases we 
will invert for the slowness heterogeneities in areas that are partly densely and partly 
sparsely covered by rays. Dense ray coverage does not imply that the slowness anomalies 
are well resolvable. The illumination of the area by seismic rays may occur along rather 
parallel ray paths, which causes the related tomographic equations to be nearly dependent. 
Alternatively, slowness anomalies in regions that are traversed by relatively few "crossing" 
(independent) rays may be well resolvable. In general we will use many more data than 
unknowns. In spite of this fact, there maybe insufficient data to constrain the model 
parameters independently (e.g. the slowness values in adjacent cells). In this case, the 
inversion problem is underdetermined and an infinite number of slowness fields satisfy the 
equations. The extent to which the problem is underdetermined depends on the detail of the 
parameterization (e.g. using large and/or small cells) with respect to the number of delay 
time data and the associated set of rays. For problems using many cells, 0 (04

), it is 
practical to use a rather uniform cell size allowing both poorly and well sampled cells and 
cell anomaly solutions that are poorly and well resolved by the data. Hence we have to 
cope with the problem of underdeterminancy of the tomographic equations. 

Due to data errors dj 
E + €j the set of model equations is also expected to be inconsistent 

and we have to use inversion methods that can deal with inconsistent equations, e.g. least 
squares methods. In general the tomographic equations lead often to ill-conditioned 
inversion problems where data errors may give rise to large and rapidly varying 
(inaccurate) anomaly amplitudes, for instance, from one cell to another. This, despite a 
model parameterization that serves the purpose of retrieving only smoothly varying and 
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small amplitude anomalies, and the use of many more data than unknowns. 
In order to deal with these problems we must impose additional constraints prior to the 

inversion. This can be done either by adding (subjective) information that uniquely 
determines a solution and/or by selecting a unique solution that satisfies additional 
requirements, e.g. the solution with the smallest Euclidean norm. 

In most cases the inversion of the tomographic equations is performed with a least 
squares method. A requirement for least squares methods to produce an unbiased minimum 
variance solution is that the data errors are uncorrelated, have zero mean and equal 
variance (e.g. Montgomery and Peck 1982). If, for instance, the errors are non-normally 
distributed, - especially if the distribution exhibits longer or heavier tails than a Gaussian 
distribution -, the least squares solution may suffer from the presence of outliers that are 
generated by the non-Gaussian probability density function of the errors. The effect of 
outliers is to "pull" the least squares fit too much in their direction (Montgomery and Peck 
1982). Furthermore, any asymmetry in the error distribution will be mapped into the least 
squares solution. Not all outlying data need to pertain to data errors. Outliers can also result 
from an insufficiently accurate model parameterization, such that some data are too far 
away from any acceptable (forward) model prediction. 

As noted in section 1.1 delay times are not normally distributed nor is their distribution 
symmetric with respect to zero. This observation is obtained by comparing frequency 
distributions of delay times with. Gaussian distributions. Their non-normality has direct 
bearing on the statistics of the earthquake location process (Buland 1986). Since the delay 
times are input for the tomographic inversion problem the non-Gaussian character of the 
delay time distributions need not worry us, unless we have reason to assume that the errors 
in the delay times do not follow the normal law of statistics. In practice, we asswne that 
(most) of the non-normality of their apparent distribution results from "signal" in the data. 
In particular systematic differences between the velocity structure of the laterally averaged 
Earth and the reference velocity model which is (implicitly) used in the earthquake location 
process may explain (part of) the non-normality of the delay time distribution (Zielhuis et 
al. 1988). Hence this delay time "signal" can be inverted for (see also section 1.5). 
However, this is probably not valid for the larger outliers. 

A nwnber of possible causes for errors, £i' with a non-Gaussian distribution, are 
(Jeffreys 1931): phase misidentifications, (temporal) systematic instrwnent errors, and 
misread minute marks on seismograms. Another cause for errors may be systematically late 
picks of emergent phases. Moreover, errors, diE, are introduced by the a priori model 
parameterization. These errors can be small and may be unbiased if the parameterization is 
detailed enough, but if not, they can be mapped into the least squares fit A way to study the 
sensitivity of the solution to realistic non-Gaussian noise in the data is discussed in Chapter 
2. In practice, we deal with possible outliers in a simple way, Le. by deleting prior to 
inversion all data that exceed certain (subjective) limits. 

Ideally, we would like to perform a non-linear inversion of the delay times using either 
(7a) or (lla). Methods are discussed by, e.g. Spencer and Gubbins (1980), Tarantola and 
Nercessian (1984), Koch (1985) and Nakanishi and Yamaguchi (1986). These methods all 
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require (repeated) seismic ray-tracing through three-dimensional slowness fields in order to 
compute model quantities. Unfortunately, current ray-tracing algorithms become 
computationally too expensive when we are dealing with 0 (106

) data. 
A linear inversion problem can be posed as a matrix inversion problem. For a relatively 

small number of model parameters attractive algorithms, like Singular Value 
Decomposition, enable a full matrix inversion and formal calculations of a posteriori errors 
(e.g. Aki et al. 1977, Spencer and Gubbins 1980). For models using many thousands or 
even tens of thousands unknowns, explicit storage of matrices for inversion in the computer 
memory becomes practically impossible. Solution methods that do not involve explicit 
storage of large matrices are then needed (e.g. Nolet 1985). In the following Chapter we 
will study the characteristics of such methods and apply them to a large scale tomographic 
problem. 

1.5 Model validity 

In section 1.2 we made the following basic assumptions in the derivation of a model for 
delay time interpretation: (i) the ray approximation is a valid description for wave 
propagation, (ii) Fermat's Principle may be applied to obtain (5) and (iii) the mislocation Xl 

is small enough to drop second order terms in the Taylor expansion of the travel time. 
These assumptions constrain us to accept as solutions to the inverse problem only those 
slowness anomalies that are of relatively small amplitude and do not vary significantly on 
the length scale of the mislocation vector. If these assumptions hold, the success of the 
model still depends on the question whether computed delay times are unbiased estimates 
of true delay times (section 1.2). 

Little is known about the (non-trivial) admissible slowness anomalies that satisfy the 
application of Fermat's Principle to obtain (5). In synthetic experiments involving non
linear inversion of noise-free delay time data Koch (1985) and Nakanishi and Yamaguchi 
(1986) report a considerable increase in resolution if the true ray geometry is employed in 
imaging slowness contrasts on the order of 5-7%. In the presence of noise the resolution 
improvement becomes less significant when the standard deviation of the noise is 
comparable to the second order error in the travel time that would result from applying 
Fermat's Principle to obtain (5). Thompson and Gubbins (1982) performed both linear and 
non-linear inversions of delay times for the velocity structure of the lithosphere beneath the 
NORSAR array. Peak to peak: slowness anomaly contrasts on the order of 10 % are mapped 
by both methods. With synthetic data the non-linear inversion results achieve a better fit to 
the data. When using real data the anomaly models obtained from linear and non-linear 
inversion posses marked differences. However, due to data errors and poor resolution, they 
do not differ substantially in their ability to fit the data. The inference we can make at this 
point is that the noise level in the data controls how far we can go in violating Fermat's 
Principle without getting results that differ significantly from those obtained from the non
linear inversion. We note that the noise includes the modeling errors, dr Therefore, the 
detail that we put in the parameterization is also of influence. To keep on the safe side, the 
above results indicate that in the presence of noise we can perform a linear inversion for 
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slowness anomalies that are on the order of a few percent. 
In the case that the reference model deviates systematically over large distances from 

the Earth's velocity structure, the computed ray geometries also deviate systematically 
from the true ray path and we cannot rely on the application of Fermat's Principle any 
more. Zielhuis et al. (1988) determine an improved upper mantle reference model for S 
wave velocity beneath Europe from S delay time data. Deviations between rays paths 
computed from the Jeffreys-Bullen model for S waves and from the improved model can 
be as large as 50 to 100 km over considerable distances. The associated differences in 
travel time are on the order of the S delay times and, hence, not of second order which is 
required for a valid application of stationarity Principle of Fermat. These deviations were 
largely caused by the rather pronounced Low Velocity Zone under western Europe and we 
expect this effect to be much less for P delays. 

The assumption that rays are of infinitely small width (geometrical ray approximation, 
limit of zero wavelength) enables a mathematically tractable model parametrization bilt it is 
physically unreal. Nolet (1987) estimates that for a wavelength of 10 km the maximum ray 
width varies between 36 to 112 km for ray lengths of 1000 km to 10000 km, respectively. 
True delays are acquired by sampling the Earth along the entire ray width, which imposes 
constraints on the roughness of the anomalies and maximum spatial detail that can be 
resolved from inversion of the data and, hence, on the detail put into the model 
parameterization. We can amend a cell model parameterization with respect to the finite ray 
width by applying a smoothing procedure to the slowness anomalies concurrently with 
inverting (6) (Spakman and Nolet 1988, Chapter 2)). We rather welcome this since it 
stabilizes the inversion and it also filters the effect of rapidly varying anomalies. Instead of 
using ray paths one might also consider to account for the finite ray width by replacing the 
line integrals in (11) by volume integrals over e.g. Gaussian ray tubes. At present, for data 
of O(lO~, this is computationally too expensive. 

A serious problem concerning the ray approximation is discussed by Wielandt (1987). 
He shows that waves diffracted from the boundaries of low velocity heterogeneities may 
arrive earlier than the transmitted wave which gives rise to a smaller true delay time than is 
acquired by the geometrical ray. A systematic underestimation of low velocity 
heterogeneities in tomographic reconstructions should result when inverting true delays 
using the ray approximation. As yet, this is not inferred in tomographic results. Diffracted 
waves from high velocity anomalies do not arrive earlier behind (as viewed from the 
source) the heterogeneity than the geometrical ray. However, laterally to the geometrical 
arrival diffracted waves may again be the fastest wave (from which the delay time is 
calculated). Wielandt remarks that this may result in an overestimation of the spatial size of 
the imaged high velocity anomaly. 

This brings us to the question whether computed delay times are unbiased estimates of 
true delay times. Wielandt's results imply that the distribution of true delays is likely 
biased towards negative values due to faster arrivals of diffracted waves. A set of estimated 
delay times that is derived from locating one earthquake tends to be distributed around a 
value near zero. This is necessarily so because during the minimization process any value 
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they have in common (i.e. with respect to their assumed a priori statistical distribution) will 
be assigned to the estimated origin time (e.g. Buland 1986). Hence, the location procedure 
more or less centers the true delays around O. This explains why low velocity 
heterogeneities have comparable amplitudes to high velocity heterogeneities in large scale 
tomographic reconstructions, which is in contrast to what one expects from Wielandt's 
results. 

1.6 Summary and discussion 

The main purpose in this Chapter is to elucidate the basic principles of delay time 
tomography, the inherent complexity of the delay time data and the problems one may 
encounter in the inversion of delay times (without dwelling on the technical aspects of 
inversion). We note that we restricted this discussion to three-dimensional delay time 
tomography using data derived from earthquakes. 

A linearized model for interpretation of delay times is derived that treats a delay time as 
the sum of four contributions (eq. 6). The first contribution is the time delay which is 
acquired along the reference ray path that originates from the reference source location and 
which is due to the slowness anomalies of the actual Earth with respect to a reference 
slowness model. The error that we make by taking the reference source, instead of the 
(unknown) true location, as the starting point of the ray paths is incorporated in the second 
model contribution, the mislocation term. The third term corrects the delay time for the 
origin time error and the fourth for any possible systematic station influences. In this 
derivation we had to drop a non-linear term. This term may become important in regions 
with large amplitude heterogeneity contrasts. Every model contribution is equally 
important. In particular, the mislocation and origin time terms are strongly connected to the 
cause of delay times and must always be included. This also important from the viewpoint 
of delay time inversion. Spakman and Nolet (1988) show that the apparent reliability of 
tomographic results obtained without inverting for the event mislocation error is likely to 
be an overestimate of actual reliability. 

We briefly described the two approaches commonly used in three-dimensional delay 
time tomography, i.e. the projection of the slowness field on a set of data-independent 
slowness functions and a Bayesian approach. We noted that both approaches use subjective 
means to accomplish an inversion of the delay time model equations. The first method 
assumes that one can approximate the actual slowness anomaly field by a number of 
predefined slowness anomaly functions. The Bayesian approach assumes that we can define 
our a priori confidence in the shapes and amplitudes of the (unknown) slowness anomaly 
field. In principle, the degree of subjectivity of both methods can be small. Current 
inversion algorithms allow inversions with an enormous number of model parameters, 
hence we can use, e.g. very small cells to approximate the slowness anomalies (as far as the 
data allow this). In the Bayesian approach we can compute the slowness covariance 
function after the inversion, which expresses the reliability of the inversion result. It can be 
used as a priori model covariance function (updated confidence) in a successive inversion 
with new data. 
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In this Chapter we noted a number of uncertainties that make the interpretation of 
tomographic reconstructions of the Earth's interior very complex. Data errors and lack of 
independence of the tomographic equations lead to amplitude errors in the estimated 
slowness anomalies and lack of spatial resolution. Moreover, we cannot feel completely 
confident that the delay times are unbiased estimates of true delays. Hence, part of the 
slowness solution obtained may result from other causes than the Earth's anomalous 
velocity structure. In Chapter 2 we will further complicate these problems by 
demonstrating that the solution obtained also depends on the way on which we invert the 
tomographic equations. 

In spite of all these problems large scale delay time tomography has provided us with 
encouraging results of velocity structures that correlate with other observables both on a 
global (e.g. Hager et al. 1985) and on a more regional (e.g. Spakman et al. 1988) scale. 
Moreover, we will demonstrate in Chapter 2 that even delay times that are heavily 
contaminated with errors contain significant information on the Earth's velocity structure. 
For an overview of achieved tomographic results we refer to Thurber and AId (1987) and 
for more technical aspects and applications to Nolet (l987b). 
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Chapter 2 

Imaging algorithms, accuracy and resolution in delay time 
tomography 

W. Spakman and G. Nolet 

In this chapter we will discuss a linearized tomographic method for the simultaneous 
inversion of delay time data in body wave velocity, earthquake relocation parameters and 
station corrections. We apply this method to investigate how well two different iterative 
least squares algorithms are able to solve tomographic problems in which many model 
parameters and a large amount of data are used. Specifically we will demonstrate how 
estimates of accuracy and spatial resolution can be obtained and discuss the different 
image-distorting effects of the employed algorithms in the results of tomographic mapping. 

2.1 Introduction 

Tomographic images of the Earth's interior reflect, apart from true velocity heterogeneities, 
the effects of data errors, imperfect illumination by seismic waves, model parameterization, 
linearization and algorithm performance. These influences cannot be separated easily and 
often result in artificial anomalies in the final image with amplitudes comparable to those of 
the velocity heterogeneities we seek to resolve. If we also realize that, up to now, large 
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scale tomographic results are not often supported by any attempt to estimate the spatial 
resolution in the inverted model, it is not hard to understand the reluctance one feels in 
accepting tomographic images as an accurate portrayal of actual velocity heterogeneities, 
or even of their sign. 

Obtaining an image is not the most difficult problem in the process of a tomographic 
research. The major problem lies in identifying the influence of all of the above mentioned 
effects in the final image. In this chapter we will attempt to tackle some of this problem 
from a practical point of view. When using many model parameters in seismic tomography, 
at present no feasible method exist that allows us to estimate the spatial resolution directly 
from the data (see also Nolet 1985). However, we may study the image-distorting effects 
by applying sensitivity tests to the system of equations using synthetic models of velocity 
heterogeneity. We will use this technique to study the spatial resolution in an experiment, 
which is typical for large scale body wave tomography. In the same experiment we will 
focus our attention on how well two different iterative algorithms perform on the same 
tomographic problem. This will enable us to explicitly study the influence of the equation 
solvers on the tomographic results. The algorithms in question are the conjugate gradient 
solver LSQR of Paige and Saunders (1982) and a member of the SIRT family of 
backprojection methods. Both methods are being used in large scale body wave 
tomography using P-wave data. Spakman (1985) applied LSQR to solve for the upper 
mantle heterogeneities in Eurasian-Mediterranean area. SIRT has been used by Clayton and 
Comer (1984) to image the Earth's lower mantle heterogeneities. 

2.2 The tomographic problem 

The data commonly used in body wave tomography are delay times, Le. the difference 
between the estimated travel time of a seismic wave and the computed travel time from a 
(not necessarily radially symmetric) reference Earth velocity model. In the ISC earthquake 
location procedure the delay times are the residuals of the minimization process in which 
observed travel times are compared to the Jeffreys-Bullen travel time tables. Although 
these delays contain observational errors and their values depend on the event location 
procedure, in seismic tomography we also rely on their descriptive value for the Earth's 
lateral heterogeneity. 

We consider the tomographic problem arising from a division of a part of the Earth's 
interior into a large number of cells. Our interest is to estimate the slowness 
heterogeneities in these cells by inversion of the delay times. The lateral heterogeneity of 
the Earth induces a delay time dj (i -th ray), which we can divide into 

(1a) 

djM is the delay time caused by the lateral heterogeneity in that part of the Earth that is 
covered by the cells, dt is the error in origin time and event location, caused by the fact 
that we use a reference model instead of the real Earth to locate the earthquake, and dP 
represents the delay time acquired by the ray segment that does not intersect the cells. 
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We assume that the actual Earth's heterogeneous velocity structure deviates only by a 
small amount from the reference model. We can linearize the ray-integral for the travel 
time with respect to the reference velocity model by applying Fermat's principle leading to 
a description in terms of the reference ray path L i and obtain an approximate expression of
dr in terms of the cell slowness anomalies s/ (l-th cell) as 

Ndr = 'LLj/s/ (lb) 
/=1 

in which Lj/ is the length of the (reference) ray path segment in celli. Although the total 
number of cells N is large, only 0 (N 113) L i/ will be non-zero. 

We can express dt in terms of the change in total travel time T due to a small change 
g(Mo,M ) in the source vector L(to,r ), where to is the origin time and r the source s s s 

location vector. In general we shall use a local cartesian coordinate system so that we write 
L=(to,xs,ys,zs)' We then have for the j-th event and the i-th ray in first order 
approximation: 

4 

df = V"Xlij 'gj = 'L G[jgr (1c) 
m=1 

where Vx contains derivatives with respect to the components of x.. and where Gij is the 
m -th component of VXTij evaluated at the (reference) source location rj. Note that any 
combination of j and m represents one unknown, hence the j -th event adds 4 unknowns 
gr, origin time error respectively and source location error, to equation (la). 

The last term in (la), dP, is difficult to parameterize because we do not plan to cover 
the remaining part of the Earth's volume with cells. Yet for an observing station outside the 
cell model we may at least attempt to invert for the 'near' station heterogeneity by placing 
a cell beneath the station, replacing dP by 

(ld) 

with HiJr. the ray path segment of ray i in the station cell k with slowness anomaly hk • 

Existing estimates of station delay time corrections (e.g. Dziewonski & Anderson 1983) 
can be used to correct the delay time prior to inversion. In that case the station delay 
correction (ld) can be deleted from (1a). 

Combining equations (la-d) we arrive at the basic set of equations describing the 
linearized cell-tomographic problem, which for M rays reads: 

N 4 

di = 'LLi/S/ + 'LG[jgr+Hilchk , i=l,... ,M (Ie) 
/=1 m=1 

where j and k are uniquely determined by the ray index i. 
In large scale body wave tomography the number of rays M amounts easily to 0 (106) 

and this system of equations has to be solved for NT = N +4N£+Ns , 0 (104
), model 

parameters, where NE is the number of events and Ns is the number of stations for which a 
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station delay time correction is estimated. 
At present only radially symmetric reference models are used in large scale delay time 

tomography. The determination of the delay time data, the event location and the 
calculation of the reference ray paths, L;, depend on the choice of this velocity model. 
Locally, both laterally and in depth, the average Earth's velocity structure may differ too 
strongly from the employed model, which may induce (i) systematic errors in the event 
location which (ii) biases the estimation of the delay times toward the reference model and 
(iii) may cause the actual ray paths to differ systematically from the ones we employ in (Ie) 
(Chapter 1). 

These are highly important problems which cause hardly traceable bias and artifacts in 
the slowness solution. In this chapter we shall not deal further with these complications, but 
rather concentrate on how well we can solve (1 e) assuming that it is a correct description of 
the effects of the Earth's lateral heterogeneity. 

One characteristic of tomographic experiments is that (i) many unknowns are not 
resolved, despite the fact that M »NT and (ii) that data errors are large so that a large 
redundancy is needed to obtain a reliable statistical estimate. The addition of station and 
event corrections has an important functi'ln. It allows part of the data to be explained by 
other factors than lateral heterogeneity. For as far as these added unknowns to the system 
(Ie) are independent they will certainly improve the data fit. But results to be discussed 
later show that they also add an ambiguity: on the one hand their inclusion improves or at 
least does not impair the data fit, but on the other hand our experiments show that most of 
the event and station corrections are among the least constrained unknowns and hence their 
estimation may absorb part of the delay time which may also be explained by velocity 
heterogeneity. In a joint inversion, as we consider here, this will have a damping effect on 
the estimation of the heterogeneities. Since the corrections have a firm physical basis we do 
not think this is too conservative but rather welcome the damping effect. 

As for the event corrections, we expect these to be correlated with the lateral 
heterogeneity, and thus with the event location. In large scale tomography the number of 
events can be large, 0(104

), and since an event adds 4 unknowns to (Ie), we would 
probably overdo the damping if we would attach corrections to every event separately. This 
can be prevented by assigning the same corrections to all events within a cell, and hence 
instead of relocating every single event, we estimate the 4 corrections for event 'clusters'. 

As an alternative for a simultaneous inversion for heterogeneity, event, and station 
corrections, one may iterate between relocating events and estimating the slowness 
heterogeneity, using the updated slowness model in every next relocation step 
(Dziewonski, 1984). Convergence of this process will lead to a quasi simultaneous 
inversion of heterogeneity and event relocation parameters, but there is poor control on 
how much of the delay time that is actually due to heterogeneity is finally absorbed in the 
relocation of events or vice versa. 

Generally speaking (1e) can be applied to a limited part of the Earth's interior as well 
as to the entire Earth. However applications of (Ie) to very large volumes would at present 
necessarily require a parameterization in large cells. This may be sufficient for lower 
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mantle and core tomography, but it is certainly unwanted for upper mantle imaging, since 
short wavelength heterogeneities certainly exist in the upper mantle. And then, even if we 
could parameterize the entire upper mantle in cells of lOOxlOOxlOO km, an exercise which 
would involve 356,000 unknowns for merely the slowness anomalies, this would result in a 
model that combines regions with a dense ray coverage (Europe, N. America) with regions 
that are covered very badly (oceans). In upper mantle tomography one might as well apply 
(Ie) to a relative small region (i.e. compared to the entire upper mantle) taking advantage 
of the possibility of using 'small' cells, and try to correct for the delay time contributions of 
those ray path segments outside the cell model. 

If we have events located inside the cell model and an observing station at teleseismic 
distance that 'sees' the cell model with a relatively small solid angle, most rays will acquire 
delays from the same mantle region outside the cell model. We anticipate that the station 
correction will absorb most of the contribution to the delay time which is caused by the 
intermediate mantle region. The same holds for an event at teleseismic distances which is 
observed by stations at the surface of the cell model. In this case the estimation of event 
mislocation and origin time may be biased, but conveniently absorb the influence of the 
mantle heterogeneities outside the cell model. 

2.3 Least squares inversion 

We will set up a system of equations for least squares inversion of (Ie). In matrix notation 
(Ie) can be written as: 

Ax=(L I G I H) x=d • X= [g] (2) 

with L the matrix of ray cell path lengths, G the matrix of relocation coefficients, H the 
matrix of station correction coefficients, (s g h l the corresponding parts of the solution 
vector x and d the delay time vector. 

Eq. (2) will be solved by least squares. If the data errors have zero mean and if (AT Ar1 

exists the least squares solution of (2) is x = (AT Ar1ATd. (e.g. Draper and Smith, 1982, 
page 87). In tomography, however, AT A is usually singular. We may obtain a Bayesian 
estimate of the solution by adding our a priori expectations Ix=O as 'phoney' data to 
equation (2). In addition, if we scale (2) with a priori uncertainties we find: 

(3a) 

where Fd and Fx are the covariance matrices of the data and model parameters, 
respectively and 11 is a constant governing the amount of solution damping that is applied 
by the inclusion of Iz=O. Note that we do not need to compute the inverse F;'h explicitly. 
After solving the second equation of (3a) for z, we obtain the solution x from x = Fi'hz. 
Equation (3a) has a unique solution, which can be shown to be the maximum likelihood 
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estimate if the errors in both types of 'data' have a Gaussian distribution. This estimate is 
biased, however, towards O. 

We will solve our least squares problems with two different iterative row action 
methods, Le. SIRT and LSQR, whose details will be discussed in the next section. Both 
methods possess intrinsic damping properties whose effect on the solution decreases with 
increasing iteration number (Van der Sluis and van der Vorst 1987). Since we anticipate 
stopping the iterative least squares processes after a relatively small number of iterations, 
we may take advantage of the intrinsic damping properties to obtain a solution of (2) that is 
not biased by explicit damping, by selecting among all possible solutions the x that 
minimizes xT F;1X • Again, with z = F;'hx, we then solve: 

(3b) 

subject to the condition Min (zT z). This equation is the same as (3a) but with 11=0. The bias 
introduced by implicit damping is one of the algorithm characteristics that we shall study in 
this paper. 

Equations (3a) and (3b) are subjective choices for setting up a least squares system of 
equations. Alternatives exist which favour a more elaborate minimum model criterion (for 
a brief review see NolelI987). 

We will now discuss our a priori estimates of F%. Let us write 

F;S) 0 ] 
F% = F;S) (4) 

[ o F;h) 

with F~s)=diag{f/s», F%~)=diag{fj~» and F~h)=diag{f1h» in correspondence with the 
subdivision of x in (2). The notation jm denotes the m -th relocation parameter of the j -th 
event 

We would like to scale the model parameters to a priori unit variance using for F% the 
covariance matrix of x, but, since we do not have the reliable uncertainty estimates nor 
information on the correlation between the individual Xj , we assume F% diagonal and apply 
a simple, though sensible, uniform length scaling using the subjectively expected slowness 
amplitude of Sz of 0.002 lan/so To this purpose, we scaled the amplitudes of the elements of 
g, using a priori estimates of I second for the standard error in the origin time and a 10 Ian 

mislocation of the source coordinates. Let the scaling factors be denoted by Y~, m=I,.. ,4 
then f j~ )='Ym • 

We also wish to control the expected trade off between cell slowness heterogeneity s, 
the relocation parameters (now F;S )-'hg ) and station corrections h if these are not 
independently constrained. A scaling of the latter two, both with one constant, say J..l and lC, 

1respectively, will accomplish this. Now f j~ )=J..l-1Ym and It(h )=lC- • The starting value for 11 
and lC in the present scaling is 1. But this can (subjectively) be changed, after some 
experience has developed with test inversions, on the basis of the amplitude behaviour of 
the different parts of x. 
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In the case that cells of different sizes are involved, the different ray sampling, 
combined with the model minimization, tends to attribute larger slowness anomalies to 
large cells with respect to the anomalies in the smaller ones. Adjacent cells of different 
sizes that are not spatially resolved may hence develop a heterogeneity contrast which is 
unwanted. We may partially prevent this by scaling the cell heterogeneities SI of z by some 
typical cell size dependent number 0/. One choice is taking 01 =VI-V>, VI being the cell 
volume of the l-th cell. This scaling conforms to projecting the cell part of the solution on 
the space of all possible Earth models spanned by the orthonormal 'cell-functions' 

1h
C/(r)=vl- ifr is inside cellI and C/(r)=O elsewhere (t, Nolet, 1987). We will use the cell 
volume scaling only in the case that we solve our tomographic problem with the LSQR 
method, since, as we shall discuss later, the SIRT algorithm employs implicitly its own 
cell-size dependent scaling. 

We adopt f/s)=V,- I (and I in case of the SIRT method), i.e. x,=zdtl>. Note that we 
have now destroyed the property that the components of z are of approximately equal 
absolute magnitude, since we now have expected slowness heterogeneity amplitudes on the 
order of 0.002xvth 

, but the expected amplitudes of Zjm (=y'l2gjm ) are still on the order of 
0.002. This is easily amended by an additional scaling of f j~) with the reciprocal of the 
average cell volume V-I. 

With F;s)=diag(vl-I), F;g)=diagij.l-1v-1Ym) and F;h)=diag(K-Ivk-ll, F% as in (4) and 

Fd=I (assuming unit variance in the data), the system (2) is transformed to 

x =FV'z 
% 

(5)
AF;nz =d 

In solving (5) we wish to minimize zT z (=xTF;IX). 

Due to large errors in the delay time data and often poor station-event distribution we 
may not expect to resolve more from (3) than rather smoothly varying anomalies. Using 
our physical intuition, we also expect, apart from regions where large slowness 
heterogeneity contrasts may be expected (e.g. slab regions), that adjacent cells will have 
correlating velocity heterogeneities. On the other hand, errors and resolution artifacts may 
lead to poorly constrained solutions in cells, more than once resulting in large heterogeneity 
contrasts between those cells and neighbouring cells with good ray coverage. 

We can combine expectations and physical intuition and at the same time constrain (Le. 
stabilize) the inversion by applying a smoothing procedure to the solution z. There are two 
possible ways to perform this. A posteriori smoothing of z will result in a smooth picture 
but also destroy the least squares character of the fit. The alternative is to include 
smoothing in (3) and obtain a smoothed z which is also in accordance with our least 
squares procedure. This approach is easily incorporated in (5). 
Let S be a smoothing operator (e.g. a matrix with row sums I) that maps zon z. Then we 
have 

t In terms of the quantities used in Chapter I: we choose to minimize Ls?VI =Lsl rather than 

"Ls[ (section 1.1.3, cf equations (14) and (10d». 



44 Chapter 2 

z = Sz (6) 
AF~hSZ =d 

We solve the last equation of (6) for z subject to Min (zT z) and obtain the smoothed 
solution from z =Si, and finally the 'physical' solution from x=F;'hZ• Notice that the 
approach of this smoothing procedure is an another example of scaling the columns of A 
(cf. 3), in this case fixing correlations between the unknowns. Indeed one may look upon 
S2, or its generalized equivalent, as an (our subjective) approximation of the covariance 
matrix of z. We remark that we take the smoothing operation S confined to the cell 
heterogeneities, thus if we write zas i=(i(s >'i(81,z(l· », then Sz=(z(s >,z(g) ,z(" ». 

The last adaptation we will perform of the tomographic system of equations (6) 
concerns a row averaging procedure. Since in most seismic regions events are closely 
clustered, we may sum rays from predetermined event clusters arriving in one station into 
one row of the last equation of (6). In the same way we combine the corresponding delay 
times into one delay time belonging to what one may call a composite ray. Any desired 
row scaling can easily be incorporated (i.e. we may take a weighted combination of rays 
and corresponding delay times to construct the composite ray). This procedure serves the 
purposes of averaging the data errors and smoothing the solution, and it also reduces the 
number of rows involved in the last equation of (6). Mathematically this row condensing 
operation can be expressed as a left multiplication of the third equation of (6) with a M 'xM 
matrix D. 

Then we finally arrive at the tomographic system of equations, which we will further 
employ in this chapter 

z =SZ 
(7)

A =DAF'hS 
~ 

Az =Dd=d 

from which we want obtain x by least squares inversion of AZ=d subject to minimizing
zTz. 
2.4 Algorithms 

We present a brief introduction of the LSQR and SIRT algorithms which we will 
investigate. 

In large scale tomography, using many parameters and data, A is sparse and very large 
(0 (10+1<) elements is common). Finding a solution of (5) using techniques that require 
explicit memory storage of A will therefore not be possible. Row action methods like 
LSQR and SIRT require only access to one row of A at a time and consequently A may 
reside on secondary storage. Row action methods are iterative methods. At each iterative 
step an approximate solution of (7) is obtained, which is used as a starting point for the 



45 Algorithms. accuracy and resolution in tomography 

solution of the next iteration. More than once the convergence of the iterative solution to 
the least squares solution is measured from the decrease in data residual (Le. the difference 
between the actual data and those predicted by the approximate model solution) as a 
function of the iteration number. Our results will show that this is a misleading quantity for 
observing the solution convergence, especially when comparing the convergence that 
different algorithms can achieve in the same number of iterations. 

Two different classes of iterative algorithms have been employed so far in linearized 
seismic tomography. The most widely used methods are the stationary iterative 
backprojection methods called SIRT (Simultaneous Iterative Reconstruction Technique), 
such as the method discussed by Ivansson (1983) or (the different) method used by the 
Caltech group (as described in Hager et al. 1985). The second class are the conjugate 
gradient methods (CG). Paige and Saunders (1982) proposed a CG method, which they 
called LSQR, for the inversion of large sparse matrix systems. Nolet (1985) introduced this 
method to seismic tomography, applying it in a numerical experiment in which he 
compared the performance of LSQR to a SIRT method in solving sparse linear systems and 
Spakman (1985, 1986a,b) has used LSQR in large scale upper mantle tomography. 

In the following sections we will discuss the way these methods solve tomographic 
system of equations of the general form: 

Ax=t (8) 

with x the model vector and t the data vector. 

2.5 LSQR 

The LSQR variant of the CG method is somewhat similar to inversion methods based on 
singular value decomposition (SVD). The SVD solution is constructed in a p -dimensional 
subspace of the model space, spanned by the eigenvectors of AT A belonging to the largest 
eigenvalues Al ,oo,Ap ' Since the variance crJ of the solution Xj is inversely proportional to the 
magnitude of the smallest eigenvalue Ap (e.g., Nolet, 1981), this limits the propagation of 
data errors into the model, at the expense of a strong limitation in the degrees of freedom of 
the model - which practically means that the model is heavily smoothed and that those parts 
of the model that are not illuminated by seismic rays have slowness deviations equal or 
close to zero. 

With systems of large size, it is not possible to calculate the eigenvectors of AT A in any 
reasonable amount of CPU time. But instead of diagonalizing AT A we may tri-diagonalize 
it with a simple scheme, originally due to Lanczos, in which the columns of the 
transformation matrix V turn out to be orthogonal. Briefly the method works as follows. 
First normalize AT t with ~l= IATt I and choose this as the first colwnn v(l) of V , or, in 

other words, as the first 'basis' vector of a subspace to be constructed in the model space. 
The next basis vectors are now essentially determined by repeated multiplications with 
ATA and subsequent orthogonalization and normalization. Thus, to find the next vector we 
first construct w(l) = AT Av(l) - (XlV(1) and choose (Xl=V(l)T AT Av(l) so that W(I)T v(l)=O , and 
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then set v(2)=w(l)II w(l) I. To construct v(3) we must orthogonalize it to the two previous 

vectors: 

W(2) = AT Av(2) - ~v(2) - /32V(l) 
(9)v(3) =w(2)/1 w(2) I 

with arv(2)T AT Av(2) and /32= Iw(l) I. One can show that a 3- term recursion of this kind 

suffices to orthogonalize the whole set of vectors v(l)•...• v(P), constructed in this way: 

Y. IVU+1) = AT AvU) - a. vU) - A. vU- l) (10)J+ J PJ 

Multiplying (10) with vU+l)T easily shows that the normalizing factor Yj+1=/3j+l' 
Reorganizing (10), and assembling v(l).... ,v(P) as columns of a matrix Vp we obtain: 

ATAVp = Vp+ITp (11) 

where Tp is a tri-diagonal (p+ l)xp matrix with upper subdiagonal (/32' .... /3p+l)' diagonal 
(0.1 •...• ap) and lower sub-diagonal (/32....• /3p) . 

In analogy with the SVD method, the LSQR solution is found by expanding the p -th 
approximation x(P) to x in terms of the basis vectors v(l)....• v(P) 

x(P) = VpYp (12) 

so that the least squares system ATAx = AT t = /3IV(I) is reduced to a system 

AT AVpYp = Vp+1TpYp = /3IV(l), or, after multiplication with VJ+1 : 

TpYp =/31el (13) 

which is a tridiagonal system of (P+ 1) equations with p unknowns, that can be solved by 
least squares or damped least squares, with very little extra computational effort. 

In the LSQR method, Paige and Saunders (1982) avoid explicit use of AT A and further 
reduce Tp to a bidiagonal matrix. A simple Ratfor version of their algorithm is given by 

Nolet (1987). 
The LSQR method seeks the x that minimizes IAx - t I subject to minimizing xTx. For 

a detailed description of the properties of the LSQR algorithm see Paige and Saunders 
(1982) or Van der Sluis and Van der Vorst (1987). 

Simple solution damping (regularization) can formally be achieved by adding N rows 
111=0 to (8) (section 2.3). In practice, for the LSQR algorithm, we only need to add 11 to the 
aj and damping is applied as if the damping equations are specified explicitly (paige and 

Saunders, 1982). 
Since LSQR constructs the solution from a set of orthogonal vectors, the algorithm 

should theoretically converge in N steps or less (N being the dimension of the model 
space). In practice CPU time limitations force us to stop the calculation after a few 
iterations (p <<N), but nevertheless we expect that the orthogonalization will result in 
favourable convergence properties of LSQR with respect to iterative methods that do not 
employ orthogonality properties. Moreover van der Sluis and van der Vorst (1987) show 
that the LSQR algorithm starts the construction of the solution by neglecting those 
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components belonging to the very smallest eigenvalues of AT A. The contributions of the 
smallest eigenvalues eventually enter the solution more and more as iteration proceeds. 
This behaviour attributes to the intrinsic damping properties of the algorithm, which are 
similar to the SVD method with sharp eigenvalue cut-off. 

2.6 SIRT 

SIRT methods operate in a way quite different from CO methods. The SIRT method we 
will employ can be described by the following iterative process: 

xr> == 0 for j==l,N 

for p == 0,1,2, .. 
N (14) 

r·(P) == (. - ~.LX~) , i==l,M
I • ..(..E'.)) 

j 

I M A- -r.(P)
fur) == ro-L .). 

Cj i Pi 

X·(P+l) == x.(P) + fu.(P)
) ) ) 

M N 
with Cj == L IA ij I the j th column sum of A, and Pi == L IA ij I the i th row sum. 

i j 

If we use the matrix notation of van der Sluis and van der Vorst (1987), equation (14) reads 
with C == diag (cj) and R == diag (Pi): 

x(D) == 0 

for p == 1,2, .. 
(15)

r(P) == t - Ax(P) 

t,x(P) == roC-1ATR-1r(P) 

X(P+l) == x(P) + t,x(P) 

In which, after p iterations r(P) is the data residual (r(O)==d), and t,x(P) is the update of the 
approximate solution x(P). ro is a relaxation parameter that can be set to a value between 0 
and 2 (e.g. Van der Sluis and Van der Vorst 1987). We adopted a value of ro==l. (15) is the 
SIRT process as is described in Hager et al. (1985), although starting vector and ro are not 
specified in that paper and could be different. 

We may clarify the process (15) as follows (for the sake of simplicity we restrict the 
discussion to the cell part of the solution and for the moment identify x with s). The data 
residual ri(P) belonging to ray i is backprojected along the ray path in a weighted manner as 
the time correction Aijri(P)/Pi (Pi being the ray length), which is to be explained by Xj(p+l). 

The weight A ij /Pi permits the slowness anomaly in those cells with larger ray intersections 
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to explain most of the data residual. To allow A to be accessed by rows, the single-row 
contributions Ajjr/p)/pj are accumulated in the computer memory as f/p)=Dijri(P)/Pi' At 

the end, when all rows have been processed, rj(P) contains the total time correction. A 
reasonable estimate for the slowness correction tuj(P) is obtained by dividing fj(P) by the 
total length of all ray path segments intersecting cell j , i.e. 

f.(P) 
tu.(P) = _J_ (16) 

J c, 
J 

Rewriting tu?) as a simple average over all row contributions we obtain 

1 M A· r·(P) 
tu(P)- L IJ I (17)

j -M.T-p.
J. J • 

with Nj the number rays sampling cell j, i.e the cell hitcount. L j the average length of ray 
segments in cell j, and we can denote the i -th row update of the cell slowness in cell j, say 
tu/f), by 

A (P) 

tu·(P) = ---.!!...-~ (18)
IJ L. p.

J I 

Since A ij ILj ;::;l, we can observe from (18) that, for a given residual rj(P), the single row 
contributions to tuj(P) are of the same order for both well and poorly sampled cells. 
However, the single cell solution update (17) is inversely weighted by the cell hitcount Nj • 

Especially in tomographic problems with strongly varying cell hitcount, we expect that the 
weight lINj will suppress the amplitudes Xj(P) in the well sampled cells with respect to 
those in the poorly sampled regions of the cell model. This will prove to be a useful 
observation later on. We may also observe from (18) that the single-row contribution tu/f) 

to (17) will, on the average, be systematically larger for shorter rays, due to the weight 
factor pj which biases tuj(P), and thus Xj(P+1), in the direction of short-ray contributions 
(note that the rj(P) are on the same order of magnitude). Since there is no physical reason 
why this should be the case, this is an unwanted property of SIRT. 

Indeed, van der Sluis and van der Vorst (1987) prove that the SIRT process (15) does 
not solve (8) but instead the reweighted least squares problem 

(19) 

They also prove that the least squares solution is minimal in the norm xT Cx, i.e there is an 
additional scaling involved of the columns of A with C-'h. Note that the LSQR algorithm 
seeks a solution of Ax=t, subject to minimizing xTx. The lICj scaling serves the same 
purpose as the column scaling we apply in case of the LSQR algorithm (section 2.3), where 
we explicitly divide the columns of A with the square root of the cell volume in order to 
account for the differences in total expected ray path length in a cell. Note however, that in 
general the values of Cj may vary much more over the model than the cell volumes. Our 
results will show that the column scaling influences the solution. Since the Xj are expected 
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to be of the same order of magnitude, the minimization of xT Cx implies that the SIRT 
process allows larger amplitudes to the solution in poorly sampled cells (which are 
expected to be the least constrained) with respect to the solution in well sampled cells. We 
already noted the same effect in our discussion of equation (17). 

Solution damping can be achieved by adding a positive constant Tl to the column sum 
cj' Physically this means that we try to explain the same time correction f j in cell j by a 
larger total ray length Cj+Tl (cf. 16), which serves the same objective as adding damping 
equations to (8). Mathematically, however, this way of regularization is quite different 
from the one discussed in section 2.3. This is most easily expressed by the fact that the 
SIRT-type damping affects every column of ATA, whereas the damping discussed in 
section 2.3 only affects its diagonal elements. 

Backprojection methods like the Algebraic Reconstruction Technique update the 
solution after one single row has been processed, with updates similar to (18). This causes 
the solution to depend on the order in which the equations are supplied to the algorithm. 
SIRT methods do not have this deficiency. The summation in (17), which is used to obtain 
the solution update, is independent of the order of the equations. 

2.7 The experiment 

Nolet (1985) compared LSQR to the SIRT variant, which is discussed by Ivansson (1983), 
in solving sparse tomographic systems. For a rather small numerical model (the matrix was 
200x400) he found superior convergence properties for the LSQR method. However it 
remains to corroborate these results for matrices of more realistic size (104XI05) resulting 
from actual seismic tomography and different SIRT algorithms as well, in particular the 
method described in Hager et al. (1985) that is reported to have fast convergence as well 
(Clayton, personal communication 1985). 

In this section we will do so by applying the LSQR and SIRT methods to the same data 
as used by Spakman (1985) in estimating the P-wave velocity heterogeneities of the upper 
mantle beneath Central Europe, the Mediterranean and the Middle East We will first give 
an outline of the structure of the tomographic equations he used. 

A cursory look at figure 1, displaying the locations of stations and events in this area, is 
enough to envisage the possibility of studying its upper mantle by seismic tomography. The 
region is well covered, although not ideally, with a large number of stations and exhibits a 
well spread and high seismicity. A selection of the ISC-bulletin tapes (years 1964-1982) for 
regional events that are observed by at least 10 stations, results in about 30,000 mainly 
weak and poorly detennined events. Taking an absolute delay time threshold of 5 seconds, 
the ISC reports for these events about half a million delay times, observed by 937 regional 
and teleseismic stations up to 900 epicentral distance. 

The upper mantle cell model which is used to parameterize the slowness 
heterogeneities is shown in figure 2. It consists of 9 layers, which are subdivided in 52><20 
approximately 1°Xl0 cells. The layer thickness increases with depth from 33 Ian for the 
first layer to 130 km for the last one, which reaches a depth of 670 km. The inclusion in (7) 
of 30,000 events would lead to the estimation of 120,000 unknown hypocenter coordinates, 
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Figure 1. The geographical region beneath which the upper mantle is tomographica//y scanned. Top panel 
shows the regional stations and the bot/om panel displays a subset (M > 3) ofseismicity. 

.which are not expected to be well resolved. For reasons discussed in section 2.2, events 
were grouped in 50x5Ox33 km cells and instead of relocating each single event, a cluster of 
events is relocated. This decreased the dimension of g to 10,604. Station corrections are 
estimated only for those stations outside the cell model for which no station delay time is 
reported by Dziewonski and Anderson (1983), which is the case for 105 stations. A 80 km 
thick cell is placed beneath these stations to account for the station slowness anomaly. In 
this way the total number of parameters amounted to 20,069. 

A smoothing matrix S is chosen to apply only smoothing within a horizontal layer 
(retaining optimal depth resolution), in a way that the slowness heterogeneity in a cell is 
required to correlate by 20% of its amplitude with the solution in every adjacent cell. The 
ray paths are computed from the Jeffreys-Bullen reference model for P-waves, using the 
ISC hypocenter locations. Finally a row condensing operation is applied by composing 
every row of DA in (7) by at most 4 rays coming from a cluster of events and arriving at 
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Figure 2. The cell parameterization of the upper mantle inlo 9 layers of increasing thiclotess. Each layer 
consists of 1040 lOxIa cells. The thick lines near the center of the model indicate the upper mantle cross 
section which is subject ofour discussion. 

the same station. This reduced the number of rows in (7) to 292,451. 
The solution to this system of tomographic equations has been approximated by 

Spakman (1985) in 16 iterations using the LSQR algorithm (see Spakman, 1986a, 1986b 
for some of the upper mantle results). He also used sensitivity tests with synthetic velocity 
models to estimate the resolving power of the inversion procedure. We will use this 
application of (7) in our experiments to study the algorithm performance and spatial 
resolution. First we have to make some introductory remarks. 

In section 2.2 we briefly discussed the problems arising from reference model 
differences with respect to the actual 'average' Earth. The most important error introduced 
by an inadequate model is spatial bias (Le. displacements with respect to the actual 
location) of the inferred heterogeneities. We use the JB model as background model. The 
model is characterized by the absence of a low velocity layer and first order discontinuities 
in the upper mantle. The model bias will prove to be relevant to our results only in the case 
that we are discussing the spatial resolution obtained when inverting the real data. 

In solving systems like (7), it is important to realize that how an algorithm performs is 
quite independent of whether the system of equations is an adequate description of the 
physical reality or not. All shortcomings mentioned in the previous sections will result in a 
tomographic image that differs from actual slowness heterogeneity, but this does not affect 
the algorithm performance. On the other hand, each numerical method is afflicted with its 
own shortcomings, bringing errors to the solution which we wish to investigate. 
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Merely applying LSQR or SIRT to invert real data, we do not obtain a measure of the 
spatial resolution. Sensitivity tests with synthetic velocity models and data can partly help 
to overcome this problem. With a known model x we can compute artificial data I by 
computing the forward problem AX=t. We may also add an error vector I> to the data and 
then solve the inverse problem Ax=I+E for x. By performing the same sensitivity test on 
both algorithms we obtain, what we will call, inversion responses Xlsqr and Xsirt' which can 
be compared to the synthetic model i for spatial resolution analysis, and it also permits us 
10 draw conclusions about the performance of the algorithms. 

For reliable resolution estimates we need to devise sensitivity tests that mimic the actual 
data case. A restriction we can impose is that we obtain the same relative variance 
reduction as in the real data case, i.e. 1r(P) 1/ It I. The maximum allowed relative drop of 
the variance is reached when Ir(P) 1 is roughly equal to the expected length of the data 
noise vector, since the number of degrees of freedom that we allow in the solution is small 
with respect to the number of data. A better fit is an indication that the algorithm is 
matching the model to the data errors. For the construction of our sensitivity tests this 
implies that we can mimic the real data variance reduction best (in a conservative sense) by 
adding errors £to the synthetic data I that are sufficiently large to create the same drop in 
variance reduction as in the real data case, i.e. 1£ 1/ 1I+E 1 :::: 1r(P) 1/ It I. A second 
requirement is that xmust be chosen in such a way that it enables us to derive conclusions 
which are also applicable to the real data case. We used cell-spike and (quasi) harmonic 
sensitivity models, which, as we will discuss, serve this purpose. 

We include the relocation and station parameters in the tests since otherwise the 
inversions cannot be representative for the actual inversion response. We set these 
variables to zero values. In this way we can study how much of the synthetic data (strictly 
caused by the cell-anomalies) is explained by the event relocation and station delays after 
inversion of the synthetic data. 

In most cases we will show inversion results obtained after 16 iterations. The primary 
reason for stopping after 16 iterations is that the tests are expensive in computations with 
large systems. With the matrix elements stored on disc, 0 (100 Mbytes), the time needed 
for I/O operations is at least as important as the CPU time. We performed our computations 
on a CDC 855 mainframe computer. Per iteration the required amount of computing time is 
120 CPU seconds and 500 I/O seconds for LSQR and for SIRT: 100 CPU seconds and 
250 I/O seconds. Our implementation of LSQR needs a double amount of I/O because two 
separate matrix-vector multiplications, one with A and one with AT, are performed per 
iteration, but this excess I/O can be avoided by more efficient programming. For SIRT the 
multiplications with A and AT is performed simultaneously with only one disk access per 
row. 

The second reason is that in the first 10 iterations both algorithms have already reached 
about 90% of the total variance reduction that is achieved after 16 iterations, which 
indicates that the residual after 16 iterations is near the noise level of the data. The third 
reason is that in the absence of damping, especially for SIRT, solutions in some cells are 
already developing large heterogeneity contrast with adjacent cell solutions after 7 
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Figure 3. Cell hitcount. The lifli! contouring (in incre~nts of50) indicates the regiollS ofpoor illumination. 
The shading denotes the well sampled cells and the black areas denote those cells wilh hilcounts between 
2000 and 6500. Dash-dotted lines represent the cell division in the cross section. Notice that the owlifli! ofthe 
cross section runs through the centers ofthe edge cells. 

iterations, which is indicative for an unstable solution. Most of our results have been 
obtained without explicit solution damping, because only in that case artifacts of the 
inversion can be clearly revealed. 

Convergence of an iterative least squares process is commonly measured by the 
reduction of the data residual (variance reduction), It-Ax I as a function of the iteration 
number. This is the quantity which is minimized by LSQR. The SIRT method minimizes 
the residual IR-11it - R-'/~Ax I (section 2.6). Yet the model fit to the actual (univariant and 
otherwise not reweighted) data in terms of the variance reduction is best expressed by 
It-Ax I and therefore we use this quantity to denote the data residual. 

Since the number of unknowns is very large we will restrict our discussion of the 
inversion results to the cross section of the cell model which is indicated in figure 2. As we 
will see this cross section exhibits all the characteristics which one may encounter in 
seismic tomography. Note that all the results are obtained from the 3D inversion. 

One of the first things to consider in seismic tomography is how adequately the cells are 
sampled by seismic rays, because that gives qualitative information on how well 
constrained the cell solutions are. We can get an impression of the cell illumination by 
seismic rays by comparing the distribution of station locations with respect to epicenters in 
figure 1. We observe that the ray illumination is not ideal since in most of the event regions 
the density of the station distribution is poor. The best sampled cells are located beneath 
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Central and South-East Europe, where we may expect to obtain the highest spatial 
resolution in the model. On the other hand, the edges of the model are hardly sampled by 
rays and consequently the cell slowness anomalies in these regions are poorly constrained. 

The illumination of cell j can be described in terms of the cell hitcount N j , defined as 
the number of rays intersecting cell j. For the cells in the cross section the hitcount is 
shown in figure 3. Both poorly sampled (line contoured) as very well sampled regions 
(hatched) are present, in fact the cross section exhibits a strongly inhomogeneous cell 
hitcount. We can also recognize preferred directions in ray illumination, even in this region 
which is relatively well covered by seismic rays with respect to other areas. In this figure, 
as in all that follow, we use a bilinear interpolation of the function displayed, that connects 
the function at grid point values defined at the center of the cells. 

2.8 Real data inversion 

Figure 4 displays the estimates of the velocity anomalies inferred from the inversion of the 
actual P-delay times with both algorithms. The shading denotes anomalies in percentages 
of the corresponding reference mantle velocity. Positive values (cross-hatched) indicate 
relative high velocity regions. White areas represent either values between -0.1 % and 0.1 % 
or unresolved cells. The black shading indicates values that are beyond the limits of the 
contour scale. 

Both images posses the same main features of which the most prominent one, the 
strongly dipping high velocity anomaly, is interpreted as the Aegean slab (Spakman 
1986a). The differences are largest where the hitcount is low. The LSQR solution shows 
small or zero amplitude anomalies corresponding to the poorly sampled cells (to the left 
and right in figure 4. except for the anomaly in the middle right), whereas in the large 
hitcount areas of the cross section the heterogeneities exhibit modestly varying anomalies 
between -3% to +3%. In the upper left and to the right in the cross section, the SIRT image 
exhibits a correlation between small hiteount and large heterogeneity contrast, which are on 
the order of 7-10% over distances as small as 100 km. Although this may not be unrealistic 
from a geodynamical point of view, we have to explore the possibility that these contrasts 
indicate an unstable solution in the corresponding cells. The anomaly amplitudes in the 
well sampled cells are systematically smaller, not only with respect to those obtained in the 
ill-illuminated part but also with respect to corresponding anomalies in the LSQR solution. 

Some characteristics of the inversions are listed in table I, in which, where relevant, 
units are in seconds and 0' denotes standard deviation, e.g. O'r is the standard deviation in 
the residual r(P). The other quantities have already been defined in section 2.7. From table 1 
we see that after 16 iterations the algorithms achieved about the same variance reduction of 
about 13%. The differences between the LSQR and SIRT image lead to the observation 
that evidently variance reduction alone is not a useful measure for judging the reliability of 
a tomographic image. 

A conclusion we can draw at this point is that LSQR treats (at least in the first 16 
iterations) the well sampled cells with a higher priority, or, to state this differently, 
implicitly damps the solution in the ill-illuminated cells. In the SIRT solution, the 
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Figure 4. Thi! velocity anomalies in thi! cross section obtained from thi! inversion of thi! P-delay time data 
after 16 iterations for LSQR (top) and SIRT (bottom). The shading denotes velocity anomalies in percentages 
relative to the Jeffreys-Bullen mantle velocity. Low (high) velociry regions are (cross) hatched. Black regions 
indicate anomaly amplitudes beyond thi! scale limirs. Thi! geodynamical significance of thi! anomalies is 
discussed in Spakman 19800. 

amplitudes are all of about the same size, i.e on the order of 0.5-1.5%, apart from the 
possible instability of the solution in the upper left comer and to the right side of the cross 
section. More conclusions are not warranted because we do not know the actual velocity 
heterogeneity, hence we cannot know if the LSQR or the SIRT solution is closest to reality 
and we have so far not been able to establish the reliability of the inferred anomalies. 
Especially the strong correlation between the slab geometry and the preference in ray 
directions raises the question if the slab actually exists or that the image is merely due to 
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Table 1 

test/data 

real data 
spike 1 
spike 2 
hamlO 1 
hamlO2 
perm. data 
hamlO 3 
hamlO4 
hamlO4 

p 

16 
16 
16 
16 
16 
10 
16 
16 

7 

ollOise 

0 
0.5 
0 
1.3 

1.3 
1.3 
1.3 

1£1 

0 
270 

0 
702 

702 
702 
702 

It+£1 
821 
210 
342 
396 
806 
821 
806 
806 
806 

Ot+£ 

1.52 
0.388 
0.632 
0.732 
1.49 
1.52 
1.49 
1.49 
1.49 

LSQR / SIRT 

Ir CP ) I/It+£ I or 

0.871/0.869 1.32/1.32 
0580/0.570 0.225/0.221 
0.854 /0.850 0.540/0538 
0.270/0.280 0.197/0.205 
0.870/0.866 1.3011.29 
0.979 /0.973 1.49/1.48 
0.868/0.871 1.29/1.30 
0.861/ 1.28/
0.868 / 1.29/

lack of spatial resolution. We have to seek refuge to sensitivity tests in order to explain 
what is observed. 

2.9 Cell-spike test 

Cell-spike models are characterized by zero slowness except for a few cells, which all have 
the same deviation in slowness val;s..:: (apart from a possible difference in sign). If Xspilu 

consists of only one cell with non-zero slowness anomaly, the solution xspilu is called the 
cell response function, which is in fact a column or a row of the resolution matrix 
II =(AT A)-<J ATA, where 'G' denotes generalized inverse. In a problem using only a few 
cells and few data it would be worthwhile computing II, but in our problem this is 
impractical. However as we shall see later on, cell response functions are quite sharply 
peaked around the anomalous cell, and have much smaller amplitudes in the rest of the 
model. By distributing a number of well separated cell-spikes over the model it is possible 
to approximate the central part of many of the response functions in one inversion run. Cell 
response functions then give a proper estimate of the image blurring caused by the 
combined effects of model, data and algorithm imperfections. In practice they indicate the 
maximum detail that can be resolved in large contrast heterogeneity models. 

The employed cell-spike model consists in every layer of the cell model of 60 
equidistantly spaced cell-spikes. In adjacent layers the pattern is shifted in both horizontal 
directions by half of the spacing between the spikes. In this way the cell-spikes are always 
separated by at least 2 empty cells within a layer and by at least one in vertical direction. A 
5% velocity contrast with respect to the surrounding upper mantle velocity is attributed to 
the spikes. The amplitude alternates in sign from one spike-cell to another. Inversions have 
been performed of the exact synthetic data and also of the same data with the addition of a 
realistic amount of normally distributed random noise. The results for the cross section are 
shown in figures 5a-d and table 1 (i.e. tests spike 1 and spike 2, resp. noise-free and noise 
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-3%_ =_+3%
 
Figure 5. The inversion response to the spik2 sensitivity test. Rectangles denote the location ofthe cell-spik2s 
to which a 5% velocity anomaly contrast is attributed with respect to the surrounding upper mantle velocity. 
Shading as in figure 4. 5a-b; inversion result using exact synthetic data for LSQR (a) and SIRT (b). 5c-d; 
same as 5a-b but with noise added. See table 1 for details (tests spik2 1 and 2). 
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added). The rectangles in figure 5 indicate the true position and spatial size of the cell
spikes. 

In the noise-free case LSQR is able to resolve 30-40% of the input spike amplitude in 
the lower central part of the cross sections and up to 70% in the upper central area. If we 
take the half-width of the cell response function as a measure of spatial resolution then 
single cell anomalies are reasonably well resolved. Notice that a small bias exists in the 
location of the central peaks with respect to the actual location. This is a consequence of 
the preference in ray direction, as are the elongated shapes some of the cell response 
functions. The blurring of the image is primarily due to the imperfect cell illumination, the 
applied smoothing and the finite number of iterations. The ill-illuminated cells are either 
hardly resolved or not resolved at all, but the sign of the input anomalies is always 
recovered (except for the upper right comer, where LSQR has damped the solution to 
zero). At the top in figure 5a, between the first and second 'wlumn' of spikes, small 
anomalies exist that are side lobes of responses belonging to spikes located outside the 
cross section. 

The SIRT solution in the perfect data case (fig. 5b) is only able to resolve 15-30% of 
the amplitude contrasts and achieves a poorer spatial resolution 1lhan LSQR. To the lower 
right a clear example exists of two spikes that cannot be separated after 16 iterations, and to 
the upper right we can observe a slight dislocation of the cell anomaly with respect to the 
actual cell-spike location. Note that Xsirt has a better amplitude response than xlsqr in the 
poorly sampled regions of the cross section. 

The addition of Gaussian noise with 0=0.5 s to the synthetic data (table 1) results for 
both methods in a slight decrease in the matching of amplitudes .in the well sampled cells, 
but does not dramatically change the spatial resolution (figures 5c-d). We can influence the 
effect data errors have on the solution by applying a proper amount of explicit damping to 
the solution. This will be shown when we discuss the results of the harmonic sensitivity 
test. 

2.10 Harmonic model test 

The harmonic sensitivity model consists in every layer of a superposition of two sine 
functions mimicking a 2D harmonic slowness anomaly pattern with wavelengths of 6 cells 
in both lateral directions and maximum amplitudes of -3% and +3% relative to the 
surrounding upper mantle velocities. In the adjacent layers the pattern is shifted by half a 
wavelength in order to obtain a 3% anomaly discontinuity at layer interfaces. The 
wavelength of 6 cells (660 km) has been chosen in order to obtain resolution estimates for 
heterogeneities of a length scale typical for complicated upper mantle regions (in a 
geodynamical sense). 

The inversion results for the noisy data case are presented in figures 6a-b and table 1 
(i.e. test harmo 2; test harmo 1 gives the numbers on the noise-free case). The contour lines 
indicate the true location of the -1.5% and +1.5% velocity anomaly amplitude levels of the 
harmonic model. 
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6a: LSQR 

-3% +3% 
Figure 6. The inversion response to the harmonic sensitivity test using noisy data. Con/our lines indicate the 
-1.5% and +1.5% amplitude level of the harmonic rruxiel, which has -3% and +3% maximum amplitudes and 
a wavelength of 6 cells. The pal/ern is shifted by halfa wavelength in adjacent layers. Shading as infigure 4. 
6a-b inversion results for LSQR (a) and SIRT (b). See table 1 for details (harmo 1 and 2). 6c SIRT soluJion 
with explicit damping .. 200 /em ray path length is added to the Cj. 
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7a: LSQR 

7b: SIRT 

Figure 7. Model fit for harmonic sensitivity test using noisy data. a- LSQR. b- SIRT. c- SIRTwith damping. 
The shading is proportional to the fit. White areas indicate misfits ofmore than ]00%. 
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The same amplitude and resolution characteristics are observed as in the spike test. In 
addition, both solutions show a larger convergence to the actual harmonic model, i.e. 
amplitudes are better resolved than in the spike test, but again the resolving power of the 
LSQR method is much higher in the well illuminated area. In fact in the upper part the 
spatial resolution is to nearly single cell precision. In the poorly sampled cells SIRT has the 
better average amplitude response. Notice however the irregular large amplitude anomalies 
in the upper comers of the cross section. A comparison with the noise-free results (not 
shown here) shows that the size of these amplitudes is caused by the added noise. Also in 
the spike test we observed the sensitivity of the SIRT solution to noise in the poorly 
illuminated cells. In the harmonic test this effect proves to be much more dramatic. Figure 
6c shows the SIRT inversion response when a small amount of damping is applied. We 
added 200 km of ray length to the total ray path length in every cell. The large amplitudes 
in the upper comers have decreased to an acceptable value, but the error in the location of 
the anomaly in the upper right comer still remains. Note that the damping only affects the 
anomalies in the poorly illuminated cells. 

Although we scaled the Xj to approximate uniform variance prior to inversion, 
evidently LSQR accepts a bias toward zero anomalies for poorly sampled cells, 
constructing a solution primarily in the well sampled cells (corresponding to the columns of 
A with large column sums), i.e. in the first 16 iterations. SIRT however attempts to 
compensate for the column bias, by scaling the columns of A with C-'h , but at the expense 
of an increase in the variance of the solution, especially visible in the upper right and left 
comers of the cross section. 

In order to obtain a convenient image of the spatial resolution and amplitude response 
we computed a measure of the fit Ij in the vicinity of cell j between the harmonic 
sensitivity model xand the inversion response x defined as 

«x-xlWj (x-x) )'12 
(18)Ij = I - (xTWj x)'Iz 

in which W j is a three -dimensional smoothing window centered at cell j, that rapidly falls 
off to the sides as O.Sk, with k the number of cells separating a cell from cell j. W j serves 
as a penalty function that weights spatial errors (i.e errors in the location of the anomaly). 
Note that the fit function Ij equals I if x=x and equals 0 for a 100% amplitude misfit. 
Figure 7 displays the results. Clearly LSQR exhibits superior convergence to the actual 
solution. Only in the lower left and middle right is the SIRT response slightly closer to the 
actual synthetic model. The model fit of the damped SIRT solution is somewhat improved 
in the upper comers, but is still poor. The misfit (i.e. I-Ij) is the combined effect of 
amplitude errors and spatial errors and hence it does not represent a purely spatial error 
estimate. Notice that the reason for large model misfit is quite different for LSQR or SIRT. 
LSQR exhibits small or zero amplitudes in the poorly sampled regions, whereas the SIRT 
solution has very large amplitudes in these regions, both leading to misfits on the order of 
100%. By comparing figures 6a and 7a we may tentatively attribute a spatial error of half 
the cell size to a fit of 60-70%. In the region of poor fit, say 10-20%, the fact that the sign 
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LSQR 

-2.5% +2.5% 
Figure 8. Permuted data inversion results after 10 iterations. LSQR (top) and SIRT (bottom). See table 1 for 
details. Shading as infigure 4, but with a different scale. 

of the anomalies is always resolved (fig. 6a) indicates a spatial error on the order of twice 
to three times the cell size. The central part of the cross section is expected to be resolved 
with a spatial error varying from 50 to 120 km. 

2.11 Permuted data test 

How do we assess a correlation between the delay times and the variable ray coverage? If 
we lack independent evidence on the existence of the inferred anomalies obtained from 
seismic tomography, the following test can be helpful. We may destroy the correlation of t 
with the physical structure, while retaining all statistical properties of the data ti , if we 
randomly permute the data, obtaining tpm , but keeping the order of the rows of A fixed. The 
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LSQR 

-3%.I~~~]1 +3%
 
Figure 9. Figure 6a with superimposed the outlines ofthe high velocity anomalies offigure 4. 

next step is to invert AXpm=tpm • If x exhibits strong correlations with x, (the solution pm 

obtained from the actual data case) we cannot be sure of anything, since the problem now 
depends on the type of structure we invert for (in the case x is a very smooth or constant 
velocity model possibly Ix I::::; Ix I). However if we obtain, with respect to the original pm 

problem, only a small variance reduction and Ixpm I« Ix I we may conclude that there 
exists a significant correlation between cell illumination and the data and hence the solution 
x can contain significant information on the Earth. 

We will briefly discuss the results of the permuted data inversion. These are displayed 
in figure 8 and table 1. Only 10 iterations are performed on these very 'noisy' data. The 
LSQR algorithm behaves very well, showing only modest amplitudes after a 2.1% 
reduction of the residual. The undamped SIRT solution seems to be very sensitive to the 
'noise' after a 2.7% variance reduction, especially in the poorly sampled cells. We remark 
that dominance of positive velocity anomalies indicates that the algorithms try to explain 
the mean delay time ( -0.034 seconds) of the data set. This also attributes to the bulk of the 
observed variance reduction. The lack of correlation between figure 8 and figure 4 and the 
small decrease in residual indicate that the actual delay times correlate well with the cell 
illumination and hence there is significant'signal' in the data. 

2.12 The Aegean slab 

After performing all of the above tests we can answer the question: does the slab in figure 4 
actually exist? First, it follows from the permuted data test that the anomalies in figure 4 
result from existing heterogeneities and not from pure noise. Secondly, it follows from the 
sensitivity tests that existing anomalies are resolved in the well sampled cells of the cross 
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10a: LSQR p=16 

10b: SIRT p=16 

80%0% 

Figure 10. The model fit of harmonic sensitivity tests in which the estimation of relocation and station 
corrections are d£letedfrom the inversion scheme. Synthetic noise has been added to the data. lOa: LSQR 
response ,lOb: SIRT response, both after 16 iterations. See also table 1 (test harmo 3). 

section. Since the LSQR results demonstrate superior convergence to the sensitivity models 
in the well illuminated region we only will consider figures 5c and 6a and 4 to obtain the 
answer. To make the comparison easier we plotted the outlines of the high velocity 
anomalies of figure 4 on top of the harmonic sensitivity test results. This is shown in figure 
9. Clearly the sign of the slab anomaly is well resolved. As for the precise geometry we 
cannot be certain. For example, the upper left part of the slab is not well resolved. The 
entire outline of the slab may by biased due to the preferential ray directions, this we can 
conclude from the elongated shapes of some of the harmonic responses. But considering 
the heterogeneity that can be resolved (e.g. harmonic, spike model) we can conclude that 
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the slab is present in the Aegean upper mantle and that the image may be accurate up to say 
a 50-120 kIn spatial error. 

The above argument holds if the JB-model introduces negligible model bias with 
respect to the actual 'average' Upper Mantle model in the Mediterranean-Central European 
region, and if the actual amplitude of the slab anomaly is not much larger than what is 
resolved (1-2 %), since that would deflect the actual ray geometry away from the reference 
ray paths. Both problems are difficult to assess and if we realize that the 'best' reference 
model (in view of the entire 3D cell heterogeneity solution) is a model that can only be 
significant locally, solving these problems thoroughly calls for fast and efficient 3D ray 
tracing algorithms, that can deal with 0 (1O~ rays in a reasonable amount of computation 
time. 

2.13 Event and station corrections 

In all inversions the values for the trade off controlling parameters Il and K (section 2.3) 
were fixed to 0.5 and 2 respectively. In inverting the real data we obtained station 
corrections on the order of 0.5 seconds and event (cluster) corrections on the order of 5 kIn, 
using these values. Recall that we set the amplitudes of g and b to zero values in the 
sensitivity tests. The inversion responses of these parameters in the performed tests showed 
that their estimation is not independent of estimating the cell heterogeneities. The station 
corrections achieved amplitudes of - 0.05 seconds, in the harmonic test (with the addition 
of noise), which is a small response, but the relocation parameters obtained amplitudes of 
several kilometers. The amplitudes show a similar behaviour with respect to the the number 
of rays contributing to the estimation of one event parameter (Le. event hitcount), as we 
observed for the cell heterogeneities. For SIRT the poorest constrained solutions exhibit the 
largest amplitudes. For LSQR this is just the other way around. On the average SIRT 
attributes somewhat larger amplitudes to the event corrections. 

Suppressing g by taking a larger value of Il results in a small increase of the magnitudes 
of the cell slowness anomalies, but the influence of the data errors, especially for SIRT, 
becomes more visible, since the errors are less allowed to be absorbed by the (on the 
average ill-constrained) event relocations. For LSQR and SIRT we observed that this 
scaling will primarily influence the overall absolute magnitude of the heterogeneities, but 
hardly the shape of the image itself. 

We also performed harmonic sensitivity tests without inverting for the relocation and 
station corrections. Note that we use the same synthetic data as in the other harmonic tests, 
since in the forward calculation of the synthetic delay times g and b are zero vectors. 
Figure 10 shows the model fit that can be obtained when the estimation of g and b is 
omitted from the inversion scheme. There is a general increase in accuracy and spatial 
resolution in the results of both algorithms when compared to figure 7. In spite of this 
increase we do not favour the neglection of g and b, since their inclusion is physically 
required. The expansion of the linear system by including g and b has two effects: (i) for as 
far as the added columns of the matrix are independent, we observe that the expansion 
results in a decrease of the amplitude contrasts between adjacent cells leading to smoother 
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anomalies and (ii) we observe an average decrease in slowness amplitudes. This decrease is 
caused by the removal of 'signal' from the delay times for the estimation of g and b and by 
the lack of independence of the columns of A belonging to g, h and and the slowness vector 
s, respectively. We remark that the corrections for one event are determined from only 
0(100) rows of the matrix equation. Because of this we expect that inconsistencies in the 
entire data set are easily absorbed by the estimation of the components of g, i.e. in a way 
many of the relocation parameters are used as 'waste baskets' for data errors, which has a 
stabilizing effect on the estimation of the better constrained slowness anomalies. 

2.14 Discussion 

Our experiments demonstrate that the LSQR method exhibits superior convergence toward 
the actual solution in large parts of the cell model in a realistic tomographic problem. Only 
in some poorly illuminated areas the SIRT solution tends to have a somewhat better 
amplitude response. LSQR proves, at least in the first 16 iterations, to be much more stable 
with respect to large data errors. An advantage of the SIRT method is that we also obtain a 
solution in the poorly sampled regions of the cell model, where LSQR accepts a bias 
toward zero amplitudes. These differences in algorithm performance are not reflected in the 
variance reductions achieved after 16 iterations, which, in the tomographic problems that 
we considered, are of comparable size for both methods. 

We can explain the performance of LSQR by the way it constructs the solution. In the 
first iterations the algorithm starts with estimating only those contributions to the solution 
that belong to larger eigenvalues A" of AT A (van der Sluis and van der Vorst 1987). While 
iterating, eventually more and more smaller eigenvalues enter the solution. This is also 
reflected by the condition number of Tp , equation (13). The condition number gives for 
every iteration the ratio between the largest and the smallest A" that entered the problem. In 
the harmonic test, with the inclusion of noise, this number increases from 1 in the first 
iteration to 45 when p =16. The same increase is observed when inverting the real data. 
Although the condition number is only a relative measure, it indicates that the smallest 

. eigenvalues did not enter the problem in the first 16 iterations when solving our problem 
(8). Hence the variance in the solution components Xj is only due to a small eigenvalue 
range and is not expected to vary dramatically over the model. Note that in general this 
does not imply that the errors cannot be large, since this depends largely on the smallest 
eigenvalue that entered the problem and the noise in the data. 

Data errors combined with the ill-conditioning of ATA, which is caused by the (nearly) 
linear dependency of the columns of this matrix, may cause large variance solutions which 
are related to small eigenvalues of ATA. Since LSQR neglects the smaller eigenvalues in 
the first iterations the ill-conditioning of ATA will have small effect. LSQR, however, starts 
to give large amplitude anomalies in well sampled cells in some regions not shown in this 
paper when p=16. In this respect we like to remark that where the LSQR solution shows 
signs of instabilities, the SIRT solution is already clearly unstable. We note, however, that 
this depends on the scaling of the problem. We will clarify this below. 
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11 a: LSQR 'sirt-scaling' p=16 

80%0% b4~~~__

Figure 11. The modetjIJ a/the response a/the SIRT-scated harmonicsensitivilytest.lla: p=16 .11b: p=7. 
See also table 1 (test harmo 4) 

Both LSQR and SIRT seek least squares solutions to a given problem. One of the 
fundamental differences in the way they achieve the solution is the additional column 
scaling with C_1h which is implicitly employed by the SIRT method (section 2.6), but not 
by LSQR. In order to obtain more insight in the effect of this scaling, we can apply the 
LSQR method to solve x from the SIRT-scaled problem: 

(20) 
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subject to Min (uT u). This is equivalent to solving the problem: Ax = t subject to 
Min (xT ex). Note that we neglect in (20) the SIRT-row scaling with R-1h (cf. (19». 

To this purpose we only perfonned a hannonic sensitivity test without the estimation of 
relocation and station corrections, i.e. the same tomographic problem as discussed in 
section 2.13. We can compare the model fit results of this test, which are shown in figure 11 
and table 1 (i.e. test hanno 3), with those displayed in figure 10. In figure 11, the regions of 
worst fit are caused by irregular large amplitude anomalies, similar to what we observed for 
the SIRT solution (fig. lOb) and not by zero-biased anomalies, which we obtained for the 
unsealed LSQR solution (fig. lOa). The result for p=16 (fig. lla) shows a much better fit in 
the well sampled cells than the comparable SIRT solution (fig. lOb). Note, however, that 
the fit displayed in figure lla is less than that in figure lOa, which belongs to the unsealed 
LSQR solution. 

Already after 7 iterations the SIRT-scaled LSQR solution obtained a variance 
reduction up to the noise level of the data (table 1). Since it is expected that in the next 9 
iterations parts of the model tend to match the synthetic errors, we also give the p=7 result 
(fig. lIb). The model fit of this solution is much better than the p=16 result obtained with 
SIRT (fig. lOb). 

Evidently the column scaling with C-'h, allows the LSQR algorithm to estimate larger 
amplitude anomalies in the poorly sampled regions of the model. When solving the 
unsealed problem, these solution components are hardly in range of the algorithm in the 
first 16 iterations (fig. lOa). We note that in the absence of synthetic noise (results which 
are not shown here), anomalies in the poorly sampled regions remain to exist, with reduced 
amplitudes, but still much larger than what LSQR would achieve in the unsealed problem. 
From this comparison it appears that the 'SIRT-scaling' makes the solution very sensitive 
to noise in the ill-illuminated cells. We have also observed this for the comparable SIRT 
solutions. 

This test leads to the conclusion that we can obtain SIRT-type solutions by applying the 
LSQR algorithm to the problem (20), with the great advantages that (i) we need much less 
iterations to obtain comparable results and moreover (ii) we do not need to employ the row 
scaling with R-'h

, which we regard as unphysical. Thus, it is also possible to obtain 
solutions in the poorly illuminated regions of the model using the LSQR algorithm. In 
general, the reliability of these poorly detennined components of x is hard to assess, 
especially when one is inverting real data. Although regularization improves the image, it 
also introduces heavily biased estimates in the poorly sampled cells and hence it does not 
improve the reliability of the image. 

Another observation, not principally connected to the column scaling, is that the model 
fit in the central area of the cross section (fig. lla) benefits from the additional 9 iterations, 
although the data variance only drops by 0.7 % (table 1). This is of course a small reduction 
considering the amount of iterations. At the same time, the fit to both sides of the central 
area is destroyed, where indeed errors have large impact on the solution. 

In view of the results of this study and the variance reductions listed in table 1 we must 
conclude that the variance reduction is difficult to use as a stopping criterion for the 
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iteration. 
It is possible to speed up the convergence rate of SIRT methods by using a large 

relaxation parameter c.o (section 2.6). We investigated this by perfonning a sensitivity test 
using <0=2. The results show, when compared to the SIRT solutions obtained with <0=1, a 
better fit in the central region of the cross section, but larger instabilities in the poorly 
illuminated cells. The model fit is still less than in the comparable LSQR solutions. 

On the whole, we favour the LSQR algorithm for its superior convergence and the 
possibility to apply a priori solution scaling, i.e. column scaling, for example to mimic 
SIRT-type solutions. We remark that our results depend of course on the ray geometry 
employed, which was the same in all tests. However, an independent study using a different 
ray-illumination (Nolet 1985) and the theoretical work of Van der Sluis and Van der Vorst 
(1987) both favour the superior convergence of the LSQR algorithm with respect to SIRT 
type methods. 

An observation, very important for the interpretation of tomographic images of the 
Earth, concerns the correlation between cell hiteount and anomaly amplitudes. In 'SIRT
type' solutions dominant anomalies may only express poor cell hiteount in relation to large 
data errors. In the 'conventional' LSQR solutions, i.e. where we solve Ax=t subject to 
Min (xT x), zero-biased anomalies may correlate with poorly illuminated regions. In the first 
case non-existing anomalies can be imaged or existing anomalies exaggerated, whereas in 
the latter case existing anomalies can be overlooked. 

Sensitivity tests have proved to be very useful in scrutinizing these effects and also in 
estimating upper limits of attainable accuracy and spatial resolution in tomographic 
images. As for the accuracy we note that both algorithms tend to underestimate amplitudes 
systematically in large parts of the model in the first 16 iterations. 

We extensively discussed our method of large scale cell tomography to image a part of 
the Earth's interior and illustrated it with a practical example. Our main objective was to 
reveal the main characteristics of two imaging algorithms that are used in seismic 
tomography. We hope that the results of this research enable a clarifying view on existing 
and future tomographic results stemming from either method. 
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Chapter 3 

Mapping the anomalous P-velocity structure of the West 
Alpine Upper Mantle 

The method of cell delay time tomography is applied to retrieve the P velocity 
heterogeneity of the upper mantle in Central Europe, the Mediterranean and the Middle 
East. We discuss the data processing, the cell model employed, the computation of the ray 
geometry and the use of composite rays. The inversion process and the characteristics of 
the inversion algorithms have been extensively dealt with in Chapter 2. The results on the 
upper mantle velocity heterogeneity will be discussed in the light of the reliability of the 
tomographic mapping and with respect to the problems associated with upper mantle 
tomography and the delay time data. 

3.1 Introduction 

As an introduction to the upper mantle area in which we are interested we will start with 
presenting a brief outline of the major structural components of the western Alpine belt 
without dwelling upon the actual tectonic history of the area. A location map is given in 
figure 1. The map displays the collision zone between the Eurasian plate (north), the 
African plate (south) and the Arabian plate (south-east). The north western part of Europe 
took part in the Hercynian orogeny and comprises major metamorphic units as the Central 
Massif, the Rhenish Massif and the Bohemian Massif. It exhibits a strong Alpine overprint, 
e.g. the Rhine Graben. The East European Platform is a cratonic unit of Precambrian age. 
Its separation from the tectonically younger parts of Europe is delineated by the so-called 
Tornquist-Tesseyre line. To the south of "Hercynian Europe" and the East European 
Platform is located the Western Alpine orogenic belt which has undergone a complicated 
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Figure 1. Location map of central Europe, the Mediterranean and Middle East (sea areas are 
shaded). The map is draw in a somewhat peculiar "cartesian" projection. The projection takes the 
great circle NllooE as equator and (300N,400E) as origin for the coordinate system. In the 
cartesian projection the spacing in both latitude and longitude directions (with respect to the new 
coordinate axis) is equidistant in degrees. The plotted grid, however, rifers to the conventional 
geographical coordinate system. The grid with respect to the cartesian projection would be 
rectangular (cartesian). We have chosen for this projection for reasons discussed in section 3.3. 
Thick solid lines depict a simplified outline ofthe large scale tectonic structure ofthe Alpine Belt. 
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Meaning of the abbreviations: AP= African Plate, Ad= Adriatic, Ae= Aegean, Af= Anatolian 
fault, AI= Alps, Ap= Apennines, ArP= Arabian Plate, BM= Bohemian Massif, BS= Black Sea, 
Ba= Balkan, Be= Betic, CM= Central Massi[, CT= Calabrian Thrust, Ca= Calabria, Car= 
Carpathians. CS= Caspian Sea, Cau= Caucasus, Cr= Crete. Cy= Cyprus. DSf= Dead Sea 
transform fault, Di= Dinarides, EEP= East European Platform, EM= Eastern Mediterranean, 
HT= Hellenic Trench, He= Hellenides, IT= Ionian Trust, 10= Ionian basin. Ir= Iran, Ju= Jura, 
MP= Moessian Platform, NAf= North African transform fault, PB= Pannonian Basin, Pe= 
Peleponissus. Po= Po basin, Py= Pyreneans, RM= Rhenish Massif, Rg= Rhine graben, Rh= 
Rhodope Massif, Sp= Spain, TT= Tornquist-Tesseyre line, Tu= Turkish plate, Ty= Tyrrhenean 
basin, WM= Western Mediterranean, ZZ= Zagros 'Zone 

evolution during Cretaceous and Tertiary times. The Alpine orogeny is closely related to 
the convergence of the Eurasian, African and Arabian plates. As a result of their relative 
movements, the ancient intermediate oceanic areas, the so-called Paleo-Tethys and 
Mesozoic or Neo-Tethys have largely if not completely been eliminated (e.g. Dercourt et 
al. 1986). The Eastern Mediterranean basin is perhaps the last remnant of the Mesozoic 
Tethys at the surface. Some smaller "intervening" plates have been identified, i.e. the 
Adriatic, Aegean and Turkey's plates (McKenzie 1978, Channel et al. 1979). 

The southern boundary between the Eurasian and African plates runs from western 
North Africa along the Calabrian are, the Apennines, the Alps, the Dinarides, south of the 
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Aegean region (Hellenic Arc) and south of Turkey (Cyprus). The exact outline is obscured 
by the complex geology of the collision zone and is not neatly outlined by seismic activity 
(e.g. Vdias 1985). The African plate meets the Arabian plate along the Dead Sea transform 
fault. The latter plate collides in eastern Turkey and the Zagros zone with the Eurasian 
plate. The northern limit of the Alpine collision zone comprises the Carpathians, Northern 
Turkey and the Caucasus mountain range. 

Within the Alpine belt the most prominent extensional basins are the Pannonian basin, 
the Aegean basin and the Tyrrhenean basin (e.g. Horvath et al. 1981). The latter two exhibit 
at present the most tectonic activity. Both basins are associated with underlying subduction 
which is expressed by the deeper seismicity and recent volcanism. We remark that the 
Moessian platform is an unit of Hercynian age. 

We do not intend to describe the many interesting features of the tectonics of the Alpine 
belt. We refer to Dercourt et al. (1986) and the papers referred to in there for a 
comprehensive account of the tectonic and geodynamic history of the Alpine belt and its 
associated problems. 

Considering the complexity of the surface tectonics it is as interesting to study the 
structure of the underlying upper mantle which may hide the clues that can lead to a better 
understanding of many obscurities in the tectonic evolution of the Alpine belt. In particular, 
we may wonder what happened to the vanished oceanic areas including the complex 
ridge-transform fault system that traversed the oceanic basins, beyond the (now almost) 
trivial answer that they have largely been subducted. The subduction of young «20-30 Ma) 
stably stratified oceanic lithosphere exhibits characteristics that are quite different from 
descending old ("cold") lithosphere (Vlaar and Wortel 1976, Vlaar 1983). Whereas 
relatively old oceanic lithosphere sinks into the upper mantle, young oceanic lithosphere 
may underplate the overriding lithosphere due to its positive buoyancy (Vlaar 1983). 'Slab 
seismicity can indicate the presence of a subducted slab for at most the past 15 Ma (Wortel 
1980,1982) whereas subduction in the Alpine belt of both old and relatively young oceanic 
lithosphere is inferred for much older geological times (e.g. Dercourt et al. 1986). The 
upper mantle is obviously the first place to look for the destroyed oceanic areas if they left 
any recognizable trace, for instance, in terms of seismic velocity anomalies. 

Many investigators have studied the larger scale three-dimensional structure of the 
upper mantle beneath Europe using different methods and data. In a later section we will 
discuss the results of these researches. Notably, a number of investigators have applied the 
tomographic method of Aki et al. (1977) (or variants thereof) using delay times which were 
derived from teleseismic events. The tomographic studies were all restricted to using at 
most several hundreds of unknowns. This restriction was imposed at that time by the 
available inversion algorithms and computational facilities for solving the inverse problem. 
The algorithms required numerical inversion of square matrices of the size of the number 
of model parameters. The limited size of the computer's central memories restricted the 
number of unknowns that could be handled in a full matrix inversion to a relatively small 
number of a few hundred. The increasing power of computers and the introduction of 
iterative row-action inversion algorithms, which do not need to invert large matrices 



74 Chapter 3 

explicitly, enabled the inversion of problems with a large number of unknowns of O( 104
) or 

more (Clayton and Comer 1983, Nolet 1983, 1985). 
In this chapter we present the results of a large scale tomographic investigation of the 

upper mantle beneath the area displayed in figure 1. The reason for chosing a relatively 
large upper mantle area is that we aim at imaging large scale anomalies that possibly can be 
related to the Alpine belt at the surface. Cells with horizontal sizes of 1° x 1° were 
implemented in a 9 layer model for the upper mantle. In total the cell division comprises 
9,360 cells. In addition to the cell velocity anomalies, we invert for event relocation 
estimates and station delay time corrections. The rather detailed parameterization of the 
large volume is made practical by the use of row-action methods to solve the tomographic 
inverse problem. We will use primarily delay time data that originate from regional events 
and account for teleseismic data in a special way. The use of regional data from seismic 
rays that bottom in the upper mantle has the advantage of obtaining a relatively high spatial 
resolution in the tomographic mapping. But, as we shall see, it also poses problems which 
are difficult to solve at present. In this Chapter no interpretation is given of the anomalies 
inferred, although conspicuous correlations with the larger scale tectonic features at the 
surface of the Alpine belt, as depicted in figure I, are observed. The details of setting up a 
tomographic inversion problem and the reliability aspects of the obtained results are 
extensively discussed. 

3.2 Data selection and processing 

The enormous number of ISC delay times that pertain to the upper mantle have never been 
exploited in full before in tomographic imaging. We will explore the possibility that these 
data contain information on the three-dimensional P wave velocity structure of the upper 
mantle beneath the Western Alpine Belt. P delay times are selected from the ISC Bulletin 
tapes (1964-1982) for all earthquakes that occurred within the geographical limits: 
2°W-65°E and 24°N-60oN. Many events are of low magnitude (M < 5) and only 
regionally observed. We anticipate that many events are poorly located (e.g. McKenzie 
1978, Jackson and Mckenzie 1984, Anderson and Jackson 1987a,b) and may induce large 
and unreliable delay times. Only delay times with absolute values less than 10 seconds 
were passed in this initial selection. The delay time threshold was chosen rather arbitrarily 
in order to discard possible outlying data at the start. The selection yielded 556,572 delay 
times. A time histogram of these data has already been discussed in section 1.1 (figure 1 of 
sect. 1.1). It is heavily tailed with respect to a normal distribution, asymmetric and has 
non-zero mean. The density of the delay times as a function of the epicentral distance is 
displayed in figure 2 (solid line), together with the cumulative curve (dashed). Notably, 
43% of the delay times are observed within the first 7.5° epicentral distance. The ray paths 
belonging to these data sample about the first 50 to 100 km of the Earth. 77% of the delay 
times are observed within 30° and belong to waves that bottom in the upper mantle. The 
dependence of the histogram values on epicentral distance represents primarily the 
combined effect of station-event distribution and event magnitude. The general decrease of 
the curve with increasing distance relates to (i) the small magnitude of most of the events 
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Figure 2. Histogram of delay times versus epicentral distance (solid line) and cumulative curve 
(dashed). The delay time counts are taken in 0.1 0 intervals. 

which causes poor detectability at large distances and (ii) a general decrease in the number 
of observing stations between 20° and 50°. Between 10° and 20° the station-event 
distribution is rather unifonn and cannot explain the local minimum in the curve near 13°. 
The minimum may express the presence of low velocity regions in the upper mantle which 
cause shadow zones in the travel time observations. 

The following limitslconsiderations are used for a second selection: 
(i) An event must be observed by at least 10 seismological stations (up to 90° epicentral 

distance). This number is arbitrarily chosen and ensures some degree of reliability in the 
reference hypocenter estimation. 

(ii) We studied two-dimensional histograms where the number of events is plotted as a 
function of the average event delay time and the root mean square value of the delay times 
belonging to an event. For most of the events the values for the average event delay time lie 
between -1.5 and +1.5 seconds and the rms values are less than 4 seconds. We adopted 
these limits for selection in order to discard delay times sets with large variance which 
possibly may be related to unreliably located events. Most of the events that did not satisfy 
these limits are reported by the ISC as having unknown, hence small, magnitude. 

(iii) We intend to estimate station corrections for some stations that are located outside 
the area in figure 1. The tenn station correction or station delay time is used here to denote 
the average delay that is acquired by rays from 'near' station heterogeneity and typical 
station/instrument bias. We will only invert for the station correction in the case that 2 
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Seismological stations 

Figure 3a. All seiSTTWlogical stations from which delay time data are used in this study. Circles 
(triangles) denote stations with (without) reported station delay time corrections by Dziewonski 
and Anderson (1983). The shading indicates the number of observations: black; 1500 - 6000, 
dark; 500 - 1500, light;l00 - 500 and white; 1 - 100. 

requirements are satisfied: (a) no station delay time correction is given by Dziewonski and 
Anderson (1983) (which we will otherwise use to correct the data) and (b) the station 
reported more than 30 events. Other stations without available station corrections are 
discarded. 

The number of data satisfying the above limits amounted to 480,338 delay times (rays); 
76,234 data (rays) were skipped of which 7054 are associated with rays from earthquakes 



77 Mapping the structure of the West Alpine Upper Mantle 

Regional stations 

Figure 3b. Regional stations. See caption offigure 3a. 

that are located just outside the area (figure 1) and did not traverse the part of the upper 
mantle we are interested in. 

In total 937 stations contributed to the data selected. The stations are displayed in figure 
3. Inside the area (figure 3b) 368 stations are located with in total 331,382 observations. For 
464 stations outside the area we corrected the delay time data, 138,651 in total, with the 
azimuthal dependent station corrections of Dziewonski and Anderson (1983). We perform 
this in order to eliminate the delay time signal that belongs to the 'near' station 
heterogeneity and station bias of distant stations. This is a part of the delay time that we do 
not want to map into the velocity structure of the upper mantle that we are studying 
(Chapter 2). For the remaining 105 stations (10,305 obs.) a station correction is computed 
by the inversion of the data. 

The shading of the station symbols in figure 3 is proportional to the number of 
observations that are reported by a station (see figure caption). Figure 3a expresses clearly 
that most of the events are only regionally observed which attests to their average small 
magnitude (M ::: 3 - 4.5). The distribution of distant stations in azimuth and distance with 
respect to the European area is rather poor. Especially, the oceanic areas, Northern Africa, 
Arabia and the Sovjet Union are badly covered. The regional stations (figure 3b) cover 
most of tectonic units in Central and South-eastern Europe well. In the southern 
Mediterranean and the Middle East, unfortunately, only a few stations are located. 

The data belong to about 20,000 - 30,000 events (the precise number is lost but this is 
irrelevant for the results obtained). A subset of events with magnitude larger than 3 is 
shown in figure 4. Shallow seismicity (figure 4a) is highest in the Aegean region, but also 
the Adriatic, Italian area and the eastern extension of the Alpine Belt (Caucasus, Zagros 
Zone) are well covered with events. The shallow earthquakes roughly follow the main 
tectonic trends in the area. The deeper seismicity (figure 4b) is concentrated in only a few 
zones. The deepest events (640 km) are observed below southern Spain just outside the 
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Shallow earth uakes: h < 50 km, M > 3 

Figure 4. 4a: (top) shallow events, 4b: deeper events, the numbers indicate maximumfocal depth 
for every region. In total about 7000 events are plotted with magnitude> 3. Source: PDE 
catalog. 

displayed area. Notably there are only two such deep events observed during the past 35 
years and they represent the only evidence for deep upper mantle activity in this area (e.g. 
Udias 1985). The sparse deeper seismicity beneath the Tyrrhenean and the Aegean basins 
is linked to subducted slabs (e.g. Ritsema 1972, Anderson and Jackson 1987, Papazachos 
and Comninakis 1971, Vanek et al. 1987). A peculiar cluster of deeper events is located 
beneath the east Carpathians (Vrancea zone). The earthquakes are confined to a small 
volume of several tens of kilometers across and are related to subduction beneath the 
Carpathian arc (e.g. Koch 1982). In the Zagros zone most if not all of the deeper events are 
thought to be confined to the crust «50 km) (Jackson and McKenzie 1984). The bulk of the 
Zagros earthquakes plotted in figure 4b have focal depths between 50 and 60 lan. This 
indicates how poor the depth location of many of the events are. For a comprehensive 
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discussion of the relation between seismicity and tectonics we refer to McKenzie (1978), 
Jackson and McKenzie (1984), and Anderson and Jackson (1987a,b). 

For reasons mentioned in Chapter 2 (section 2.2) we determined event clusters by 
associating all events that are located in a cell of 50 x 50 x 33 km to one cluster. 2651 
event clusters could be identified in this way which add 10,604 hypocenter parameters to 
the inversion problem. We refrained from using earthquakes that are located far outside the 
area of interest (teleseismic events). The most important reasons for this are practical: the 
computational facilities at hand did not allow inversions with more than about 20,000 
parameters due to the limitation of the computer's memory. Using more events certainly 
would increase the number of unknowns considerably. Secondly, there was not enough 
disc space available to store much larger matrix equations than the one that results from the 
present data selection. 

Still, we would like to incorporate teleseismic data in some way, since these may 
contain important information on the upper mantle structure. We performed this by using 
the station corrections computed by Dziewonski and Anderson (1983) for stations in the 
region of interest as data. The station corrections are derived from teleseismic (> 30°) 
events only and are hence independent of our selected regional data. Moreover, they are 
determined in a simultaneous inversion together with event relocation parameters which 
makes their values relatively independent of the regional heterogeneity and event 
mislocation errors. Therefore, we expect that they provide a useful description for the 
combination of (a) heterogeneity in the upper mantle and crust beneath the station and, of 
course, (b) any systematic station effects, e.g. instrument bias, (Chapter 1). Since the 
station corrections include any station bias they are as useful as delay times which also 
have absorbed typical station effects. 

We included the station corrections as data in the following (subjective) way. Stiltion 
locations were used as synthetic events from which a fan of rays is emitted to teleseismic 
distances. The number of synthetic rays is taken as one third of the number of observations 
that Dziewonski and Anderson used to obtain the correction for a particular station. The 
delay times, Bt, that are assigned to the synthetic rays are computed from the equation 
(Dziewonski and Anderson 1983): 

(1) 

where ~ is the azimuth at which the ray is emitted. The coefficients A o, A l' A 2, E l' and E 2 

are estimated by Dziewonski and Anderson. If all coefficients are given for a certain station 
synthetic rays are emitted to the range 30° - 90° of epicentral distance. Where A 2 is not 
given rays were emitted from 50° onward and, finally, if only A 0 is given the synthetic rays 
were sent to 60° onward. In total 70,129 synthetic rays are used belonging to 240 synthetic 
events inside the area (the stations denoted by circles in figure 3b). We remark that the 
stations of which the locations were used for the synthetic events reported 298,699 regional 
ISC delay times. The total amount of data is increased to about 550,500. The assigned 
synthetic delay times are on the average smaller than actual delay times and we did not 
assign more weight to them with respect to the actual delay time data during the least 
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Cell division of every layer 
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Figure Sa. Cell division ofevery layer in 52 x 20 1° by JO cells. The tic marks correspond to the 
center of cells. The two thick lines indicate the new geographical coordinate axes with respect to 
which the cell division is defined as a simple cartesian grid. 

squares inversion. 
Alternatively, we could incorporate teleseismic data without relocating the teleseismic 

events. By subtracting the mean event delay times from the data it is easily seen that 
systematic event region and mislocation/origin time error effects on the delay times are 
largely removed. The obtained data are called relative delay times. Notably, this procedure 
also removes the average station delay time of all stations in the region of interest (e.g. Ak:i 
et al. 1977, Babuska et al. 1984). Relative delay times have almost always been used in 
tomographic studies where only data from teleseismic events are used. 

The procedure of obtaining relative delay times also removes possibly valuable signal 
from the data that is due to the velocity structure in the upper mantle region one is 
interested in. If the teleseismic illumination of the upper mantle by seismic rays is rather 
uniform then at least the signal due to the average velocity anomaly at fixed depth is 
removed. This is in fact unwanted since it masks possible inadequacies of the reference 
employed velocity model in the tomographic solution. If the teleseismic rays traverse the 
upper mantle in a highly non-uniform way then the effect of using relative residuals may 
introduce artificial anomalies in the solution. In regions that are densely sampled by rays 
the signal due to the average lateral velocity is well removed whereas in sparsely sampled 
regions it is poorly removed. We anticipate that this induces artificial anomaly contrasts 
between densely sampled and sparsely sampled regions. For the above reasons we do not 
favor using relative residuals and rather deal with with the focal region and deep mantle 
influences in another way, Le. by adding unknowns to the delay time model (Chapter 1,2) 
or correcting the data with available station corrections. 
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Figure Sb. A perspective impression ofthe Upper Mantle cell model looking from the south-east. 
Note that 9 layers are used of increasing cell thickness. The total number ofcells is 9360. Plotted 
without vertical exaggeration (and curvature). 

3.3 The cell model 

We will employ a subdivision of the upper mantle beneath the Western Alpine belt into a 
large number of cells. Figure 5 shows the cell model adopted. It is oriented in such a way 
that it contains as many regional events and stations - and hence rays - as possible. For a 
tractable mathematical parameterization of the cell model we rotated the conventional 
Earth's coordinate system. The new origin is located at (300 E AOON), i.e. in western 
Turkey. The new equator is defined as the great circle running through this point with an 
azimuth of N 1100E. The new east direction is defined as N 1100E in (300E ,400N) and the 
new north is in the direction N200E. With respect to the new coordinate system the lower 
left comer of the cell model at the surface is located at (24°W',10.s°S), where the prime 
denotes the new directions. The upper right comer of the cell model is located at 
(28°E',9.5°N\ The intermediate area is divided into grid of 52x20 1°Xl °cells (figure 5). 
Since the new equator runs almost through the center of the cell model the horizontal 
dimensions of the cells are approximately equal, i.e. about 110 x 110 km. 

The upper mantle is divided into 9 cell layers of increasing thickness. Layer interfaces 
are defined at 0, 33, 66, 110, 170, 240, 320, 420, 540 and 670 km. We remark that we will 
not account for any possible systematic effects due to stations (Chapter 1) that are located 
on top of the cell model. In the best case the slowness solution in the crustal layer will 
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absorb these effects. In the worst case it is mapped into deeper levels. Since many rays 
bottom at relative shallow depths due to short station-to-event distances we divided the 
depth range 33 - 170 km into 3 layers. Notably in the Adriatic area and the Aegean, we 
expect a priori to obtain relative high resolution (if the delay times are accurate enough) 
because of a relative dense station-event distribution. 

The cell model employed is optimal in a sense that it minimizes the number of cells 
needed to parameterize the upper mantle and it maximizes the number of rays that remain 
entirely inside the model. The cell sizes are not arbitrarily chosen but on the basis of the 
results of earlier test inversion which were restricted to the Aegean and Adriatic area. 
Anomalies on the order of the cell size adopted seemed to be resolvable in this area. In 
other areas resolution may be much poorer, e.g. in the southern Mediterranean, the Middle 
East, NW-Europe. These regions are possibly over-parametrized by the cells, but this does 
not necessarily lead to problems in the inversion (Chapter 1,2). 

3.4 Computation of the ray geometry 

The ISC delay time data are computed using the Jeffreys-Bullen (JB) travel time tables 
(Chapter 1). We used as a reference model for the computation the JB P-wave velocity 
model as listed in Jeffreys (1970, p149). This model is specified at fixed depth intervals and 
we used a constant gradient interpolation of the JB model in the computations. An adequate 
choice of a reference model in linearized tomography is important for the accurate 
computation of the ray geometry (Chapter 1). 

More elaborate radially symmetrical (global) Earth models exist that include seismic 
discontinuities at the "400" and "670" boundaries, e.g. PREM (Dziewonski and Anderson 
1981). Also one dimensional models have been published that pertain to the upper mantle 
beneath the central and south-eastern European region (e.g. Mayer-Rosa and Mueller 1973, 
England et al. 1977). Most recently, Paulssen (1987) determined a number of radial models 
by modeling broadband registrations of earthquakes in the Aegean region that were 
observed in the west European NARS array (Nolet and Vlaar 1982, Dost 1987). Due to the 
lateral heterogeneity of the upper mantle, different radial models could be derived, each of 
which depends on particular source-receiver combinations. The velocity contrast between 
these models amounted to 2.5%. No radial models are available for the eastern part of the 
Alpine belt (figure 1), hence an choice adequate for Europe may be inadequate for the 
Middle East. Almost all proposed P velocity profiles exhibit marked seismic discontinuities 
and low velocity zones with maximum deviations from the JB model on the order of 2-3%. 
These deviations are in some cases systematic over depth ranges of several hundreds of 
kilometers. Figure 2 suggests that a low velocity zone may be present in the upper mantle 
but in order to explain the numerous arrivals between 10° and 20° the low velocity zone 
must exhibit considerable regional variation in depth extent and amplitude. 

Using an alternative model would imply that we have to perform the enormous task of 
relocating all events and recomputing all the delay times. This could be a waste of time if 
our set of delay time data proved to be unsuccessful descriptors for the upper mantle 
heterogeneity. We expect that the delay time data are heavily contaminated with errors 
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ray parameter table structure 

focal depth (km) 

0(11) 700 
o(5) 100 

100(20)700 
0(20) 700 
0(30) 700 

epicentral dis. (0) 

0(0.20) 1 
1 (0.20) 5 
1 (0.25) 5 
5 (0.25) 21 

21 (1.0) 92 

Table 1. 
Structure of the ray parameter table. In total 5 sub-tables are computed for different depth-distance 
intervals to assure accurate table interpolation. The table entries (above) have thefollowing syntax 
a (b) c where a is the starting value ofthe sub-table. b is the step size and c is the end value. 

since they are derived from mainly poorly determined weak events. Therefore, choosing a 
"better" reference model would not necessarily result in better inversion results (Chapter 1). 
For the above reasons we take the JB model to be an efficient and adequate choice to 
perform a initial tomographic investigation of the upper mantle beneath the Alpine belt. 

In radially symmetrical velocity models the ray geometry is entirely determined by the 
ray parameter (e.g. Aki and Richards 1980, p92) which is a constant for every ray. With the 
rayparameter at hand we can compute the ray geometry in a relatively efficient way by 
shooting a ray through the model and accumulating the depth-angular distance coordinates. 
However, for obtaining the ray parameter we have to perform ray tracing which is, when 
using 500,000 data, very expensive, even in velocity models with radial symmetry. We will 
use an approximate method to obtain a ray parameter for any station-event pair. We 
computed a ray parameter table as a function of (equidistantly spaced) focal depth and 
epicentral distance values (see table 1). A shooting method was used for tracing the rays to 
the table basis of depths and distances. For every station and event location the 
approximate ray parameter is obtained by a bi-linear interpolation of table values. The table 
spacing in epicentral distance and focal depth intervals as listed in table 1 are accurate 
enough to obtain rays that arrive in most cases within 0.06° of the receiving station. 
Notably, between 15 ° and 22° of epicentral distance the JB model results in a small 
triplication of the travel time curve. For our computations we always used the first arrival in 
the triplication zone. 

Once the approximate ray parameter is obtained the curved ray geometry is computed 
at fixed depth intervals, Le. at 0, 15 and 33 lan in the crust, at every 10 lan in the depth 
range 33-93 lan, at every 30 km in the depth range 93-363 km and next in steps of 60 lan. 

With respect to the sizes of the cells, 1°x1°x(cell layer thickness), the curvature of the ray 
path is in this way accurately enough determined even in the vicinity of turning points. The 
ray geometry employed is illustrated in figure 6 for an earthquake at the surface. Only the 
first arriving rays are used for our computations. The large ray spacing between the ray 
paths arriving at 19° and 20° is due to an increase in the velocity gradient in the JB model 
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Figure 6. Computed ray geometry (solid lines) as depth versus distance for an event located in 
(0°,0 Jan) with arrivals at every degree. There is no vertical exaggeration (curvature ignored). 
The dashed grid illustrates the cell division of the upper mantle. Only the first arriving rays are 
plotted. 

just below 400 km. Notably, at depths around 400 km, the upper mantle is sampled to a 
lesser extent by body waves. This will probably have its influence on the spatial resolution 
attainable by the tomographic mapping at this depth. 

3.5 Tomographic equations and composite rays 

In Chapter 2 we discussed extensively the construction of the tomographic equations 
(sections 2.2 and 2.3). In this section we will only discuss in more detail the use of 
composite rays. 

In many cases rays are emitted from clusters of events to clusters of stations (cf. figure 
3b, 4). These rays may result in nearly dependent tomographic equations which, together 
with large data errors, may lead to large variance solutions after the inversion. A way to 
amend this is to combine the rays belonging to event clusters and received at clusters of 
stations into one composite ray. This leads to the row averaging procedure discussed in 
section 2.3, where we expressed it as a left hand side multiplication of the tomographic 
equations with a row condensing matrix D. In practice, the ray (matrix row) averaging is 
performed in two steps. The selected data (rays) are sorted on event clusters and those data 
belonging to one event cluster are sorted on station locations. In this way adjacent data in 
the sorted set can belong to the same cluster of events and stations cluster and, hence, may 
contribute to a composite ray. A data file of this structure is input for a program that 
computes the tomographic equations by intersecting the ray geometry with the cell model 
structure in order to obtain the matrix coefficients (section 2.3), i.e. the length of the 
segment of a ray path that intersects a cell. While computing the tomographic equations we 
keep those equations that belong to a composite ray in memory. This is easy since the data 
are sorted in this way. Weights of 2 or 0.5 were assigned to an equation if the ISC reported 
that the onset of the corresponding phase was observed as impulsive or emergent, 
respectively. Next the equations are summed and the sum is divided by the weighted 

30 
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number of contributing equations. The result is the composite ray-equation. The composite 
ray approach is different from the summary rays which are used by, e.g., Morelli and 
Dziewonski (1987). In composite rays the ray intersections with cells of all composing rays 
are retained, which is not the case in a summary ray. 

The associated delay times, the coefficients of the event relocation and of the station 
corrections are treated accordingly. To compute the latter coefficients we located a 80 kIn 
thick cell beneath the pertinent stations and computed the ray intersections with the "station 
cells". Hence, instead of computing a station delay time we inverted for the average 
slowness beneath a station which is after inversion translated into a station delay time by 
multiplying the station slowness with the length scale of the station cell, I.e. 80 km. We 
remark that all our computations are performed in a polar coordinate system. 

Using composite rays has several advantages: it averages the data errors, it leads to a 
smoother solution and it reduces the number of rows involved in the matrix equation. The 
latter reduces computational effort and disc space usage. It was primarily for this reason 
that we implemented composite rays at the beginning. We limited the maximum number of 
rays that can contribute to a composite ray to 4. This row-averaging procedure reduced the 
number of tomographic equations to 300,585. The total number of unknowns amounts to 
20,069, I.e. 9360 cells, 105 station corrections and W;604 relocation parameters. 

The set of tomographic equations will be solved with least squares methods, I.e. LSQR 
and SIRT (sect. 2.4-2.6). Since we did not feel comfortable about the possible effects 
which outliers may have on the least squares fit we finally decided not to admit delay times 
that exceeded -5 or +5 seconds. This lowered the number of equations to 292,451, hence 
only about 3% of the (composite ray) data were skipped. 

3.6 The illumination of the cell model by seismic rays: the cell hitcount 

During the computation of the equations we accumulated the number of rays that 
intersected every cell j of the model. This resul.1s finally in the cell hitcount N j (section 
2.7). We observed in Chapter 2 that the cell hitcount (or similarly the total ray sum 
comprised by cells) has great influence on the general character of the least squares 
solution which is obtained with either the LSQR or the SIRT method. Therefore we display 
the cell hitcount in figure 7 which allows a comparison with the tomographic solutions later 
on. In addition it gives qualitative insight in where we may possibly expect to obtain 
relatively high and low spatial resolution. In figure 7 we plotted the to-logarithm of the cell 
hitcount for every layer. Of course, the hitcount is not a continuous function of position, 
nevertheless we displayed it as a continuous function. The contouring 'results from a bi
linear interpolation of the hiteount values which are taken to be located at the center of the 
cells. 

We can readily observe that large variations in ray illumination occur. The few white 
areas depict either cells regions that are not sampled by rays or cells that obtained a 
hiteount of more than 10,000 (i.e. Greece, layer 2). The general picture correlates well with 
what one would qualitatively expect from a comparison of the station and event distribution 
(cf. fig. 3,4). The best sampled cells are located beneath central Europe and south-eastem 
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Europe. The poorest illuminated cells are found below the East European Platform, below 
northern Africa and the beneath the Arabian plate. In these regions no stations are located 
and the seismicity is absent or very sparse. Notably, the non-uniformity in the illumination 
decreases downward where the ray coverage becomes more homogeneous. The crustal 
layer displays the most irregular pattern. This is easily explained since the cell hitcount in 
this layer depends largely on where the stations and events actually are. The rays leave 
(arrive in) the crusta1layer within about 0.50 from the event epicenter (station location) (cf. 
fig. 4,6). Since many ray paths bottom in the subcrustal layer (cf. fig. 2,6) the hitcount 
pattern is already much smoother there. Notice that layer 7 is the most poorly sampled 
layer. This is primarily due to the effect on the ray geometry of the increase in velocity 
gradient at about 400 kIn (section 3.4, fig. 6). 

Most cells are sampled by more than 100 rays. This good coverage does not imply that 
the velocity anomalies in adjacent cells are independently resolvable. Occasionally the 
illumination will occur along more or less parallel ray path-tubes, e.g. ray paths from 
Zagros zone events observed in west European stations. This will influence the spatial 
resolution along the main direction of illumination. The cell hitcount is not very 
informative about preferential directions in the illumination. A more elaborate way of 
studying this is by using the ray density tensor (Kissling 1987) which incorporates 
directional information. 

Figure 7. The cell hitcount in all 9 layers of the model. The contour scale is logarithmic (lO-log). 
Hitcount values that eX£eed the limits ofthe contour scale are not contoured. Thick solid lines denote 
the coastline map and dashed lines denote the structural outline. as displayed in figure 1. 
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Layer 1: a - 33 km, 1a-log of the cell hitcount 

Layer 2: 33 - 66 km, 1a-log of the cell hitcount 

Layer 3: 66 - 110 km, 1a-log of the cell hitcount 

Fig.7a 
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Layer 4: 110 - 170 km, 10-log of the cell hitcount 

Layer 5: 170 - 240 km, 10-log of the cell hitcount 

Layer 6: 240 - 320 km, 1O-Iog of the cell hitcount 

Fig.7b 
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Layer 7: 320 - 420 km, 10-log of the cell hitcount 

Layer 8: 420 - 540 km, 10-log of the cell hitcount 

Layer 9: 540 - 670 km, 10-log of the cell hitcount 

Fig.7c 
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3.7 Scaling and tomographic inversion 

In Chapter 2 (Spakman and Nolet 1988) we extensively discussed the inversion of the 
tomographic equations. In this section we review some important observations that are 
made in Chapter 2 with respect to scaling of the tomographic equations and the 
tomographic inversion. 

The computation of the tomographic equations leads to the following matrix equation 
(cf. eq(2) section 2.3): 

AX~D(LIGIH)x~Dd~a .x~[i] (2) 

where L denotes the matrix of ray cell path lengths, G the matrix of relocation 
coefficients, H the matrix of station correction coefficients, (s g h l the corresponding 
parts of the solution vector x, d the delay time vector and D denotes the row condensing 
operation that leads to composite rays. 

We anticipate that the effective rank (A) is smaller than the dimension of the model 
space, due to some (nearly) linear dependent equations. Furthermore, the data errors lead to 
inconsistent equations. With least squares methods we can find an infinite number of 
solutions that satisfy Min (I Ax - aI). We can funher select a solution x that minimizes a 
model norm, e.g., xT x, which results in the solution that lies closest to the reference model 
(x = 0) in an Euclidean sense. However, as it stands (2) is as yet not suitable for such 
purposes. 

We are are dealing with different kinds of physical model parameters, i.e. average cell 
slownesses (s!km), origin time errors (s) and event mislocation parameters (km). We have 
to rescale the physical parameters prior to least squares inversion to obtain a homogeneous 
set of parameters in such a way that their expected values are on equal order of magnitude. 
We do this because the unknowns are considered to be equally important in explaining the 
delay times and hence must be allowed to have equal weight in the inversion. Otherwise, 
large valued unknowns will tend to dominate the model norm xT x during the minimization. 
In effect, components of x of much smaller amplitude are allowed to vary considerably 
since their contribution to the model norm remains negligible anyhow. The initial (simple) 
scaling to amend this is discussed in section 2.3. 

We will solve our tomographic problem with 2 different least squares methods; the 
iterative row-action methods SIRT and LSQR. At the beginning our reasons for using two 
methods was twofold: (i) to investigate how the tomographic results obtained with both 
methods compare and (ii) to study if one method is to be preferred. Our preliminary 
findings indicated that the scaling of the columns of the matrix equation (Le. implicit 
scaling of x) was of utmost imponance for the attainable quality of the tomographic 
mapping obtained with either method. In addition, the iterative solution computed with the 
LSQR method converges faster to the least squares solution, which confirmed the results 
earlier obtained by Nolet (1985) and results from the theoretical analysis of SIRT and 
conjugate gradient methods by Van der Sluis and Van der Vorst (1987). Our study led to 
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the observations reported in Chapter 2 (Spakman and Nolet 1988). Independently, the 
importance of column scaling was also noted by Van der Sluis and Van der Vorst (1987). 

We are interested in solving the physical equations (2) (i.e. Eq. (2) including the simple 
scaling to obtain a homogeneous set of model parameters). The minimization of xTx tends 
to assign more significance to the solution in well sampled cells than to the solution in 
poorly sampled cells (i.e. in the present scaling of the tomographic problem (Nolet 1987, 
Spakman and Nolet 1988). Artificial anomalies can be created by the algorithm between 
adjacent cells if they possess rather different cell hiteounts (or similarly the ray length sum 
of all ray segments intersecting a cell). Especially when cells of different sizes are 
involved, this may lead to systematically smaller slowness amplitudes in small cells. For 
adjacent small and large cells this effect can lead to an artificial slowness contrast in the 
tomographic results. However, we can remove this effect easily, by scaling the cell 
slowness with the square root of the cell volume prior to inversion (see also Nolet 1987). 

Although we may have corrected for differences in cell sizes the problem remains if 
adjacent cells have a considerable differenc~ in cell hiteount. From figure 7 we observe that 
the cell hiteount varies rather smoothly over large areas but also marked "short wave 
length" contrasts exist. Therefore, when interpreting conspicuous anomaly contrasts in 
tomographic results obtained with the LSQR algorithm we always have to keep an eye on 
the hiteount map. We emphasize that this problem does not pertain to the use of the LSQR 
algorithm but to the scaling of the tomographic equations. The LSQR algorithm does not 
re-scale the matrix equations that are supplied to the algorithm but solves the equations as 
they are, restraining Min (xTx), Le. minimizing the Euclidean model norm (see below eq. 
(4)). In section 2.14 we clearly demonstrated that we can completely alter the effects due to 
the differences in hitcount by explicit scaling of the slowness in the j -th cell with the total 
length of all ray segments contained in cell j (i.e. the j -column sum of (2)) and next apply 
the LSQR algorithm to the re-scaled problem. 

The latter scaling is implicitly performed by the SIRT method, Le. when supplying 
equation (2) to the algorithm, which has been proved theoretically by Van der Sluis and 
Van der Vorst (1987) (see also section 2.6). In addition SIRT scales the rows of (2) with 
the row-sum, implicitly assigning larger weight to delay times belonging to short ray paths. 
This is an unwanted effect since their is no physical reason why short ray paths should be 
more important than long ray paths in tomographic studies. Nevertheless the column-sum 
scaling seems to correct properly for the difference in cell hiteount but at the expense of 
poorer convergence to the least squares solution and a greater sensitivity with respect to 
data errors in the poorly illuminated cells (cf. figures 10 and 11 of Chapter 2). Hence, when 
interpreting "SIRT type" solutions we also have to incorporate the hitcount map in our 
analysis. 

We will use the following set of tomographic equations (eq. (7) of Chapter 2): 



92 Chapter 3 

x = F:'z 

z =Sz 
(3)

A =AF~I>S 

Az = a. 
where Aand a. are as in equation (2). F~I> represents the scaling of x to a homogeneous set 
of parameters and scales the cell slownesses with the cell volume (section 2.3). Hence, z is 
the scaled solution. For reason discussed in section 2.3 we favor the application of a 
smoothing operator S that maps a "rough" solution zonto z. 

The LSQR algorithm solves zfrom the last equation of (3) by seeking the solution of: 

Min ( I A z- a. I ) (4) 

subject to Min ( zTz) 

The physical solution, x, is obtained after inversion by evaluating the second and first 
equations of (3). 

We will also show the results obtained with a SIRT method for comparison, because 
"SIRT-type" solutions also exhibit large amplitude solutions in the poorly sampled areas of 
the cell model. We used the SJRT method which is described in Hager et al. (1985), apart 
from a possible difference in starting vector for the iteration (see Chapter 2). We note that 
we did not perform the cell-volume scaling for SIRT in order to stick to the original 
algorithm, since the method employs its own "hitcount" dependent scaling. SJRT estimates 
zfrom the last equation of (3) by solving: 

Min ( I R-'I>A z- R-%a. I ) (5) 

subject to Min ( zT Cz ) 

where Rand C are diagonal matrices with as elements the row sums and the column sums 
of A, respectively (see section 2.6). Note that neither the data residual nor the model norm 
are estimated in an Euclidean sense which expresses the effects of row and column scaling, 
respectively. 

In all inversion results to be shown we adopted a smoothing that is confined to the 
slowness solution in horizontal cell layers in this way retaining optimal depth resolution. 
The smoothing is specified by requiring that the slowness anomalies in adjacent cells in a 
layer correlate by (have in common) at least 20% of their amplitudes. 

We recall from Chapter 2 that the inclusion of relocation parameters reduces the spatial 
resolution attainable otherwise. The reason is that most cases these parameters belong 
among the least constrained unknowns. Cells can be sampled by hundreds to many 
thousands of rays (fig. 7) whereas, up to now, the bulk of the events are only observed by a 
few tens or a few hundreds (not well distributed) stations. Nevertheless the incorporation of 
the relocation parameters is physically required (Chapter 1). In our opinion results that are 
obtained without inverting for these unknowns should be considered with due caution since 
they may exhibit an overestimation the actual accuracy and spatial resolution. 
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In the following sections we will discuss the results which are obtained from various 
inversions. These include the sensitivity tests for studying the estimates of accuracy and 
spatial resolution. The method of sensitivity analyses using models of synthetic velocity 
and noisy artificial data has been discussed extensively in sections 2.7, 2.9 and 2.10. In the 
next section we will only briefly review the characteristics of the synthetic velocity models, 
i.e. the harmonic and cell-spike model employed. In order to study the effect which the 
larger delay times may have on the inversion results we will also perform an inversion with 
only those data that have absolute values less than 3 seconds. 

3.8 Inversion result display, sensitivity tests and model fit 

In this section we will give a description of how we present the results that are obtained 
from the delay time inversions and sensitivity tests. The results obtained with the LSQR 
method are displayed in a comprehensive way in figures 9.1 to 9.9 which span 18 pages 
(p112-129). We found it convenient to give, parallel to this discussion, a specification of 
the synthetic velocity models which are used in the sensitivity tests. 

Figure 9 (i.e. 9.1-9.9) displays the inversion results which are obtained with the LSQR 
algorithm for 4 different inversions. The layout of figure 9 is as follows: figures 9.1 to 9.9 
display the results in layers 1 to 9, respectively. We grouped the results that refer to one 
cell layer into figures filling 2 pages. For every layer 6 panels are shown which are defined 
by their plot title. The edges of the panels run through the centers of the edge cells. The first 
panel of, e.g. figure 9.1, displays the velocity anomalies that are obtained from the 
inversion of all delay times with values that did not exceed -5 or +5 seconds. We will 
denote this result by Xdo1a ' The second panel shows the results of the harmonic sensitivity 
test, called Xharmo' The third panel presents the spike sensitivity test results. This test result 
will be referred to as Xspilu' The inversions results xdala ,xharmo and Xspilu are the same as 
discussed in sections 2.7-2.10. In addition, the fourth panel displays the results from a data 
inversion where only delay times are used with absolute values less than 3 seconds (93.6% 
of the data). We will denote this inversion result by xl1a • Finally the last 2 panels display 
the model fit of the sensitivity test results, the harmonic fit and the spike fit, respectively. 

The slowness anomalies which are obtained from a tomographic inversion, i.e. either a 
delay time inversion or a sensitivity test, are invariably expressed in terms of percentages 
of the average JB cell-layer velocities before presentation. The latter are computed as the 
thickness of a cell layer divided by the vertical travel time. The layer velocities are (from 
top to bottom in km/s): 6.04, 7.795, 7.915, 8.071, 8.273, 8.518, 8.821, 9.490 and 10.250. In 
the following we will describe the display for the different panels. 

3.8.1 Data inversion results 

The anomalies that are obtained from the P delay time inversion, Le. xdala and xl1a are 
displayed in contour maps for every cell layer, e.g. the first and fourth panel of figure 9.1, 
respectively. Cross-hatched (horizontally hatched) areas denote positive (negative) velocity 
anomalies, i.e. areas with relatively faster (slower) P-wave transmission velocities than the 
ambient JB model. The contouring is obtained from a bi-cubic spline interpolation of the 
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cell anomaly values which are specified at the center of the cells. Of course, this is a 
smooth representation of what is essentially a "block type" function, i.e. constant anomaly 
values in cells. Nevertheless, we favour this presentation because it still does not mask any 
rapid amplitude variation and it gives a more physical representation of the imaged 
structures than a block display would do. 

The contouring (hatching) adopted is specified below the third panel. It comprises 8 
intervals of equal size (i.e. 0.75%) except for the 2 central intervals. These are by 0.1 % 
smaller since values between -0.1 % and +0.1 % are never contoured. We note that anomaly 
values that exceed the upper or lower limit of the contouring legend, +3%, -3%, are still 
displayed in terms of the hatching belonging to the uppermost cOntour interval or the 
lowermost contouring interval, respectively. The occurrence of values that exceed these 
contouring limits is indicated by the existence of a line contour in the anomaly maps 
within the uppermost (lowermost) interval, e.g. the lowest velocities beneath the Apennines 
in figure 9.1. The line contour denotes the values that correspond to the limit of the hatch
scale. Hence anomaly values enclosed by the line contour exceed these limits. 

In every displayed cell layer result we also plotted the coastline map of the area with 
thick solid lines for reference (see fig 9.1). In addition the structural outline of the area as 
depicted in figure 1 is displayed with thick dashed lines. This allows a detailed comparison 
with the anomalies obtained. 

3.8.2 Harmonic sensitivity test 

The synthetic harmonic velocity model (section 2.10) which is used in the harmonic 
sensitivity tests is shown in figure 8. It is different for the odd and even layers of the cell 
division. The contouring is the same as described above. The peak to through synthetic 
anomaly amplitude is 6%. The distance between two peaks is 6 cells (about 660 km). We 
will denote the axis of zero amplitude by nodal axes and the intersections of the nodal axes 
by nodal points. The harmonic velocity variation within the layers is used to estimate the 
ability of the ray illumination to resolve smoothly varying anomalies of interesting wave 
lengths (in a geodynamical sense). 

The harmonic model in the even layers of the cell division is shifted to the right by half 
a wave length with respect to the pattern in the odd layers. This causes an anomaly 
discontinuity of 3% across the cell layer interfaces, e.g. the extrema in the patterns lie in 
depth between the nodal points of the patterns in adjacent layers. The discontinuity is 
introduced to test the ability of the ray illumination to resolve the solution in adjacent layers 
independently. 

The results of the harmonic sensitivity test are displayed in the same way as described 
for the actual velocity anomalies except for the tectonic outlines of the area (panel 2 of fig 
9.1). Instead, superimposed on the inversion response three contour levels of the exact 
harmonic sensitivity model are shown for the sake of reference with the exact model, Le. 
line contours for the -1.5%, 0% and +1.5% levels. 



95 Mapping the structure o/the West Alpine Upper Mantle 

Harmonic model in odd layers 

Harmonic model in even layers 

+3.0% 

Figure 8. The exact harmonic model of synthetic velocity in odd and even layers of the model. 
See section 3.8.2 for details. Note that the pattern in the even layer is shifted with respect to the 
pattern in odd layer by halfa wave length, (i.e. 3 cells) to the right. Thick solid lines and dashed
lines denote the coastline map and the tectonic outline, respectively, as in figure 7. 

3.8.3 Spike sensitivity test 

The spike sensitivity model consists of 60 equidistantly spaced "cell-spikes" (section 2.9). 
The spacing is 4 cells. In adjacent layers this pattern is shifted in both horizontal directions 
by half the distance between the spikes. The regular spaced grid of tilted "squares" in the 
third panel of figure 9.1 indicates the true locations. Note that the three dimensional spacing 
of the spikes is such that they are separated by at least one cell in vertical direction and by 
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at least 2 cells in horizontal direction. The spike values alternate in sign. 
The coastline map and the structural outline of the area are both plotted as specified for 

the display of the data inversion results (see lower panel of fig. 9.1). However, the 
inversion response of the spike sensitivity test is shown in a different way than the hatching 
we employ for the real velocity anomalies and the inversion response of the harmonic 
sensitivity test. All negative amplitudes are invariably indicated by a uniform vertical 
hatching and all positive amplitudes by a uniform horizontal hatching. These hatch
patterns denote the signs of the spike anomalies which are, as we shall see, almost always 
resolved. The spike amplitudes, Le. as obtained from the sensitivity test, are line-contoured 
with a line spacing in values of 0.5%. The synthetic spikes have anomaly values of -5% or 
+5% with respect to the average JB layer velocity, so the line contouring can also be 
interpreted in terms of 1O%-steps of the synthetic spike value. 

3.8.4 Synthetic modelfit 

We computed the model fit for Xharmo by the method which is described in section 2.10. We 
will show two kinds of model fit. Firstly, the lateral or two-dimensional fit which is 
computed for every layer by evaluating equation (18) of section 2.10. For the smoothing 
window W j which is centered around cell j we choose a 5x5 cells window. No weighting 

is applied, hence W j is a 5x5 matrix with 1 as elements. We denote the lateral fit by Wfit 
and it is shown in the fifth panel. Secondly, we computed a three-dimensional model fit by 
taking a 5x5x3 window. Again no weighting is applied. Hence the 3-D model fit 
incorporates Wfit and the depth matching of the amplitudes of Xhanno with the exact 
harmonic pattern. We will denote the result by 3Dfit and it is shown in panel 6. The 
difference between Wfit and 3Dfit gives information on the depth resolution. Later we will 
come back to this. 

We recall that the model fit is an integral measure of the effects of data errors, ray
illumination and algorithm characteristics. It is therefore a difficult quantity to interpret in 
terms of only one of the contributors. The fit maps are given in the first place as an extra 
illustration. In fact they represent a filtered version of Xharmo and they do not contain more 
information. Nevertheless, they give more easily average information on the reliability of 
the mapping which allows also an easy comparison with other layers. Explicitly, they 
express quantitatively how well the amplitudes of Xharmo match those of the exact pattern. 

The contouring of Wfit and 3Dfit is as specified by the legend below panel 6. We note 
that model fit values which exceed the limits of the contouring scale are displayed in white, 
Le. not contoured. 

From the above description it will be clear that the figures displaying the inversion results 
are rather detailed and complicated in structure. We are well aware that in cases the 
resulting plots may appear, in first instance, to come near a point of complexity which is 
difficult to conceive by the human eye. Nevertheless, it is our experience that once one gets 
accustomed to the display the presence of all the information plotted is acknowledged. 
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3.9 Inversion results obtained with the LSQR method 

This section is entirely devoted to an extensive discussion of the inversion results obtained. 
Table 2 specifies some relevant numbers of the different inversions. We will refrain from a 
immediate interpretation of the results in terms of actual structure of the upper mantle but 
instead we will treat the general trends one can observe and at the same time try to achieve 
qualitative estimates of attained accuracy and resolution from an analysis of the sensitivity 
tests. This will help us in learning to understand a tomographic image. For a 
comprehensive understanding of the imaged anomalies we also need the information 
contained in the hiteount map of every layer (fig. 7, sect 3.5) and in fact all mapped 
anomalies in adjacent layers to get the a true 3-D impression. This is very important to keep 
in mind, especially for interpreting the sensitivity test. 

From a surficial comparison of figures 7 and 9 we observe the overall correlation 
between the cell hitcount and the obtained anomaly amplitudes which attest to the 
observations made in Chapter 2. Briefly, in low hiteount areas LSQR introduces a bias 
towards 0 (the background model for inversion) which may be called an intrinsic damping 
property of the algorithm (Van der Sluis and Van der Vorst 1988). The correlation should 
be correctly interpreted: in large hiteount areas the amplitude response in the inversion 
result is rather good for both large as well as small amplitude anomalies, whereas, in the 
poorly sampled regions of the upper mantle, the mapped amplitudes are systematically 
underestimated which leads to small zero biased anomalies. 

In the following discussion we assume that the JB model is an adequate reference 
model for delay time tomography in the studied upper mantle region. After the discussion 
of the tomographic results we will come back to the subject of reference model validity. 

3.9.1 Layer 1: 0-33 km 

The results for the crustal layer are displayed in figure 9.1. First we remark that the crustal 
layer is one of the poorest resolved layers, as will become clear later on. Nevertheless, we 
can recognize characteristics of the lack of spatial resolution exhibited in the sensitivity 
results obtained for layer 1. First we will give a brief description of the mapped anomalies. 

The entire pattern is dominated by low velocity anomalies (top panel fig. 9.1). 
Important negative anomalies correlate well with the major mountain belts, e.g. the 
Apennines and Alps, the Dinarides and Hellenides (Greece) and the Carpathians. 
Conspicuous slow areas are also present beneath and to the north of the Rhenish Massif and 
below the Antalya Basin (where the Cyprus Arc intersects the Turkish coast). High velocity 
anomalies are located north of the Alps (Alpine foreland), near the Calabrian Arc and, the 
most important one, beneath the Rhodope Massif, the northern Aegean and the Balkan 
from where it follows the Black Sea coastline toward the East European Platform. The 
same large scale patterns are observed in the xlra result, however, with reduced 
amplitudes. 

The response to the spike sensitivity test enables us to draw conclusions about the 
maximum detail that can be resolved in a particular area (sections 2.7,2.9). Ideally we 
would like to recover all the exact cell-spikes from the spike sensitivity test. Any difference 



98 Chapter 3 

Table 2 

test/data P crnoist lEI IHEI crt +€ 

LSQR/SIRT 
Ir(P) III HE I crr 

xdata 

xlta 

Xharmo 

x spilce 

16 
16 
16 
16 

1.3 
0.5 

702 
270 

821 
622 
806 
342 

1.52 
1.19 
1.49 
0.632 

0.871/0.870 
0.863/ -
0.870 /0.868 
0.854/0.850 

1.32 /1.32 
1.03 / -
1.30 /1.30 
0.540/0.538 

Table 2. Specific numbers belonging to the different inversions.
 
The layout and meaning ofthe symbolic names is the same as in table 1 ofChapter 2, sect. 2.10.
 

between the synthetic spike anomalies and Xspilce must be attributed to lack of resolving 
power of the ray illumination in combination with data errors and the characteristics of the 
inversion algorithm. 

The overall amplitude response in xspilce is not so good. The locations of the cell-spikes 
which do not show any sign of their presence in the inversion results correlate well with the 
areas where the hit count is low. In particular this may explain the absent response of the 
three cell-spikes that are located beneath the Adriatic basin, the Pannonian basin and the 
East European Platform which are all located in local minima of the hitcount map. 

In the Greek-Aegean region the solution XspiJu indicates that detail on the order of one 
or two cells may be reasonably well resolved, i.e. in horizontal and in depth extent. The 
latter can be concluded from the absence of significant leaking of cell-spike anomalies of 
layer 2 into the crustal layer. Recall that the cell-spike patterns in adjacent layers are shifted 
with respect to each other. The same holds for the Italian region. In contrast, beneath the 
northern Carpathians and the Bohemian Massif, considerable amplitudes belonging to cell
spikes which are located in the crustal layer are mapped into the second layer (fig 9.2) 
which indicates that the depth resolution is poor beneath the Bohemian Massif. A similar 
observation can be made between the eastern tip of the Alps and the western extension of 
the Carpathians, where a cell-spike is visible which is located in layer 2. 

From xspilce we conclude that at least locally in central and south-eastern Europe 
reasonable depth resolution may have been obtained. In other areas it is poorer and it is 
likely absent in north-western Europe. These observations are supported by our results in 
layer 2 (next section). 

In the inversion response of the harmonic sensitivity model, xharmo' we can also observe 
the effects of inadequate resolution. Again, ideally, we would like to obtain the pattern 
displayed in figure 8 for x harmo in the crustal layer. The harmonic velocity model enables an 
investigation of the resolving power for anomaly patterns that exhibit spatial variations on 
the order of 3 to 6 cells. In interpreting x harmo the plotted reference contours of the exact 
model enable a quick eyeball check on the resolution achieved. The minimum requirements 
for a reasonable accuracy and spatial resolution of slowly varying anomalies are: (i) across 
(or near) the nodal axes of the exact model we must have sign changes in the amplitude 
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response xltarmo together with small amplitudes and (ii) surrounding the peaks and throughs 
we must obtain the largest amplitudes (with correct sign). These are the criteria we will 
employ to study the obtained resolution. 

Lack of depth resolution causes averaging of the exact harmonic pattern over at least 
two layers, which is reflected by a decrease in the amplitudes of the peaks and throughs and 
an increase of the amplitudes near the nodal points of the exact pattern (which always are 
located between two peaks or two throughs). This smearing or streaking in xltarmo can be 
caused by both lack of depth resolution and lack of lateral resolution. Which of the two is 
dominant must be derived from the preferential direction in the ray illumination. The latter 
is not too visible in the hiteount map and, hence, we have to keep the locations of sources 
and receivers in mind in order to obtain preferential directions. Lack of amplitude response 
can also result from small cell hitcount or, more precisely, a small total ray length 
contained by a cell (section 3.7). 

In the solution xdala we observe that most of the actual velocity anomalies possess a 
spatial variation over distances on the order of 2 or 3 cells. Nevertheless, we can make 
some observations from Xltarmo • First, the signs of the synthetic pattern are only moderately 
recovered. The amplitudes in the vicinity of the extrema are all underestimated and the 
nodal points of the exact pattern are not well imaged. Since in the crustal layer the ray 
paths are rather steep one would be tempted to attribute the poor harmonic response to lack 
of depth resolution. Although in cases this is important, e.g. in north-western Europe, the 
primary cause is related to the smaller total ray length in the crustal cells with respect to 
cells in layer 2. This can be elucidated as follows. The values of the cell hitcount in layers 1 
and 2 are, for most areas, comparable apart from the more inhomogeneous hitcount pattern 
in layer 1. Both layers have the same thickness. Nevertheless the amplitude response in the 
second layer is much better. The reason for this discrepancy lies in the illumination of the 
cells. Rays in the crustal cells traverse primarily vertically the thickness of the cells 
whereas the rays in layer 2 primarily cross the horizontal extent of cells (recall that many 
rays bottom in layer 2). Hence a factor 2 to 3 difference in the total ray length in cells 
exists. This causes a poor amplitude response which is, hence, due to the scaling of the 
inversion problem (Chapter 2). Lack of depth resolution and the non-uniform illumination 
in the crustal layer and station bias are also important. The latter must be interpreted as 
follows. On top of one crustal cell several stations can be located which can differ in station 
height, instrument and the sediment cover which directly underlies a station. This 
introduces irrecoverable inconsistencies in the data which will suppress the cell anomaly. 

In xloanno the general pattern of peaks and throughs in central and south-eastern Europe 
is recognizable although the local extrema seem to be shifted with respect to the exact 
model. There are several reasons for these apparent shifts. The minimum beneath the 
Rhenish Massif is likely not related to the minimum in the exact synthetic model but rather 
an expression of lack of depth resolution; it is a mapping of the minimum in the second 
layer in which the synthetic minimum is located just below the nodal point of the pattern in 
layer 1 (see fig. 8). To the east, beneath the Bohemian Massif, Xltarmo exhibits a split 
minimum which expresses the presence of two important stations. Most of the apparent 
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shifts can be attributed to variation in the hitcount, e.g. beneath the Moessian Platfonn only 
the upper half of the peak is mapped, the lower half coincides with much smaller hitcount. 
These are examples of how artificial anomalies can be introduced in the inversion result as 
a result of inhomogeneous ray illumination. The detailed comparison of Xharmo with the 
hiteount map shows that many more artificially induced anomaly variations may exist, e.g. 
beneath the Adriatic region, where the modest amplitudes in Xdala primarily reflect the poor 
illumination of the crust. 

The anomalies Xdala in the Caucasus region also correlate with the hiteount. In fact, 
they correlate very well with the location of stations in this area. A comparison of Xda/ll and 
xl'a in this area shows that the anomaly amplitudes are reduced considerably for 4 of the 
"spiky" anomalies. The larger delay times (Le. with absolute values between 3-5 seconds), 
inhomogeneous hitcount, lack of depth resolution and possibly station bias are the causes 
for this peculiar pattern in Xdala' In north-western Europe the amplitude variation in xda/ll 

also exhibits some correlation with the distribution of important seismic stations. 
The mapped anomalies near the southern limit of the Dead Sea Transfonn fault (Egypt 

and Israel) all result from insufficient depth resolution (see Xharmo)' The apparent 
heterogeneity is an image of deeper seated anomalies beneath the Eastern Mediterranean 
and the Arabian plate. Notice that the amplitudes of the anomalies correlate with the station 
locations in this area. 

The heterogeneity in the crustal layer exhibits in places large amplitude contrast, 
0(10%) over relative short distances. It may be an expression of an unstable solution 
effectuated by large data errors and lack of resolution. We do not believe this to be 
important since the amplitudes in the crustal layer are not affected very much by explicit 
damping during the inversion (results not shown here). Moreover, large amplitudes do not 

show in xllarmc and xspike' Recall that prior to inversion large errors are added to the 
synthetic data (table 2). If the real crustal heterogeneity is on the order of a few percent (as 
in the harmonic model) then the mapped anomalies would have exhibited even smaller 
amplitudes (this follows from Xharmo)' Since this is not the case crustal heterogeneity must 
be much larger than a few percent which is reflected in xdala' Hence, in central and south
eastern Europe where we have some confidence in the depth resolution, the large amplitude 
contrasts are likely an expression of real heterogeneity convolved with the effects of 
inhomogeneous illumination and station and event effects. We note that the main purpose 
of including a crustal layer in the cell model was to let it absorb the combined effects due to 
stations, large event errors (as far as they cannot be explained by the mislocation 
parameters) and crustal heterogeneity anticipating that the solution in the deeper layers will 
benefit from this. 

A comparison between xdala and x~ indicates that the anomaly patterns are rather 

stable with respect to the effect of the larger delay times. Most of the amplitudes in xl/ll 

are embraced by the lower and upper limits of the contouring scale, which is not the case 
for the Xdala result. The most drastic amplitude reduction is observed in the Caucasian 
region. It is important to recall that xl'a is obtained from the inversion of 93.3% of the data 
which are used to obtain Xdala' Nevertheless, the deletion of a relative small number of 
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larger delay times leads to an overall reduction in the peak amplitudes of the mapped 
anomalies. This attest to the sensitivity of the least squares method for large valued delay 
times (Le. data that are relatively far away from the average model prediction), which in 
effect pull the least squares fit in their direction. 

The model fits Wftt and 3Dftt are shown in panels 5 and 6 of figure 9.1, respectively. 
The low average model fit of xltarmo expresses the overall underestimation of the exact 
synthetic amplitudes in the inversion, which is primarily due to the smaller total ray length 
contained by the crustal cells and to other causes which have been mentioned earlier. 
Beneath central Europe and south-eastern Europe we found the best resolved anomalies in 
the crustal layer whereas the resolution in the surrounding regions was much poorer. This is 
supported by Wftt and 3Dftt. 

Summarizing, we note that the best resolved part in the crustal layer is beneath central 
and south-eastern Europe. This is inferred from both the spike test and the harmonic test. 
We cannot trust the anomalies xdata too much since also lack of resolution and correlations 
with the cell hitcount are observed, e.g. the mapped positive velocity heterogeneity north of 
the Alps is likely a reflection of the anomalies in the subcrustallayer 2. We remark that the 
observed anomalies in central and south-eastern Europe correlate well with the tectonic 
units at the surface. Where the depth resolution is poor this is a reflection of such a 
correlation with the anomalies in layer 2, which will be discussed in the next section. In 
central and south-eastern Europe the correspondence attests independently to the moderate 
spatial resolution. 

3.9.2 Layer 2: 33·66 km 

The tomographic results in layer 2 are displayed in figure 9.2. We preferred a thin 
subcrustal layer of 33 km in thickness because in the Italian-Adriatic-Aegean region the 
relative distribution of earthquakes and events with respect to each other is rather dense and 
hence many rays bottom in the subcrustal layer (cf. fig. 3, 4). We expect to obtain the 
highest resolution in the tomographic mapping of the upper mantle below this geographical 
region as a result of the many crossing rays. In other areas where rays predominantly 
emerge at angles near the vertical we expect that the heterogeneity in the crustal and 
subcrustallayers is not independently resolved (e.g. in north-western Europe). 

The hitcount variation beneath central and south-eastern Europe is much smoother than 
in the crustal layer (fig. 7). Poorly illuminated regions can be found, e.g., in north-western 
Europe, the Mediterranean basins, the Black Sea area and beneath larger parts of the 
Middle East. One can easily verify that the mapped anomalies, x dara ' in these regions are 
zero or of small amplitude. A glance at the X/tarmo and Xspi/u sensitivity results tells us that 
the accuracy and spatial resolution attainable are much larger in layer 2 than in layer 1. 
Before discussing the reliability aspects in more detail we will first comment on the 
mapped structure. 

The tomographic solution in north-western Europe (e.g. Rhenish and Bohemian 
Massifs) resembles very much the results obtained in the first layer. To the south of this 
area a conspicuous high velocity anomaly, with the Alps as a southern limit, covers the 
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major part of "Hercynian Europe". Beneath the Alps the low velocities which we observed 

in the crustal layer have largely disappeared except for two small patches beneath the 
western and eastern Alps. The anomalies beneath the Po basin have changed their sign to 
positive. The low velocities beneath the Apennines, however, are still present. High 
velocity anomalies are found beneath the Ligurian Sea and the entire Adriatic basin with an 
extension beneath the Ionian zone in western Greece. Low velocities are imaged beneath 
the Hellenic Arc, the central Aegean and south-eastern Turkey. To the south of these 
regions, more or less following the Hellenic Trench and Cyprus Arc, positive anomalies are 
mapped beneath the Ionian and Eastern Mediterranean basins. This pattern can be followed 
into eastern Turkey. 

Subcrustal higher velocities are also mapped beneath the Pannonian basin, whereas the 
Carpathians are still underlain by heterogeneities with velocities lower than the average JB 
layer velocity. In the crustal layer we observed higher velocities beneath the Rhodope 
Massif. These have disappeared in layer 2. But, higher velocities are still imaged somewhat 
to the north beneath the Balkan and part of the Moessian Platform. This zone extends 
beneath the Black Sea and can be followed into the East European Platform. Low velocities 
beneath the northern part of the Moessian Platform seem to connect with the Rhodope 
Massif anomaly following the outline of the southern Carpathians. The Caucasus region is 
underlain by a large amplitude low velocity heterogeneity, whereas to the east of it positive 
anomalies are present. In the Western Mediterranean area including northern Africa and 
Sicily-Calabrian Arc mainly positive velocity heterogeneity is imaged. 

The above summary of the mapped anomalies clearly indicates the close correlation 
with the large scale tectonic units and lineaments at the surface. 

In the xlla solution the same anomaly patterns can be observed. Again an overall 
reduction of amplitudes is achieved, but somewhat less than is the case in layer 1. 
Important amplitude decreases occur, e.g., beneath the south-eastern Mediterranean and 
the Caucasus-Caspian Sea area. The anomaly sign pattern is hardly affected by the deletion 
of the larger delay times, which again attests to the stability of the general shape of xdala 

with respect to possibly outlying data. 
In central and south-eastern Europe Xharmo and Xspike indicate that anomaly patterns 

with a spatial variation of several cells may be resolved with a precision on the order of the 
cell size. The amplitudes are again systematically underestimated, although to a much 
lesser extent than in layer 1. The exact mapping of the anomaly amplitudes is, as yet, less 
important to us. We are already quite content if we can establish the reliability of the 
mapping with regard to the sign pattern and its spatial variation. Note that the cell-spike 
sign changes are almost always recovered in Xspilu' 

In the area surrounding central and south-eastern Europe the heterogeneity in the 
subcrustal layer is poorer resolved. In the area of the Rhenish and Bohemian Massifs and 
the northern Carpathians similar observation can be made from xspilu as in layer 1. There is 

not much depth resolution in this region which is also clear from xharmo' In the northern 
Carpathians considerable amplitudes are mapped near the nodal axis of the synthetic 
pattern. Similar observations can be made in western France near the edge of the cell 
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model, near lhe southern limit of lhe Dead Sea Transform fault and south of lhe Kaspian 
Sea. Beneath western and northern Europe the preferential direction in lhe illumination by 
seismic rays is rather steep because the majority of the rays originate from distant events. 
This causes a poor deplh resolution. 

Interesting correlations of Xharmo with the cell hiteount can be observed, e.g., along lhe 
Hellenic and Calabrian Arcs where a large inhomogeneity exists in the cell illumination. 
Only for one half of the troughs in the synthetic pattern, i.e. the ones correlating with 
relatively large hitcount. are the synthetic amplitudes reasonably mapped whereas in lhe 
other half the amplitudes are only poorly evolved. 

The spike amplitudes in xspilce are largely underestimated. Only some peaks in the 
Aegean achieve 70-80% of the original amplitude. In other parts of central and south
eastern Europe 40-60% of the exact amplitude is mapped and in the poorer resolved areas 
the response is only 10-40 %. In spite of the underestimated spike amplitudes the fact that 
most of the cell-spikes can easily be recognized in xspilce attest to the resolving power for 
detail in a large part of this layer. 

The lateral harmonic model fit, Wfit, expresses that lhe slowly varying anomaly 
patterns can be imaged very well in central and soulh-eastern Europe. Fit values of 45% or 
more indicate lhat signs and patterns are spatially well resolved wilh increasing accuracy. 
Smaller fits correspond wilh areas where there is no depth resolution between (at least) 
adjacent layers or no lateral resolution between (at least) adjacent cells. The 3Dfit result 
exhibits smaller amplitude fit in lhree-dimensions, but lhis is largely due to lhe small 
amplitudes of x/tarmo in lhe crustal layer. As we discussed for layer I, the latter is primarily 
related to olher causes lhan lack of spatial resolution. Beneath central and soulh-eastern 
Europe Xdala in layer 2 is much better resolved from the anomalies in layer 1 than is 
suggested by 3Dfit. This is illustrated by xharmo which would be less well mapped if lhe 
depth resolution is poor. 

Summarizing, we note lhat lhe actual heterogeneity in central and soulh-eastern Europe 
may be very accurately imaged with a spatial error on lhe order of the cell size. In the olher 
areas we trust the signs of lhe larger anomalies, e.g., lhe low velocities beneath lhe 
Caucasus region and the high velocities to the east of this region, but we cannot be too 

certain about the significance of lhe detailed outlines of these anomalies. Nevertheless, the 
fact lhat the outline of the Zagros zone in xdala separates lhe lower velocity anomalies of 
the Caucasian region from lhe higher velocities beneath the Arabian plate may be more 
than merely a coincidence. In norlh-western Europe the patterns in lhe first two layers are 
not independently resolved, the lateral variation, however, can still be significant. 

Again, we like to stress the remarkable (in cases detailed) correlation between the large 
scale tectonic structure at the surface and the mapped anomalies. 

3.9.3 Layer 3: 66 -110 km 

The results belonging to the third layer are displayed in figure 9.3. The larger scale features 
of lhe imaged anomalies can, in many cases, be discussed as a continuation of lhe inferred 
heterogeneities in layer 2. However, lhere is considerable difference in detail. For lhe 
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central and south-eastern European area a cursory comparison between the model fit of 
xharmIJ for both layers indicates that the depth resolution is very good. Hence it is warranted 
to discuss the inferred anomalies in this region in more detail. 

Starting below the Alps we observe two high velocity peaks; one beneath the western to 
central Alps and the other beneath the Eastern Alps. These anomalies seem to be connected 
to a dominant high velocity region that underlies the Adriatic sea and partly the Dinarides 
and which extends throughout the Ionian and Eastern Mediterranean basins. This anomaly 
can be followed. as in the subcrustallayer. into eastern Turkey from which point it more or 
less follows the Zagros zone up to Iran. With respect to the same anomaly in the subcrustal 
layer we note that its northern limit is displaced towards the internal zones of the 
Dinarides-Hellenides Belt partly underlying the southern Aegean. The low velocities 
beneath the Rhodope Massif have shifted somewhat in NE direction. The conspicuous low 
beneath the central Aegean. which is also present in layer 2. can still be found NE of the 
high velocity zone. In layer 2 the modest positive anomaly (presumably due to the hiteount) 
beneath the Eastern Mediterranean has in the third layer developed to a broad large 
amplitude anomaly. Indeed. if one inspects the P delay times in the ISC Bulletins for any 
southern Aegean and Turkish event observed at stations in Egypt (:m..W) and Israel (JER). 
one almost invariably finds that large negative delay times are reported with values ranging 
from -2 to about -8 seconds. 

The Balkan-Black Sea area still shows a large high velocity anomaly which extends 
northward beneath the East European Platform. The heterogeneity beneath the latter area is 
separated along the Tornquist-Tesseyre line from the lower velocities manifest beneath the 
Carpathians. Note. however. that the high velocity anomaly that underlies the Pannonian 
basin in layer 2 has disappeared. Low velocity heterogeneity is mapped in layer 3 for this 
region. 

In north-western Europe lower velocities are still found beneath the Rhenish and 
Bohemian Massifs. Also. the Central Massif in France seems to be underlain by negative 
amplitude heterogeneity in this layer. Higher velocities are found beneath the Pyrenean 
mountain range. The Western Mediterranean and northern Africa are largely covered with 
-positive anomalies. To the north-east. beneath the western Italian region. an elongate 
negative anomaly is present. Note that we also mapped these low velocities at the shallower 
levels. 

Finally the Caucasian-Caspian Sea area exhibits a similar distribution of low and high 
velocities as in the second layer. although the shapes have somewhat changed. 

According to the sensitivity test results the spatial resolution is rather comparable to 
what we observed for layer 2. We will not dwell too much on the reliability aspects here. In 
the discussion of the previous layers many tutorial examples are given for interpreting the 
sensitivity test results. We note the following. 

The anomalies in central and south-eastern Europe area are well resolved with a spatial 
error on the order of the cell size. Hardly any leaking of the cell-spike response from 
adjacent layers is observed and XharmIJ is very well mapped in this region. Examples of lack 
of (predominantly depth) resolution can be observed. e.g. in Xharmo in central France. 
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north-west Europe, south of the Caspian Sea and along the Dead Sea Transform fault. The 
lack of depth resolution in north-western Europe and central France is again due to the 
steep emergence of rays. The Western Mediterranean region is modestly resolved, i.e. we 
believe that the signs of the larger anomalies are detected. 

The broadened response of some of the cell-spikes gives an indication about the detail 
that can be resolved, e.g. in the Pannonian Basin, western Alps, Moessian Platform, Black 

Sea and eastern Turkey. Note that the mapped anomalies Xdala in these areas do not exhibit 
significantly more detail on the width scale of the cell-spike response. This attests to the 
quality of the cell-spike test where noisy synthetic data can truly mimic the real data case 
(section 2.7). 

The model fit, Wfit is comparable to that obtained for layer 2. Note that the response 
has considerably increased in the Eastern Mediterranean. From xharmo we observe that the 

actual anomalies in the Middle East (i.e. Xdata) are well resolved in sign. Therefore, model 
fit values of 25-35% may indicate reasonable sign resolution for large scale anomalies, Le. 
on the order of a few cells. 

The 3Dfit is also rather comparable to Wfit in layer 3 and in layer 2. As we shall see 
this comparison also holds for the Wfit in the next layer. For central and south-eastern 
Europe this implies that the depth resolution is as high as the lateral resolution, Le. near 
single cell precision. In other areas (model fit less than 45%) the highest 3-D resolution is 
at most on the order of 2 cells. 

3.9.4 Layer 4: 110 -170 

The tomographic results pertaining to layer 4 are displayed in figure 9.4. 
First of all, we note for the mapped anomalies, Xdata' that considerably more lower 

velocity heterogeneity appears in this "sub-lithospheric" layer. In central Europe, the'only 
high velocity anomaly whose existence we trust on account of the sensitivity analysis is 
located beneath the central Alps and Po-basin. The exact outline, however, is not reliable 
(see xharmo)' The higher velocities beneath the Adriatic area are displaced to the north-east. 
The harmonic fit is excellent for this region. Observe, however, from xspi/ce that any detail 
beneath the Dinarides is rather smeared out. This high velocity anomaly continues beneath 
Greece and the southern Aegean until it ends in the broad Eastern Mediterranean anomaly. 
High velocities are still present beneath the cratonic East European Platform. To the west 
this anomaly tends to underly the Carpathians. Notice also the high velocities beneath the 
Pyrenean mountains and northern Africa. The positive anomalies beneath the Western 
Mediterranean have disappeared and are replaced by low velocity anomalies in this layer. 
Low velocities remain to exist NE of the Dinarides, beneath the Aegean and western 
Turkey and a large region of lower velocity has developed beneath eastern Turkey. Also 
notice the low velocity heterogeneity beneath western Italy which has been present in all 4 
top layers, although with changing shapes and amplitudes. The anomaly patterns in the 
Caucasian and Caspian Sea region are similar to those in the previous layer, except for a 
decrease in the amplitude of the large negative anomaly. High velocities remain to exist 
beneath Iran. The elongate positive velocity anomaly beneath the Arabian plate is likely a 
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streaking or smearing effect due to lack of resolution along ray paths from Zagros events to 
stations in Israel and Egypt. 

From the sensitivity analysis results we derive the following. Slowly varying anomalies 
can be still be very well imaged in central and south-eastern Europe. For this region xspik.e 

indicates that detailed anomalies are less accurately mapped. Cell-spikes located in 
adjacent layers are also visible in layer 4, e.g. beneath Italy and the northern Aegean. 
Furthermore, very broad responses are mapped which indicate lack of lateral resolution 
between adjacent cells. Hence, we cannot trust the detailed outlines of the anomaly patterns 
too much. The high velocity anomaly beneath western France is due to lack of depth 
resolution. In fact, this anomaly is present in all nine layers as a small tube which 
converges to one station at the surface. Detailed shape and amplitude information contained 
in the xlIarmo results of all layers reveals this lack of resolving power for slowly varying 
anomaly patterns in the peripheral regions of central and south-eastern Europe. This is also 
illustrated in the model fits, which are reduced somewhat with respect to what we obtained 
in the previous layer. We note that the small white area near the center of the model fit 
panel indicates a fit of 85-90%. The 3Dfit indicates that the depth resolution in the Middle 
East has increased. 

Again the central and south-eastern European region is the best resolved part of the 
entire layer. The sensitivity analysis indicates that less detail can be imaged than in the 
previous two layers. Nevertheless in this region the resolution for the slowly varying 
anomalies is good both in lateral and in depth extent. This is substantiated by the mapped 
anomalies in the next layer which exhibit completely different patterns. 

3.9.5 Layer 5: 170·240 km 

The results in layer 5 are displayed in figure 9.5. The mapped anomalies, Xdata, are almost 
all of negative sign and exhibit rather smoothly varying patterns with in places large 
amplitudes. The xdata solution in layer 5 demonstrates correlations with that in layer 4. 
Notably, the "ridges" in the low velocity anomalies partly underly the high velocity regions 
of layer 4, e.g. beneath the central Alps - Po basin and Dinarides and Hellenides. We 
remark that these local maxima also overly the high velocity anomalies which are imaged 
in the next layer (6). This may be a reflection of a non ideal depth resolution but it may also 
be actual heterogeneity. 

The correlation between surface outlines of tectonic structures and lineaments has 
decreased and is not as obvious as in the previous layers. We regard this depth range, 170
240 km, as a decoupling level between the lithosphere and the deeper upper mantle. 

High velocity anomalies are only present in a few areas: northern Africa, a small 
anomaly beneath the Calabrian Arc, beneath the central Aegean and (partly) the Eastern 
Mediterranean, the Zagros zone and beneath the East European Platform and partly beneath 
the Carpathians. 

From xspik.e we observe that the response of many cell-spikes is moderate and broad, 
indicating that detail on the order of one cell can still be recognized although it will be 
smeared in the mapping of the actual anomalies. Cell-spikes that are located in the adjacent 
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layers are visible in some places, e.g. beneath the Aegean and north of the Alps. The 
resolving power for detail on the order of the cell size has improved in the Middle East 
with respect to that for layer 4. Notice that the sign of most of the cell-spikes are resolved. 
Similar observations can be made from Xhamw' The spatial resolution for slowly varying 
anomalies is still fairly good in central and south-eastern Europe and it has increased 
considerably in Turkey and the Zagros Zone. This is clearly visible in Wfit. The 3Dfit 
exhibits reduced fit beneath Turkey. This is primarily due to the poorer quality of the 
mapping in the next layer. 

Again we find that the major features present in xdata are imaged with reasonable 
reliability. In central and south-eastern Europe much more detail can be trusted than in the 
other areas. Beneath Turkey and the Zagros zone the mapped anomalies vary on a much 
larger scale (possibly an effect of poorer resolution) but these larger scale features are well 
enough resolved with a minimal spatial error on the order of, say, 2-3 cells. 

We recall from Xdala in the previous layer that large lower velocity regions already 
existed. Together with the predominant lower velocities that are mapped in the current 
layer this indicates that the real Earth may possess a considerable (heterogeneous) Low 
Velocity Zone below the entire region except for only a few places. We will see that in the 
next layer most of the negative anomalies have disappeared. The consequences of this 
average depth variation of the P velocity for the tomographic mapping will be discussed in 
section 3.12.3. 

3.9.6 Layers 6, 7,8 and 9: 240 - 670 km 

The results of layers 6-9 are displayed in figure 9.6-9.9, respectively. We discuss the 
mapped anomalies in these remaining 4 layers in one section because they exhibit similar 
heterogeneity patterns. 

In layer 6 the mapped anomalies show important sign changes. Whereas layer 5 was 
almost entirely occupied by low velocity anomalies, layer 6 demonstrates the return of high 
velocity regions. Some very interesting observations can be made. Beneath Italy low 
velocity anomalies are imaged in layers 1-5. In layer 6 positive anomalies are mapped 
beneath this region which extend beneath the Po basin and Alps. In fact, the high velocities 
beneath the North African margin, in the Western Mediterranean, may be the southern 
extension of this zone. Positive velocities are found beneath the Carpathians and the East 
European Platform. This zone can be followed southwards below the Moessian Platform, 
beneath the Rhodope Massif and the Aegean region. In the discussion of layer 5 we noted 
that the local maxima in the low velocity heterogeneity of layer 5 correlate with this zone. 
The anomaly beneath Greece may be the depth extension of the high velocity anomalies 
which we observed in layers 2-4. In the next Chapter we will present arguments which 
demonstrate that this is indeed the case. Beneath Turkey we also find a high velocity 
anomaly that appears to line up with Cyprus Arc in the south. Positive anomalies are still 
mapped beneath the Zagros zone and north-east of Iran another broad high velocity region 
is imaged. We stress the close correlation between the high velocity anomalies at this large 
depth and the large scale surface outline of the Alpine Belt 
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Going to layer 7, we first note that the positive anomaly beneath the East European 
Platform which was present in all previous layers has finally disappeared. The high velocity 
anomalies that correlate so well with parts of the Alpine Belt in layer 6 are mapped in 
layers 7 and 8 as one large zone that underlies the Alpine Belt from the Western 
Mediterranean to Iran. We remark beforehand that the apparent connection of positive 
anomalies beneath central Italy and northern Greece is likely a result of poor lateral 
resolution. The same holds for the connection between the positive anomalies beneath the 
Aegean and south-western Turkey. The patterns in layers 7 and 8 are, on a large scale, 
rather similar. A notable difference is that beneath the Aegean and Balkan region the 
pattern in layer 8 is somewhat shifted to the NE with respect to the anomalies in layer 7. 
Notice that north of Iran positive velocity anomalies are imaged in layers 6, 7 and 8. In the 
latter layer positive anomalies also are found beneath the Caucasus region. Many of the 
other differences are too detailed to be discussed in view of the spatial resolution attained. 

In layer 9 the high velocities have largely disappeared except for central Europe, the 
northern Aegean and north of Iran. In other areas lower velocities are mapped. Notice, 
however, that the positive anomalies in the previous layer are "visible" as local maxima in 
the low velocity pattern of layer 9. Lack of depth resolution may be a reason but it can also 
be real heterogeneity. The sudden change from large positive velocities anomalies in the 
previous layers to predominant lower velocities in layer 9 has important consequences for 
the tomographic mapping. We will come back to this later. 

We will now focus upon the reliability of the results. The sensitivity analysis for layer 6 
demonstrates that Xdata is much poorer resolved than in the shallower layers. We already 
noted a small decrease in the model fit of xharmo in layer 4 and 5. The difference in IDfit 
between layer 5 and 6 is, however, much more dramatic. The hitcount maps of these layers 
do not differ very much. In layer 5 Xharmo is in many places reasonably well mapped. 
Hence, the lack of spatial resolution must either be largely confined to layer 6 or related to 
comparable lack of resolution in the next layer. 

A look at the xharmo and the fit results of layer 7 indeed shows the same deficiency in 
resolution and even worse in places. The hiteount in layer 7 is much less than in its adjacent 
layers. This is related to the computation of the reference ray paths. Due to an increase in 
the velocity gradient of the JB model around a depth of 400 km the geometry of the fastest 
ray paths is strongly influenced for rays arriving around 180 to 220 (depending on the focal 
depth). This has been schematically displayed in figure 6 and it is considered to be the 
primary cause for the poor spatial resolution in layers 6 and 7. 

Nevertheless, on account of the sensitivity test results for layer 6, we feel confident in 
the mapped larger scale patterns in Xdata in central and south-eastern Europe for this layer, 
but we cannot rely too much on their exact outlines. This holds especially for apparent 
spatial connections between anomalies as noted earlier. For instance, compare the xharmo 

results and the Xdata solution for layers 6 and 7 beneath south-western Turkey. For layer 7 
the IDfit clearly demonstrates the poor resolving power. The large scale features ofxdata in 
layer 7 may still be fairly resolved. This is indicated by Xspilu' In spite of cell-spike 
responses that leak from adjacent layers, the cell-spikes that are located within layer 7 
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indicate that detail can be detected and also that sign changes can be detected. Notice that 
the sign pattern of the exact spikes is at a large angle with the preferential direction in the 
ray illumination, i.e. east-west Hence, also sign changes in the actual anomaly pattern must 
be detectable, especially if they are consistent over several cells. It is due to the much 
improved spatial resolution which is obtained in layer 8 that the existence and major 
outlines of the large band of positive velocity heterogeneity is established. Layer 9 exhibits 
an even higher resolution. 

For reasons to be discussed in section 3.12.3, we will not dwell on the resolution 
aspects further. Summarizing, we remark that the existence of a large band of positive 
velocity heterogeneity in the deeper upper mantle has been established. This zone 
correlates very well with the surface outline of the Alpine Belt. However, the apparent 
continuity of this zone may be merely a reflection of poor lateral and depth resolution and 
hence considerable detail within this heterogeneity cannot be ruled out. 

3.9.7 Relocation parameters and station corrections 

In section 2.3 we discussed the incorporation of two parameters, 1.1. and K, that define a trade 
off between the cell slowness anomalies, the event relocation parameters and the station 
delay time corrections. We used 1.1.=0.5 and K=2 in all inversions. These numbers suppress 
the estimation of the relocation parameters and enhance the station corrections relative to 
the slowness anomalies. As discussed in section 2.13, the station corrections are on the 
order of 0.5 seconds, the relocation vectors achieved amplitudes on the order of 5 km and 
the origin time error is on the average 0.2 - 0.3 seconds. Recall that these numbers pertain 
to clusters of events. 

The station corrections refer to a relatively small solid angle at which a distant station 
"sees" the cell model. They only give information on the average velocity anomaly between 
the cell model and the station location together with possible systematic station effects. 
Many of the relocation parameters are among the least constrained unknowns in the 
inversion. Most of these unknowns are constrained by only 50-100 data (rays, event 
hitcount) from which the 4 parameters must be estimated simultaneously with the cell 
slowness anomalies and station corrections. We observed that the cell slowness anomalies 
that are obtained for a cell hitcount of ::: 100 are not always reliably imaged, as we also 
expect to be true for the relocation parameters. Moreover, this part of the solution proved to 
be the most sensitive to noise in the sensitivity tests. 

We do not consider the results obtained for the station and event corrections as very 
useful for interpretation. This is only because we cannot learn much from them. We stress 
that we advocate including these unknowns in the tomographic equations. The station 
corrections are included to prevent that the part of the delay time which is acquired outside 
the cell model from being absorbed by the cell slowness anomalies. Relocation parameters 
enter in a natural way the basic equations that describe the physical problem of tomography 
(Chapter 1) and their inclusion has large effect on the amplitudes and smoothness of the 
obtained cell slowness anomalies (section 2.13). Moreover, we noted in section 2.13 that if 
we do not account for the relocation parameters, the resolution of the inversion results 
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increases considerably. Hence, the reliability of tomographic images that are obtained 
without inverting for these unknowns is likely an overestimate of the actual resolving 
power of the data. 

3.9.8 Summary of results 

The sensitivity analysis indicates that the solution xdata may be very well resolved beneath 
central and south-eastern Europe. Especially between 33 km and 240 km xhanno indicates 
that slowly varying anomalies are accurately imaged (apart from the systematically 
underestimated amplitudes). At greater depths the resolving power of the data decreases. 
Nevertheless, we argued that the large scale features of the anomaly patterns below 300 km 
are likely present, although we cannot rely on the exact outlines and considerable detail 
may be present but is not resolved. 

In the peripheral areas of the cell model and beneath the Middle East the spatial 
resolution is much poorer. A more detailed analysis than is presented here is required to 
substantiate the reliability of these anomalies. As for the deeper upper mantle, the 
sensitivity analysis indicates that those anomalies that extend over many cells likely exist, 
although we cannot be too sure about their exact location. 

Excellent correlations of the anomaly patterns in the uppermost mantle with the larger 
scale surface outlines of tectonic structures and lineaments are inferred. The conspicuous 
positive anomaly in the deeper upper mantle follows closely the surface outline of the 
Alpine belt from Spain to Iran. These correlations attest independently of the value of the 
obtained tomographic image for interpretation. 

So far we have obtained qualitative estimates for the accuracy and spatial resolution 
from the sensitivity analyses. But, the inferences we have made are only useful if the 
reference ray geometry is an adequate description of the actual iIlumination of the upper 
mantle, in other words, if the JB model is an adequate reference model for upper mantle 
tomography in the considered area. Layers 5 and 9 exhibit predominantly low velocity 
heterogeneity which indicates that the JB model differs systematically from the laterally 
averaged seismic velocities in the real Earth. The consequences of this for the tomographic 
mapping will be discussed further in section 3.13.3. 

( continued on page 149 ) 
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Figures 9 and 10 

On the following pages figure 9 (9.1-9.9. pl12-129) and figure 10 (10.1-10.9, p130-147) 
are displayed. Figure 9 shows the inversion results obtained with the LSQR algorithm and 
figure 10 shows the results obtained with the SIRT algorithm. 

The layout offigure 9 is described in section 3.8 and the results displayed are discussed in 
section 3.9. The layout of figure 10 is described in section 3.8 and in section 3.10. The 
results displayed infigure 10 are discussed in section 3.10. 
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LSQR: layer 1 (0-33 km). velocity anomalies, max. delay = 5 seconds 
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LSQR: harmonic sensitivity test 
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LSQR: layer 1 (0-33 km). velocity anomalies, max. delay = 3 seconds 

LSQR: lateral harmonic fit 
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LSQR: 3-D harmonic fit 
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LSQR: layer 2 (33-66 km), velocity anomalies, max. delay = 5 seconds 

LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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Fig. 9.2 
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LSQR: layer 2 (33-66 km), velocity anomalies. max. delay = 3 seconds 

LSQR: lateral harmonic fit 

LSQR: 3-D harmonic fit 
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LSQR: layer 3 (66-110 km), velocity anomalies, max. delay = 5 seconds 

LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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LSQR: layer 3 (66-110 km), velocity anomalies, max. delay = 3 seconds
 

LSQR: lateral harmonic fit 

LSQR: 3-D harmonic fit 

Fig. 9.3 
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Fig. 9.4 
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LSQR: layer 4 (110-170 km), velocity anomalies, max. delay = 5 seconds 
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LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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LSQR: layer 4 (110-170 km), velocity anomalies, max. delay = 3 seconds 

LSQR: lateral harmonic fit 

LSQR: 3-D harmonic fit 
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Fig. 9.5 
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LSQR: layer 5 (170-240 km), velocity anomalies, max. delay = 5 seconds 

LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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LSQR: layer 5 (170-240 km), velocity anomalies, max. delay = 3 seconds 
~ 

LSQR: lateral harmonic fit 

LSQR: 3-D harmonic fit 

Fig. 9.5 
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LSQR: layer 6 (240-320 km), velocity anomalies, max. delay = 5 seconds 

LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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Fig. 9.6 
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LSQR: lateral harmonic fit 

LSQR: layer 6 (240-320 km). velocity anomalies, max. delay == 3 seconds 
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LSQR: 3-D harmonic fit 

Fig. 9.6 
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LSQR: layer 7 (320-420 km). velocity anomalies, max. delay =5 seconds 
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LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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LSQR: layer 7 (320-420 km), velocity anomalies, max. delay = 3 seconds 
~ 

LSQR: lateral harmonic fit 

I 

LSQR: 3-D harmonic fit 

Fig. 9.7 
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LSQR: layer 8 (420-540 km), velocity anomalies, max. delay = 5 seconds 

LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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Fig. 9.8 
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LSQR: layer 8 (420-540 km), velocity anomalies, max. delay =3 seconds 
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LSQR: lateral harmonic fit 

LSQR: 3-D harmonic fit 

l1li 

Fig. 9.8 
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LSQR: layer 9 (540-670 km), velocity anomalies, max. delay = 5 seconds 

• 
LSQR: harmonic sensitivity test 

LSQR: spikes sensitivity test 
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LSQR: layer 9 (540-670 km), velocity anomalies, max. delay = 3 seconds 

LSQR: lateral harmonic fit 

LSQR: 3-D harmonic fit 
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Fig. 9.9 
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SIRT: layer 1 (0-33 km), velocity anomalies, max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test 

Fig. 10.1 
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Cell hitcount layer 1 

SIRT: lateral harmonic fit 
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SIRT: layer 2 (33-66 km), velocity anomalies, max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test 

Fig. 10.2 
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Cell hitcount layer 2 

SIRT: lateral harmonic fit 

SIRT: 3-D harmonic fit 
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Fig. 10.2 ••E~5% 
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SIRT: layer 3 (66-110 km), velocity anomalies, max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test 
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Fig. 10.3 
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Cell hitcount layer 3 

SIRT: lateral harmonic fit 

SIRT: 3-D harmonic fit 
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SIRT: layer 4 (110-170 km), velocity anomalies, max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

Fig. 10.4 
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Cell hitcount layer 4
 

SIRT: lateral harmonic fit 

SIRT: 3-D harmonic fit 

Fig. 10.4 
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SIRT: layer 5 (170-240 km), velocity anomalies, max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test
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Fig. 10.5 
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Cell hitcount layer 5
 

SIRT: lateral harmonic fit 

SIRT: 3-D harmonic fit 

Fig. 10.5 
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SIRT: layer 6 (240-320 km), velocity anomalies, max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test 
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Fig. 10.6 
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Cell hitcount layer 6 

SIRT: lateral harmonic fit 
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SIRT: 3-D harmonic fit 
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SIRT: layer 7 (320-420 km), velocity anomalies, max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test 
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Fig. 10.7 
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Cell hitcount layer 7 

SIRT: lateral harmonic fit 

SIRT: 3-D harmonic fit 
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Fig. 10.7 
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SIRT: layer 8 (420-540 km), velocity anomalies. max. delay = 5 seconds 

SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test 

Fig. 10.8 
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Cell hitcount layer 8 

SIRT: lateral harmonic fit 

SIRT: 3-D harmonic fit 
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SIRT: layer 9 (540-670 km), velocity anomalies, max. delay = 5 seconds 
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SIRT: harmonic sensitivity test 

SIRT: spikes sensitivity test 

Fig. 10.9 
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Cell hitcount layer 9
 

SIRT: lateral harmonic fit 

SIRT: 3-D harmonic fit 

Fig. 10.9 
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3.10 Inversion results obtained with the SIRT method 

The inversion results that are obtained with the SIRT algorithm are displayed in figures 
10.1-9. Figure 10 has almost the same layout as figure 9 (as described in section 3.8). The 
only difference is that we did not obtain an xl,a result with the SIRT method. To fill up 
the 4-th panel for every layer we repeated the hitcount map (fig.. 8). Some typical numbers 
for the SIRT inversions are given in table 2. 

In Chapter 2 we observed that the solution obtained with the SIRT method is rather 
sensitive to data errors in the poorly illuminated cells of the model. In order to decrease the 
amplitudes of these large variance solutions to an acceptable level we applied a modest 
damping during the inversion (see section 2.10 for details). In the delay time inversion and 
in the harmonic sensitivity test we added 400 km of ray length (with zero delay time) to the 
total length of ray intersections that is contained in a cell. The most important effect of the 
explicit damping is that the amplitudes in the low hiteount cells are considerably reduced. 
The spatial shapes of the anomalies are much less influenced. The amplitudes in the well 
sampled regions of the cell model are hardly affected. 

Unfortunately, we did not obtain a damped spike sensitivity test result. Instead we show 
the undamped xspike in the third panel of figures 10.1.-9. 

We note that, in all inversions the set of equations inverted are the same as for the 
LSQR algorithm, except that no cell volume scaling has been applied (sections 2.3, 3.7). 
Hence apart from the latter only the algorithm has been changed and damping is applied. 
As for LSQR, we stopped the inversion after 16 iterations for the reasons discussed in 
section 2.10. 

We refrain from giving as detailed description of the results as for the LSQR method. 
The SIRT inversion results are shown for comparison and to further substantiate the 
findings of Chapter 2. Only some of the most outstanding inferences will be mentioned. A 
detailed comparison is left to the reader. 

3.10.1 Comparison in the high hitcount regions ofthe cell model 

In regions where the LSQR method obtains the best spatial resolution and accuracy, SIRT 
also obtains the most reliable solutions. The major difference is, however, that the 
amplitude response in the high hitcount areas is much poorer than in the LSQR mapping, 
i.e. the amplitudes are much more underestimated. This is convincingly demonstrated in 
x spilc2 and xharmo' To a lesser degree the spatial resolution differs, as reflected in the 
harmonic sensitivity test. The SIRT method also images the harmonic pattern well in 
Central and South- eastern Europe. Note that the same resolution artifacts can be 
recognized in xharmo for both methods. The x spilc2 result for SIRT illustrates that it is much 
more difficult to trust (resolve) detail in SIRT mappings (i.e. in the first 16 iterations and 
compared to the LSQR results). The cell-spike amplitudes are poorly imaged and in many 
cases have comparable amplitudes to the leaky response from cell-spikes in adjacent layers, 
e.g. compare the xspilc2 results for layer 2-4. 
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SIRT: layer 3, harmonic sensitivity test, noise-free data. no damping 

SIRT: layer 3, harmonic sensitivity test, noisy data, no damping 

SIRT: layer 3, harmonic sensitivity test, noisy data, damping = 400 km 

Fig. 11 -3.0% Ilill~11 
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All these observations illustrate the poorer convergence rate of the iterative solution to 
the least squares solution when using the SIRT method, at least in the well sampled cells. 
We would need many more iterations to obtain comparable resolution and accuracy as in 
the LSQR solution after 16 iterations. 

3.10.2 Comparison in the low hitcount regions ofthe cell model 

In the moderately and poorly sampled cells of the model the SIRT solutions show a better 
amplitude response than LSQR solutions after 16 iterations. However, we observe from 
Xharmo that these solutions exhibit a poor spatial resolution and accuracy, especially in the 
poorly sampled cells. To elucidate this in more detail we plotted in figure 11 three different 
harmonic sensitivity results which are obtained from the same harmonic velocity model but 
using (i) noise-free data (see "harmo 1" of table I, Chapter 2), (ii) noisy-data (see "harmo 
2" of table I, Chapter 2) and (iii) noisy-data with the explicit "400 km"-damping. 

In the first test (top panel of fig. 11) we use a consistent set of data and hence the image 
distortion is due to lack of resolving power of the upper mantle illumination, Le. the 
underdetenninancy of the inversion problem, and the effect of the SIRT algorithm. We 
observe no instabilities but the lack of spatial resolution in the poorly sampled cells leads to 
irregular and spatially unreliable patterns. 

The second panel of figure 11 demonstrates that the addition of a realistic amount of 
Gaussian noise leads to unstable (large variance) solutions in the ill-illuminated cell 
regions. Note that the shapes of the anomalies are to a lesser extent affected in these 
regions. Notably, the amplitude response in the well sampled part of the layer has improved 
a little. This can be due to the sensitivity of the least squares method to relatively outlying 
data which now occur as the result of the added noise. 

The third panel displays that the addition of explicit damping has the effect of 
decreasing the large variance amplitudes to an acceptable level, but the patterns remain 
poorly mapped in the poorly sampled regions of the model. 

The conclusion we can draw is that the combination of ill-constraint cell anomalies and 
poor hitcount leads to unreliable anomaly patterns. Moreover, the addition of noise causes 
large variance solutions in such regions which, however, can be easily damped away 
leading to poorly imaged but still unreliable anomaly patterns. The SIRT method obtains a 
somewhat larger convergence than LSQR in the moderately sampled cells in the first 16 
iterations. 

We recall from Chapter 2 and section 3.7 that the differences between our LSQR and 
SIRT solutions are caused by (i) the scaling of the columns (implicitly the unknowns) of 
the matrix equation and (ii) a poorer convergence rate of SIRT-type solutions to the least 
squares solution. In other words, if we solved a SIRT-scaled set of equations with the 

Figure 11. Comparison of 3 different harmonic sensitivity results obtained with the SIRT algorithm 
for layer 3. Top panel: noise-free data, no damping, central panel: noisy data. no damping. and 
bottom panel: noisy data with "400 kilometers" damping. See section 3.10.2 for details. 
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LSQR algorithm we would obtain similar results as displayed in figures 10 and 11, 
however, in much fewer iterations (Chapter 2). 

3.10.3 Comparison of the results of the delay time inversion 

By comparing the Xdata obtained with SIRT and LSQR we note the large correspondence in 
the imaged anomaly patterns. The differences in anomaly amplitudes and patterns can be 
explained with our observations from the sensitivity tests. The important inference we can 
make is that the sensitivity analysis has enabled us to understand the imaged anomaly 
patterns, i.e. in terms of mappings of true anomalies, image distorting effects of the 
employed inversion technique (scaling!) and effects of data errors. 

3.11 Comparison with the results from other investigations 

In this section we will briefly compare our results on the 3-D velocity structure (xdata of 
figure 9) beneath the European area with those of other investigations. We will restrict this 
discussion to those results that are obtained for larger 2-D or 3-D parts of the area. 

A number of investigators studied the three-dimensional structure of the upper mantle 
beneath Europe using the method of dela; time tomography proposed by Aki et aI. (1977) 
(the ACH method) or variants thereof. The ACH method is especially useful in cases where 
the upper mantle area of interest is covered by a rather dense station network and is 
illuminated from below by rays from teleseismic events, Le. events located at distances 
larger than, say, 30°. Row-action methods, as used our study, were not available in the late 
seventies and early eighties. Limitations of the computer's central memory thus restricted 
the tomographic investigations to using only a few hundred unknowns. In addition, when 
using only teleseismic data (steeply emerging rays) the minimum size of cells is much more 
restricted by the average station distance than in our case. For these reasons much larger 
cells had to be used to image the heterogeneity in large upper mantle areas. 

Romanowizc (1980, figure 12) was the first to apply the ACH method to retrieve the 3D 
heterogeneity beneath northern, central and south-eastern Europe. She covered the upper 
mantle with a rather coarse cell model consisting of 3 layers which were subdivided into 5° 
x 5° cells. Hovland et al. (1981, figure 13), Hovland and Husebye (1981, figure 14) and 
Husebye and Hovland (1982) employed the ACH method to smaller parts of Europe 
(central, south-eastern and northern Europe, resp.) and used a more detailed 
parameterization of the upper mantle in terms of cubic splines with a knot spacing of about 
3° and a 4 layer division of the upper mantle. Scarpa (1982) studied the upper mantle 
beneath Italy in a 4 layer model with lateral block size of about 50 km. Babuska et aI. 
(1984a,b) give an analysis of the correlation of P delay times from teleseismic events with 
the structure of the European lithosphere and inverted the data for velocity heterogeneity 
beneath Central and Eastern Europe using blocks of 2° x 2° in a 5 layer model. An updated 
version of their results is displayed in figure 15 (courtesy of V. Babuska). 

When we compare these tomographic results to xdata of figure 9 (see also the appendix) 
we must incorporate two things. First, the use of relative residuals (see section 3.2) 
removes the average time delays within cell layers from the data. Therefore, the displayed 
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-30/0 

Figure 12. Inversion results for the P velocity heterogeneity after Romanowizc (1980) in a 3
layer model ofthe upper mantle with block size of5° ><5°. 

images are relative to an unknown average layer velocity. Secondly, the block sizes or knot 
spacings are much larger than employed in the present study which means that we have to 
average the anomalies in xdala over the pertinent volume scales for comparison. 

The results of Romanowizc (fig. 12) are on the larger scale in a fair agreement with our 
imaged patterns. In the first layer the higher velocities correlate with the Hercynian belt in 
Europe and the lower velocities to the east and south of the Alps correlate with the Alpine 
belt. A similar averaged pattern can be observed in layers 1-3 of xdata (fig. 9). The high 

velocities beneath the Adriatic sea do not show in Romanowizc's results since this region is 
not covered by observing stations and is, hence, not illuminated at shallow depth by rays 
from teleseismic events. The lower velocities of Xdala in the depth range 110-240 km agree 
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-3% +3% 

Figure 13. Inversion results for the P velocity heterogeneity after Hovland et al. (1981). A 4 
layer model for the upper mantle beneath central Europe is used. The knot spacing in the spline 
parameterization ofthe upper mantle is 3.8°><2.15°. 

with those in layer 2 ( depth: 250-450 km) of figure 12. There is also good correspondence 
in the location of the positive velocity anomalies in the second and third layer. 

The tomographic results of Hovland et al. (1981, fig. 13) for the upper mantle beneath 
central Europe display very large amplitude contrasts. Many of the amplitudes exceed the 
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Figure 14. Inversion results for the P velocity heterogeneity after Hovland and Husebye (1981) 
in a 4 layer model of the upper mantle beneath south-eastern Europe. The knot spacing in the 
spline parameterization of the upper mantle is 2.8°><2°. 

limits of the contouring scale. In layer 1 the most noticeable differences with our mapping 
are the low velocities beneath the western Alps and the high velocities beneath the Rhenish 
Massif. The use of relative residuals may obscure the presence of a low velocity zone in 
layer 2 of figure 13. But, even if we superimpose a LVZ on the anomalies in this layer, the 
mapped patterns still do not resemble ours very much. The anomalies in layer 3 and 4 are 
better reconcilable with x<!ala , although we do not map the conspicuous low velocity which 
is present in the 4-th layer. Staying in central Europe the velocity heterogeneity inverted by 
Babuska et al. (fig. 15) is in better agreement with x<!ala, but still marked differences exist, 
e.g layer 5. This also holds for the results obtained by Scarpa (1982) for the Italian upper 
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Figure 15. The inversion results for P velocity heterogeneity after Babuska et al. (1984). A 5 
layer division of the central European upper mantle is used and cells of 2°><2°. The displayed 
results are an updated version of those from the 1984 paper (courtesy ofV. Babuska). 

mantle. The best correspondence is obtained with the results of Hovland and Husebye 
(1981, fig. 14) for the northern Aegean-Balkan area. Similar patterns are imaged as in "dalD' 

We now face the problem of explaining the differences. We will tackle this problem 
from a technical point of view. Beforehand we note that we will not be able to identify 
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explicit explanations. We will, however, touch upon a number of causes that may lead to 
the noticeably different results in the tomographic mapping. 

First of all we note that the tomographic results which are briefly discussed above 
cannot be interpreted without incorporating the accompanying formal error and resolution 
analysis. In these studies standard errors have been computed for the amplitudes of the 
velocity anomalies and the elements of the so-called "resolution matrix" are computed to 
obtain estimates for the spatial resolution of a cell (knot) anomaly (e.g. Aki et al. 1977, 
Hovland et al. 1981). An inspection of the published diagonal elements of the resolution 
matrix reveals that most of the cells (knots) in the central parts of the studied areas are well 
resolved as indicated by the diagonal elements which exceed the value 0.8 and which are in 
cases close to 1. Many of the peripheral cells (knots) are to a much lesser extent resolved. 
We have, however, to incorporated the trade off between resolution and standard errors 
(e.g. Nolet 1981). Hovland et al. (1981), to our opinion, used a relatively small damping 
parameter in their inversion which leads to a large data variance reduction but also to rather 
large standard errors (0.8 - 1%, i.e. anomaly value) in the amplitudes, but with spatially 
well resolved anomalies. This may explain the large amplitudes in their mapping, but at the 
same time it makes the contouring in figure 13 less significant and a comparison with our 
results more difficult. Hovland and Husebye (1981) used a somewhat larger damping which 
defines a different trade-off between errors and resolution. Interestingly, when compared to 
the results of Hovland et al. (1981), they obtained smaller standard errors and also a 
somewhat smaller resolution. Of course, this can also be due to the different data and upper 
mantle illumination. Also the study of Babuska et al. (1984) seems to be in the high 
resolution and large standard error branch of the trade-off curve. These observations 
possibly explain a lot of the noticed differences between the mapped anomalies and xdata. 

Furthermore, the formal resolution analysis may not be sensitive enough to reveal the 
actual resolution. Nolet (1985) developed a discrete form of the Backus-Gilbert resolution 
analysis and applied it to the typical geometry of "teleseismic" delay time tomography. He 
demonstrates convincingly that it will be very difficult to obtain considerable depth 
resolution of cell anomalies when using only relative steeply emerging ray paths (i.e. 
teleseismic data). 

An analysis for standard errors and resolution as proposed by Nolet (1985) is not used 
in the present study simply because it is computationally too expensive and it cannot be 
done within a feasible amount of time for a huge number of model parameters. The 
estimation of the error and resolution in one parameter requires the effort of one complete 
inversion of all the data. Alternatively, we applied different sensitivity analyses to 
substantiate the reliability of the mapped anomalies. This indicated (for the areas under 
consideration) that we obtained underestimated amplitudes rather than large variance 
solutions. 

Another problem concerns the use of relative residuals, i.e. delay times from which the 
average event delay and station delay time are subtracted. We recall from the end of section 
3.2 that we anticipate that relative residuals may contain less information about the upper 
mantle structure than delay times and they may induce artificial anomaly contrasts in the 
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solution which is due to data errors and non-uniform illumination of the upper mantle. 
Hitcount maps such as presented by Romanowizc (1980) and Babuska et al. (1984) reveal 
considerable non-uniformity of the (teleseismic) ray illumination beneath central Europe. 
Possible artifacts induced by this in the inversion results can only be studied by applying 
sensitivity analysis which has not been done in the earlier tomographic studies. Moreover, 
the differences in hitcount also have their effect on the amplitudes as discussed in Chapter 
2 and which is further substantiated with examples in section 3.9. 

A second problem with relative residuals (noted by all who use them) and connected to 
the previous one is that the average layer velocity can not be resolved and remains 
unknown. This explains why a low velocity layer will not appear in the tomographic 
results. It also implies that the average anomaly in a layer is zero which seems not always 
to be the case in the displayed patterns in figures 12-15. This may be due to data errors. 
These problems could also be studied easily with sensitivity tests. 

A next important item to consider is the differences in the size of cells or the knot 
spacing. When using large cells or knot spacing it may well be that a cell (knot) is not 
uniformly sampled by the rays but only a small portion of it. If this small portion leads to 
an important anomaly value it is assigned to the entire cell region (knot spacing). In 
Chapter 1 we noted that this also leads to extra (modeling) errors in the delay times. In a 
more detailed parameterization these problems become less important. 

All of the above indicates that a lack of agreement between tomographic results may be 
caused by many things that could be revealed by sensitivity analysis. We rather focussed 
upon causes that are related to the implementation of the ACH method, i.e using relative 
residuals and a teleseismic illumination of the upper mantle area. In the next section we 
will note a number of uncertainties which pertain to upper mantle tomography, like that is 
used here. 

The results from surface wave dispersion analysis as obtained by, e.g. Panza et al. 1980, 
Calgagnile et al. 1982 (see also Suhadolc and Panza (1988) and all references in there) 
compare in cases rather well with the obtained anomalies in the first 4 layers of xdata' 

Especially in central Europe and the Italian region the variation of S velocity in the 
lithosphere and asthenosphere are reconcilable with the P-wave anomaly patterns. We 
remark that a review of seismological investigations of the European upper mantle 
including surface wave analysis and one-dimensional velocity modeling is given by 
Calgagnile and Scarpa (1985). 

More recent tomographic investigations have all used data that originate from regional 
(Aegean) events. Hashida et al. (1988) inverted for the Q-structure of the first 160 km in 
the Aegean area. They infer large attenuation of seismic waves beneath the central Aegean 
region and relatively small attenuation were we find the positive anomalies beneath the 
Hellenic Arc. Their results correlate very well with the imaged velocity heterogeneity. 

Gobarenko et al. (1987) studied the first 300 km of south-eastern European upper 
mantle with a Backus-Gilbert type of tomographic inversion and employed both surface 
waves and delay times as data. They also find similar patterns as displayed in Xdata for this 
area but at a somewhat lower level of resolution, i.e. as indicated by their contouring of the 
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Figure 16. Inversion results for the S velocity heterogeneity beneath Europe and the 
Mediterranean after Snieder (1988) in a 2 layer model of the lithosphere-asthenosphere system. 
Notice the different limits ofthe contour scale. 
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results. 
Snieder (1987) applied a new technique of surface wave tomography using the 

waveforms of direct and scattered surface waves as data to retrieve the S velocity structure 
of the European lithosphere. His results for the direct wave inversion (Snieder 1988) are 
displayed in figure 16 (courtesy of R. Snieder). In layer 1 (compare to layers 1-3 of xdata) 

the same general patterns are imaged, except for the Western Mediterranean. Especially in 
the northern Aegean and Greece the positive and negative anomaly patterns compare well 
to our results. In the second layer the most conspicuous difference are the absence of high 
velocities beneath the Alps and the elongate high velocity region which runs from the 
Pannonian basin to Denmark. The latter is likely an effect of poor resolution (Snieder, pers. 
comm.). As in shallower levels in Xdala the Tornquist-Tesseyre line delimits the high 
velocities beneath the East-European Platform from the lower velocities beneath the 
Carpathians. The agreement Le. on a larger scale, between the velocity heterogeneity that is 
derived from the analysis of surface waves and Xdala supports the existence of the mapped 
anomalies. 

Paulssen (1987) studied the lateral heterogeneity of the European upper mantle by body 
wave modeling using data from Aegean events which have been observed by the NARS 
array. She obtained radial models for S and P wave velocity. The differences between the 
models can only be explained by upper mantle velocity heterogeneity. In particular the 
differences in the P velocity models can be related to the heterogeneity as inferred from the 
XdaJa model. 

Although the earlier tomographic studies with which we started the comparison did not 
agree well with Xdala' surface wave dispersion results and the most recent investigations of 
the large scale structure of the upper mantle are in agreement with our tomographic 
mapping. Differences remain, but these can only be resolved by a detailed comparison of 
data, methods and thorough resolution analysis. None of the mentioned studies has 
achieved the accuracy and spatial resolution shown in our study by the sensitivity analysis 
(section 3.9). 

3.12 Discussion and conclusions 

The main purpose in this Chapter was to investigate the P velocity structure in the upper 
mantle beneath central Europe, the Mediterranean and the Middle East by delay time 
tomography. We tackled this problem by using (i) primarily delay times (rays) that pertain 
to regional earthquakes, (ii) different iterative inversion algorithms and (iii) sensitivity 
analysis to study the accuracy and resolution of the mapping. All inversion results rely on 
the JB velocity model as being an adequate reference model for delay time tomography. 
We will dwell further on these points below. 

3.12.1 The data 

The ISC catalog provided about half a million regional data over 18 years of observation. 
The data pertain to mostly poorly determined events of low magnitude. Only events are 
used that were observed by at least 10 seismological stations and which have a mean event 
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delay between -1.5 and +1.5 seconds and for which the RMS variation of the pertinent 
delay times is less than 4 seconds. Delay times that in absolute value exceeded 5 seconds 
were deleted in order to reduce the effects of possibly large data errors. Information is 
added to the delay time set by incorporating the station delay times (determined by 
Dziewonski and Anderson (1983» for regional stations as data. This is essentially 
independent information since the station delay times are derived from teleseismic events 
only. It is assumed that the station delay times contain only information on the anomalous 
velocity structure beneath a station since they were derived in a simultaneous inversion 
with earthquake relocation parameters and a global P wave travel time curve. If an 
observing station is located outside the area of interest then the delay times are either 
corrected for the near station heterogeneity by subtraction of the (azimuth dependent) 
station delay or the "near" station heterogeneity is inverted for. The data are combined in 
composite rays and are next inverted for estimates of cell slowness anomalies, event 
relocation parameters and (some) station corrections. The ray paths and relocation 
coefficients are computed from the JB velocity model. 

Since there was no experience developed in upper mantle tomography using so many 
regional data our primary goal was to see if the raw ISC data for upper mantle ray paths 
were useful for delay time tomography in the first place. In Chapter 2 we performed a 
convincing test to show that the data do contain information on the upper mantle structure. 
The data set is randomly permuted while keeping the order in the ray paths (equations) 
fixed. In this way any correlation between delay times and ray paths (upper mantle 
structure) is destroyed. The inversion of the permuted data resulted in upper mantle 
"velocity anomalies" which did not correlate with xdara and, moreover, the "anomalies" 
achieved only very small amplitudes, 0(0.2%), of primarily negative sign. The inversion 
algorithm tried to explain the mean value of the data set of -0.034 seconds by more or less 
randomly distributing negative anomalies over the model. The "station corrections" 
obtained values on the order of only 0.02 seconds. The "mislocation parameters" proved to 
be the most sensitive and obtained values on the order of 2 km. This is a relatively large 
value compared to the average mislocation estimates of about 5 km in the unperturbed data 
inversion. We noted in Chapter 2 that the event parameters are among the least constrained 
unknowns and absorb inconsistencies in the data more easily. This is an effect we rather 
welcome. 

This outcome of the permuted data test assures that the delay times contain valuable 
information on the velocity structure of the upper mantle and, hence, the inversion result 
Xdara can so far be regarded as, at least, a blurred and distorted image of the actual velocity 
heterogeneity. The permuted data test, the conspicuous correlations between mapped 
anomalies and surface tectonics, and the findings reported in Chapter 4 (Spakrnan et al. 
1988) strongly support the usefulness of the delay time data for upper mantle tomography. 
We account in the inversion for the systematic effects of event mislocation and (in a way) 
for the influence of the anomalous Earth structure outside the cell model. Hence, we obtain 
a correct distribution of the delay time "signal" over the pertinent causes, Le. cell 
anomalies, event mislocation and station corrections. We also tried to minimize the effect 
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of the limited extent of the cell model by taking its size and orientation such that the cell 
model comprises as much ray paths as possible. 

In spite of these efforts many causes for biased inversion results remain such as 
(Chapter 1): reference model bias, systematic errors due to phase mispicks, systematic late 
picks of emergent arrivals, the "Wielandt effect" (Wielandt 1987, section 1.5), and the 
effects of the earthquake location procedure on the obtained values of the delay times. In 
addition we likely did not completely account for the velocity heterogeneity outside the cell 
model. The reference model bias will be discussed in section 3.12.3. We cannot say much 
about the impact of the other influences on the attained solution Xdata. We recall that data 
for emergent P waves have obtained a smaller weight in the inversion. With respect to the 
Wielandt effect we can only remark that it does not show in our inversion results. We 
already anticipated this for reasons discussed in section 1.5. The centering of the delay 
times by the earthquake location algorithm may compensate part of the Wielandt effect, but 
this can only be considered as a very crude amendment. To bring up another interesting 
point: delay times belonging to short and shallow ray paths do not significantly differ in 
their values from delay times acquired along deeper upper mantle paths. This may indicate 
that the upper mantle is less heterogeneous below, say, the lithosphere, but, this may also 
merely result from the fact that the earthquake location algorithm calculates the delay times 
without prejudice with respect to the difference in ray lengths. From the comparison of 
xdara and the amplitudes in the sensitivity test xharmo' we infer that a tendency to smaller 
amplitude velocity heterogeneity in the deeper upper mantle may exist. This is indicated by 
the reduced amplitudes in xdara at the deeper levels whereas this is not apparent in Xharmo • 

Although we are not able to assess the problem of bias in the data, we can make some 
remarks about the noise in the data. From figure 1 of section 1.1 we can infer that the data 
sets used are nearly Gaussian distributed, i.e. between -5 and +5 seconds. The apparent 
nonnormality of the distribution can (qualitatively) largely be explained by causes other 
than data errors (see section 3.12.3). Therefore, we anticipate that the data errors in the 
employed data sets are also nearly normally distributed. Can it be by chance that any non
normality in the delay time signal distribution is largely compensated by a complementary 
nonnormality in the error distribution, such that the sum of both distributions is nearly 
Gaussian? The sensitivity analysis indicates that large normal distributed errors have 
relatively small impact on the solution, i.e. in Xdara obtained from the LSQR method 
(Chapter 2). The large redundancy of our data set allows us to obtain good statistical 
averages of amplitudes (set aside the systematic underestimation of amplitudes). This is 
also supported by the results of the permuted data inversion. The permuted data can be 
considered as noise and the inversion response to this noise leads to only small "anomaly" 
amplitudes. 

The comparison between Xdata and xlta demonstrates that the imaged upper mantle 
anomaly patterns are stable with respect to the effects of relatively outlying data. The 
slowness amplitudes, however, are sensitive to removing the relatively large valued delay 
times and reduced considerably in size in xlta • This can be attributed to the sensitivity of 
least squares methods for large valued data (with respect to the average model prediction). 
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Since the reduction in anomaly amplitudes was due to discarding only 6.7% of the data this 
should be a warning for future tomographic least squares inversions to be careful in 
admitting relatively large valued data. At least an inversion with a data set with much 
smaller RMS value should be performed to screen the effects. 

We tried to express our ideas about the usefulness of the data set used for upper mantle 
tomography. Much of our reasoning is of a qualitative nature and fundamental statistical 
research is needed to treat the problems involved with delay times thoroughly. 
Furthermore, a more systematic sensitivity analysis than we performed here and a great 
variety of data inversions would be required to make more quantitative remarks. This is, 
however, computationally too expensive at present. We did many things to minimize the 
systematic effects that may influence the cell velocity anomalies, e.g. cell model 
orientation, event relocation, station corrections, composite rays, cut-off larger delay times 
and data corrections/weighting. 

From the above we can infer the following. Provided that the JB model is an adequate 
reference model for delay time tomography and assuming that the data errors are normally 
distributed (which is at least nearly the case), the sensitivity analysis indicates that the 
mapped anomalies, xdala' correspond to actual Earth structure (and to any mapped bias in 
the data which we cannot assess). Note that to obtain this conclusion we needed the 
inferences made earlier from the permuted data test and the comparison between Xdata and 
xla which tell us that the anomalies are related to velocity heterogeneity and that the 
imaged patterns are stable with respect to data with larger values. 

3.12.2 Inversion methods and sensitivity analyses 

We used two different inversion methods to perform the tomographic mapping, i.e. LSQR 
and SIRT. The inferences which are made in Chapter 2 on the characteristics of the these 
methods are extensively illustrated by the results in this Chapter. We will not further dwell 
on all these aspects. In view of the interpretation of tomographic images we note the 
following. The image enhancing/distorting effects introduced by the scaling of the columns 
of the tomographic matrix equation (i.e. implicitly of the unknowns) has been inferred from 
the sensitivity test. In interpreting results of real data inversions in absence of such an 
analysis, one runs the risk of misinterpreting the significance of anomalies. First of all if no 
column scaling with the total ray length (column sum) is performed (as in the case of the 
results obtained with the LSQR method), small amplitudes either reflect true heterogeneity 
(in well sampled areas) or zero biased anomalies (in poor hitcount areas). Alternatively, if 
the matrix columns are scaled by the totai ray length contained in cells or a similar scaling 
with the hiteount (which is always the case when using a SIRT method, (Van der Sluis and 
Van der Vorst (1987)) then large amplitude anomalies may reflect either true heterogeneity 
or rather unreliable anomalies in poorly sampled regions. In Chapter 2 we indicated that 
these scaling influences are not principally connected to an inversion algorithm (although it 
cannot be undone in SIRT methods) but pertain to the equations one is solving. These 
observations pertain to the approximate least squares solutions obtained within 16 iterations 
using no or only modest explicit damping (Spakman and Nolet 1988). Performing many 
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more iterations in conjunction with larger damping (to suppress developing solution 
instabilities) may reduce the effects due to scaling. At present, however, for systems of 
very large size, performing many iterations is computationally very expensive. 

The addition of information to the system of equations by means of incorporating 
station delay time corrections as data can also be viewed as a more elaborate way of 
damping the inversion. Explicit damping can be viewed as adding artificially ray path 
lengths to the total ray sum comprised by cells (Chapter 2). However, a zero delay time is 
attributed to the added ray length. Effectively, this forces the cell anomaly in the direction 
of zero amplitude the amount of which depends on the total added ray length (damping). 
The incorporation of artificial ray paths to which station delay times are assigned as delay 
times is a much less subjective way of "damping" than assigning zero delay to the rays. 

Many of our inferences could not have been made without screening the inversion 
procedure with sensitivity tests. We made such tests, e.g. with different models, with 
(without) noise, with (without) event relocation and combinations of these. The sensitivity 
analyses enabled a clarifying view on the characteristics of the inversion methods, on the 
effects of noise and on the possibly attained accuracy and spatial resolution of model 
parameters. Estimates for the latter two must be regarded as upper estimates since they are 
not derived from the actual data and do not incorporate the finite ray width (Chapter 1). 
Moreover, the estimates are only valid if the reference ray geometry employed is an 
adequate description of the real ray geometry. Nevertheless, it is the best we can do at 
present in such large size inversion problems. 

3.12.3 Reference model validity 

In the above sections we showed that the delay time data pertaining to the upper mantle are 
of great va-ue for tomography. Moreover, we have obtained great insight into the numerical 
characteristics of two popular iterative inversion algorithms. But, now we have arrived at 
the greatest problem in upper mantle tomography (but also in general in tomography): the 
validity of the reference model. 

The solution Xdala for layer 5 and layer 9 (fig. 9.5 and 9.9) shows predominantly low 
velocities, which is an indication that the JB model exhibits systematic differences with the 
actual laterally averaged Earth structure at these depths. The lower velocities in layer 5 are 
an expression of a Low Velocity Zone (LVZ). The lower amplitudes in the 9-th layer are 
likely due to the JB model being too fast just above the "670" seismic discontinuity. That 
we can infer this is due to the many ray paths that bottom in the 9-th layer (540-670 km). 
The important consequence for tomography is that computed ray paths crossing the LVZ 
may deviate systematically over large distances from the actual ray geometry. This in turn 
implies, at least, that we may have mapped the heterogeneities below the LVZ at the wrong 
depth. In the worst case, it invalidates the basic assumptions of the delay time modeling 
(Chapter 1, Fermats Principle, linearization of the ray integral). As yet we have not fully 
scrutinized these problems, but as a preliminary step towards solving these problems we 
note the following. 
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Figure 17. A two-dimensional histogram (density plot) of the delay time counts in 05°xO.l 
seconds intervals as function ofepicentral distance and the delay time value. The contour scale is 
logarithmic. Values exceeding the contour scale are not contoured. See section 3.12.3 for details. 

Since the LVZ is a systematic feature in the tomographic solution it may also be 
recognizable as a systematic feature in the delay times. To investigate this we plotted a two 
dimensional histogram of delay time counts as function of epicentral distance and delay 
time value in figure 17. The counts are made for 0.57° x 0.1 seconds intervals. The 
contouring is logarithmic. From figure 17 we can easily observe systematic trends in the 
delay time variation as function of epicentral distance. One can interpret this plot as a 
reduced travel time curve with the IB model as (variable) reduction velocity. Zielhuis et al. 
(1988) and Van der Hilst and Spakman (1987) used similar density plots for S delay times 
and P delay times, respectively, to derive more adequate reference models for tomography. 

The interpretation of the different "branches" in figure 17 is as follows. Between 0° and 
5° a positive delay time branch indicates the predominantly slow arrivals of crustal phases 
or Moho reflected/refracted waves. Between 0° and 13° a branch of negative delay times 
that makes a small angle with the axis of zero delay (the 18 model) indicates that P waves 
travel on the average with a higher velocity through the upper 100-150 km of the upper 
mantle. The effect of the LVZ is visible between 13° and 16° where a reduction in the 
number of observation, indicative of a shadow zone, occurs. This is further substantiated by 
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the step in positive delay time direction we have to make to pick up the variation with 
epicentral distance beyond 16°. This "step" feature is typical for the travel time curve in the 
vicinity of a shadow zone. The wavy variation of delay time values with epicentral distance 
starting at 15° is an expression of the velocity gradients/discontinuities at the "400" and 
"670" kilometer transition zones. The cross-hatched shading indicates the first arrivals in 
the triplication area. The sharp branch ending at +10 seconds at 14° is a triplication branch 
related to the "400" kilometer transition zone. It is in particular visible because it overlaps 
the shadow zone. The P waves belonging to the triplication branch are identified as first 
arrivals by the ISC. 

To fill in the promise made in section 3.12.1: the apparent nonnonnality in the delay 
time histogram (which is in fact a squeezed version of figure 17) is likely due to all the 
above described variations, which are not due to systematic errors but to real Earth signal. 

In searching for the effects of an LVZ on the delay times, we also discovered other 
important systematic trends due to on the average higher velocities in the upper 100-150 
km and due to velocity gradients/discontinuities that are linked to the "400" and "670" 
kilometer transition zones. Fortunately, we only used the delay times between -5 (-3) and 
+5 (+3) seconds in our inversions and, hence we cut off the dominant branches in figure 17. 
So, the bulk of the data we used pertain to the first arrivals. 

Zielhuis et al. (1988) inverted the delay time trends to obtain a more adequate reference 
model for S delay time tomography beneath Europe. They give examples of how the rays 
computed from the new radial model deviate from the JB rays. For rays arriving between 
19° and 23° the improved ray paths bottom 50 - 100 km deeper than the pertinent JB ray 
paths (at depths around 400 km). For shallower ray paths the effect is less drastic. The S 
wave propagation is much more sensitive to the LVZ than the P wave propagation. The 
delay time gap related to the shadow zone in the density plot of Zielhuis et al. (1988) is 
approximately 20 seconds which is about 5% of the JB travel time. In our density plot the 
gap is only about 3 seconds which is approximately 1.5% of the JB P wave travel time for 
rays arriving in the shadow zone. Therefore, we anticipate that the effect of the LVZ (and 
the "400" and "670" kilometer transition zones) on the ray geometry is less for P waves 
than for S waves. In view of the chosen cell sizes in this study we may still be on the safe 
side. Nevertheless, the changes in ray geometry are systematic and it is expected that using 
a better reference model will affect the tomographic solution, however, primarily at depths 
below, say, 200 km. 

Improving the radially symmetrical velocity model does not remove all the problems, in 
fact, it adds some. For instance, in the Aegean-Greece region the tomographic solution 
exhibits predominantly positive velocity anomalies at almost all depths. Including an LVZ 
in the reference model will not improve the ray geometry for rays originating in this area 
but rather make it worse. xdata shows that the LVZ is very heterogeneous both within layer 
5 and in depth. However, a radial velocity model with a LVZ will not produce rays that 
arrive in the shadow zone region where also data exist that do not belong to a triplication 
branch. Paulssen (1987) derived a number of radially symmetrical velocity models for the 
upper mantle beneath central and south-eastern Europe. These models differ significantly 



167 Mapping the structure of the West Alpine Upper Mantle 

from each other (and from the JB model), which indicates that it will be very difficult to 
find a "best" reference model for upper mantle tomography beneath this region. Moreover, 
in the upper 300 km of xdala we find relatively large amplitude lateral velocity variations, 
which the sensitivity analyses suggest, are likely underestimated in amplitude. It may be 
that in some regions the basic assumptions of the linearized approach to delay time 
interpretation are violated (Chapter 1). For example, in the Eastern Mediterranean higher 
velocities anomalies are imaged up to 240 km depth. The ray paths determining this 
anomaly mostly originate from southern Aegean and southern Turkey's events and arrive 
in stations in Egypt and Israel. Due to the large positive anomaly the true ray paths will 
bottom at shallower depths than the JB paths and hence, the thickness of this anomaly is 
exaggerated. 

In conclusion, instead of using a I-D reference model we should use a 3-D reference 
model to solve these important problems where the reference ray geometry is computed 
from 3-D ray tracing. Unfortunately, current ray tracing algorithms are still 
computationally too expensive when using as many data as in this study. 

3.12.4 The mapped velocity heterogeneity 

How well are the P wave velocity anomalies resolved? In our discussion of the inversion 
results (section 3.9) we already had problems with respect to the inadequacy of the JB 
model in mind and, therefore, we did not drive the interpretation of the sensitivity analyses 
with respect to the accuracy and spatial resolution too far. The problems with the reference 
model suggest not to rely too much on the exact outlines of the imaged anomalies, 
especially in the deeper upper mantle. Nevertheless, we trust the existence of the large 
scale anomalies and patterns in the deeper upper mantle although they may be displaced 
(primarily downward as a crude approximation) and deformed relative to their imaged 
locations and shapes. At shallower depth the influence of the reference model bias is 
expected to be of much less important due to the relatively large horizontal sizes of the 
cells with respect to the anticipated ray path deviations (Zielhuis et alI988). Therefore, we 
rather trust the (upper limit) reliability estimates as inferred from the sensitivity analysis 
(section 3.9). 

The significance of our results at shallower depths is strongly supported (although this 
is only circumstantial evidence) by the high correlation with the large scale outlines of 
surface tectonics. Moreover, the results of independent studies as reported in section 3.11 
substantiate our results. In spite of the noted uncertainties seismic tomography does provide 
us at present with the best working-models for the three dimensional structure of the 
Earth's interior which can be used also in other branches of geophysics (e.g. Hager et al. 
1985). The interpretation of the anomaly patterns in terms of their geodynamical/tectonical 
significance is in progress (e.g. Meulenkamp et al. 1988) and some preliminary findings 
with respect to the larger scale features have been presented by the Spakman (1986a,b). 
This will also be illustrated in Chapter 4 (Spakman et al. 1988) where the upper mantle 
structure imaged beneath the Aegean region substantiates a completely new view on the 
geodynamical evolution of this area. 
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In the appendix to this Chapter enlarged figures are given of the mapped anomalies, 
xdata, beneath central and south-eastern Europe and the Mediterranean region. They are 
taken from the solution xdata as presented in figure 9. 
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Appendix 

The solution Xdata (of figure 9) in the European and Mediterranean region. The plots are 
merely an enlarged portion of Xdala of figure 9. Hence, all information on the contouring, 
etc can be obtained from section 3.8. 
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181 The Hellenic subduction zone 

Chapter 4 

The Hellenic subduction zone: a tomographic image and its 
geodynamic interpretation 

W. Spakman, M.JR. Wortel and N.J. Vlaar 

Abstract. New tomographic images of the Hellenic subduction zone demonstrate slab 
penetration in the Aegean upper mantle to depths of at least 600 lan. Beneath Greece the 
lower part of the slab appears to be detached at a depth of about 200 km whereas it still 
seems to be unruptured beneath the southern Aegean. Schematically we derive minimum 
time estimates for the duration of the Hellenic subduction zone that range from 26 to 40 
Ma. This is considerably longer than earlier estimates which vary between 5 and about 13 
Ma. 

4.1 IntrOduction 

The dynamic/kinematic evolution of the Aegean area (see Figure 1) has been subject of 
renewed and intensive study over the past 10 to 15 years, notably by McKenzie [1978], Le 
Pichon and Angelier [1979,1981] and Mercier [1981]. Their models rely to some extent on 
(i) the assumption that the seismicity pattern in the Aegean outlines a slab that penetrates to 
a maximum depth of about 200 km beneath the southern Aegean and on (ii) the hypothesis 
that the present-day Hellenic subduction was initiated either about 13 Ma ago [Le Pichon 
and Angelier, 1979] or some time between 5 to 10 Ma ago [McKenzie, 1978, Mercier, 

This chapter is published as: Spakman, W., Wortel, MJR. and NJ. Vlaar, 1988, The Hellenic 
subduction zone: a tomographic image and its geodynamic implications, Geophys. Res. Letters,IS. 
60-63. 

© 1988 by the American Geophysical Union. Paper number 7L6679R 
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Figure 1. Location map of the Eastern Mediterranean and Aegean area. Thick solid lines 
indicate the location of upper mantle cross sections. Dots indicate the epicenters of earthquakes 
with M>4 and focal depths less than 100 km that occurred from 1964-1984. Ae=Aegean basin, 
Cr=Crete, EM=Eastern Mediterranean, Gr=Greece, lo=lonian basin, Pe=Peleponnesus, 
Rh=Rhodes, Tu=Turkey,for remaining items see key. 

1981]. 
The new information on the Aegean upper mantle structure which we present in this 

paper indicates that these two aspects require modification. Our results stem from an 
extensive tomographic study of the upper mantle structure beneath Europe and the 
Mediterranean [Spakman, 1985]. In the tomographic modelling the upper mantle is divided 
into cells with horizontal sizes of 1 degree whereas the cell thickness varies from 33 km in 
the uppermost upper mantle to 130 km centered at about 600 km depth. The upper mantle 
is divided into 9 cell layers. More than half a million P delay times coming from events in 
the Mediterranean region and the Middle East were used in a simultaneous linear inversion 
for P-velocity heterogeneity, earthquake relocation parameters and near station 
heterogeneity. For details on the tomographic techniques employed, the model 
parametrization and data selection we refer to Spakman and Nolet [1988]. In this paper we 
will discuss the tomographically mapped structure of the Aegean upper mantle. 
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Figure 2a. Figure 2 displays tomographic images of the Aegean/Eastern Mediterranean upper 
mantle in cross section. For the locations of the sections in map view see Fig. 1. 2a-d show the 
inferred structure in sections AA', BB', CC', DD', respectively. The upper panels in a-d display 
a small location map for orientation. For the explanation of symbols and lines see key in Fig. 1. 
The lower panels display the inferred P-wave velocity heterogeneity. The contouring is made in 
percentages of the ambient jeffreys-Bullen upper mantle velocity (see legend). Cross(horizontal) 
hatching indicates positive(negative) anomalies. Regions with poor spatial resolution are not 
contoured (large white areas). The interval -0.1%/+0.1% is also indicated in white. The 
horizontal and depth axes are given in km, without vertical exaggeration. Black symbols indicate 
the projection ofhypocenters with M>4 that are located within 100 /emfrom the plane. The width. 
ofthe location map is 3 degrees. Above: fig. 2a; cross sectionAA '. 

4.2 Description of the tomographic images 

The imaged structure of the Hellenic subduction zone is presented by means of four upper 
mantle cross sections which are taken along the great circle segments labeled AA' to DD' in 
Figure I. Anticipating on the results we oriented the lines AA " BB' and CC' roughly 
perpendicular to the main strikes of the inferred anomalies. DD' is roughly parallel to the 
strike of the Ionian branch of the Hellenic Trench system. 

The imaged structures are displayed in Figure 2a-2d. The depth interval in each section 
runs from 16.5 km to 605 lan, which limits correspond to the upper and lower significant 
levels of the tomographic mapping. Above each section a small map is plotted for 
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Figure 2b. Cross section BB', see caption fig. 2a. 

geographical reference. The black symbols in Figure 2 denote earthquake hypocenters. The 
shading represents the inferred P-wave velocity heterogeneity. Cross-hatching corresponds 
to positive velocity anomalies, also loosely referred to as high velocity anomalies. This 
display is obtained from a bi-cubic spline interpolation of the anomaly values which are 
shown in percentages of the Jeffreys-Bullen upper mantle velocity. 

The anomaly patterns in Figure 2a display the following main features. From below 
Crete a large dipping high velocity region can be followed down to the bottom of the 
image. To the lower right it is connected, via a trough in anomaly amplitudes, to an 
adjacent positive valued heterogeneity. A low velocity zone overlies this pattern meeting 
the surface in the southern Aegean Sea. Beneath the northern Aegean Sea this anomaly is 
overlain by a high velocity lid. South of Crete only small amplitUde anomalies are mapped. 
In section BB', which intersects AA', we observe the same general patterns. However, 
below the southern Peleponnesus the dipping high velocity region is discontinuous. We 
remark that both AA' and BB' are chosen in such directions as to minimize the width of this 
anomaly which is about perpendicular to the strike of the dipping zone. The left hand part 
of the image shows again only small amplitude heterogeneity. 
Figure 2c displays the NW-extension of the heterogeneities. We note that between BB' and 
ee' no important change in strike of the dipping high velocity region occurs. As in Figure 
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Figure 2c. Cross section CC', see caption fig. 2a. 

2b the continuity of this anomaly is interrupted at a depth of about 200 kIn. In addition, the 
lower part has conspicuously changed shape from a roughly planar geometry in AA' and 
BB' to a curved outline in CC'. The high velocity heterogeneity which is present to the 
lower right in the former two sections is not visible here. The low velocity zone has 
decreased in both size and amplitude. In the southwestern part of CC' small amplitude 
anomalies are found. 
The inferred structure parallel to the strike of the Hellenic Arc is shown in Figure 2d. The 
low velocity region at about 200 km corresponds to the gap in the dipping anomaly that we 
observed in BB' and CC'. Note that the gap is imaged from northern Greece up to the 
southern Peleponnesus. From this point to Crete the high velocity region shows an apparent 
dip to the NW which only attests of the change in strike along the Hellenic Arc from the 
Peleponnesus to Crete. This successively causes intersection of the anomaly at higher 
levels exhibiting the apparent dip. 

Insufficient illumination of the upper mantle by the employed set of seismic rays, large 
data errors and image distortion by the inversion algorithm employed are among the most 
important contributors to the blurred nature of the images. The influence of these effects 
on the tomographic mapping is demonstrated by Spakman and Nolet [1988] in a study of 
iterative imaging algorithms and spatial resolution in delay time tomography. In particular, 
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Figure 2d. Cross sectionDD', see captionfig. 2a. 

they took the section AA' to illustrate their results. Other causes of image blurring are the 
coarse cell-parameterization of the upper mantle and the use of horizontal smoothing which 
is incorporated in the inversion scheme. 

Using the method of spatial resolution analysis advocated by Spakman and Nolet we 
can obtain estimates for the accuracy of the tomographic mapping. We will not deal with 
resolution analysis here but note the following. The accuracy of the mapping changes both 
laterally and vertically. The generally small amplitudes to the left in Figure 2a-c can be 
related to the combined effects of poor illumination by seismic rays (due to poor station
event distribution) and algorithm characteristics causing zero-biased anomalies which are 
spatially badly resolved. As for the larger (i.e well exceeding 100 km) anomalies, their 
existence is warranted by the resolution analysis, although locally their exact shape and 
location may be off by 50-130 km. Therefore we have to be cautious with interpreting such 
detail in the displayed images. On the average, amplitudes appear to be underestimated. 
However, the signs of the larger anomalies, with which we will be concerned here, are 
resolved. The positive anomaly to the lower right in AA' and BB' seems to be connected to 
the dipping structure. But, on the basis of resolution analysis, it appears that this connection 
may be artificially induced. Careful analysis indicates that in the section DD' (Figure 2d) a 
region of lower velocity may exist at a depth of about 200 km. Its exact aperture is hard to 
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detennine. In the following we assume the existence of this region of lower velocities. In 
general our interpretation of the anomalies will be in accordance with inferred estimates of 
image accuracy. 

4.3 Interpretation 

The existence of a calc-alkaline inner volcanic arc and a, although sparsely defined, 
Wadati-Benioff zone in the Aegean are primary indications that attest to the existence of a 
subducted slab in this region. For an extensive discussion of geophysical data and 
subduction related tectonic/kinematic models we refer to papers by McKenzie [1978], Le 
Pichon and Angelier [1979, 1981] and Mercier [1981]. In view of the existing evidence for 
subduction beneath the southern Aegean we interpret the large dipping high velocity 
anomaly in AA' as the (blurred) image of the Hellenic subduction zone, exhibiting a slab 
that penetrates down to deepest significant level of the tomographic mapping. The 
continuity of the same anomaly up to northern Greece (cf BB' and CC) leaves no doubt 
that we are dealing with the same subduction zone. The positive sign of slab anomaly can 
be related to the thermal difference between the cold (dense) slab and the ambient mantle 
[e.g. Sleep, 1973], possibly combined with the effects of compositional differences. The 
age of the Eastern Mediterranean basin is regarded to be of Mesozoic origin [>100 Ma, see 
Dercourt et aI., 1986]. Spakman [1986] demonstrates that indeed the Hellenic subduction 
can be linked to the destruction of that branch of the Mesozoic Tethys of which the Eastern 
Mediterranean appears to be a last remnant. 

Beneath Greece the Hellenic slab is laterally intersected by a low velocity zone at 
depths around 200 km (Figure 2b-d). Considering the small vertical extent of this region we 
regard an explanation of this zone in tenns of a thennal and/or compositional anomaly 
within the slab as unlikely. We interpret this zone as a level where detachment of the lower 
part of the slab occurred. The down-bent shape of the detached portion of the slab in 
section CC' as opposed to its planar outline in BB' and AA' suggests a spatial and possibly 
temporal evolution of this process in a SE direction along the Hellenic Arc. Spatial 
resolution analysis for section AA' [see Spakman and Nolet, 1988] indicates a continuous 
slab beneath Crete, i.e. within an upper limit of accuracy of about 50 km. 

Existing estimates of the depth of slab penetration are all based upon the seismically 
defined slab, indicating a maximum depth of 150-180 km (cf. Figure 2a). We observe a 
minimum depth estimate of 600 km. Wortel [1982] has demonstrated that reheating of a 
downgoing slab affects its rheological properties, eventually to the extent that no 
earthquakes can be generated. From adequate data on the age of the subducted lithosphere 
in all major subduction zones Wortel [1980, 1984] derived an empirical linear relation 
between the (seismically defined) thermal resorption time tres of a certain part of the 
descending slab and the age it had at the time this particular part arrived at the trench. This 
is expressed by formula: t =(0.12 ± 0.03) x age. Globally, the maximum observed tres res 

is 15 Ma. According to this relation, and assuming that the age of the Hellenic slab at the 
onset of being subducted is 80-100 Ma, the deepest seismicity only reflects subduction 
during (at most) the last 15 Ma. Considering the unique geodynamic setting of Eastern 
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Mediterranean as a land-locked basin [Le Pichon, 1982] the above formula may not 
directly apply to the Hellenic slab. However, we only want to emphasize here that any 
inference on the duration of the subduction process from the seismically defined slab 
geometry should be considered with due caution. 

Although we are in this paper primarily concerned with the Hellenic slab, we will 
briefly comment on the interpretation of the other imaged anomalies. Pliocene-Quaternary 
volcanism (cf Figure 2) corresponds with locations where the low velocity zone meets the 
surface. The high velocity lid is explained as cold Eurasian lithosphere roughly coinciding 
with the Rhodope massif and the Moessian platform. As for the positive anomaly to the 
lower right in Figures 2a-b we cannot give an obvious link to the Hellenic subduction, but it 
does appear to consist of subducted oceanic lithosphere on account of the general patterns 
that are imaged in the lower upper mantle [Spakman, 1986]. 

Other tomographic results of Hovland and Husebye [198\] on the upper mantle 
structure in the northern Aegean possess a poorer resolution, which is likely due to an 
(order of magnitude) coarser parametrization of the upper mantle in blocks. Whereas we 
used data coming from events in the Mediterranean region and the Middle East, Hovland 
and Husebye used an independent data set consisting of P-delays of events from outside 
this region. They also imaged a high velocity anomaly beneath the central Aegean down to 
550 km, their deepest significant level of mapping, but they did not link this anomaly to 
Hellenic subduction but rather to changes in the depth of a '400 km' phase change. 

4.4 Implications for the age of the Hellenic subduction zone 

On the basis of the seismically defined outline of the slab, Aegean volcanism, crustal 
thickness estimates, bathymetry, and late Neogene tectonics, estimates for the initiation of 
Hellenic subduction vary between 13 Ma [Le Pichon and Angelier, 1979] and 10-5 Ma 
[McKenzie, 1978, Mercier, 1981]. From the tomographically inferred slab length we will 
derive new estimates for the duration of the subduction process. There are several 
contributions we have to account for: subduction associated with (1) the convergence of 
Europe and Africa and (2) with the Aegean extension combined with block rotations 
[Kissel et al., 1988] and the incoming motion of Turkey. We will loosely refer to (2) as 
back-arc processes, a term which is used only to indicate their location and which is not to 
be confused with back-arc spreading. Figure 3 schematically displays the effect of these 
processes on the length of the subducted slab as a function of the duration of the subduction 
process. The solid horizontal line indicates the inferred slab length of minimal 800 km, 
measured from the HeIlenic trench along the core of the anomaly in Figure 2a. The curves, 
labelled Land S, are computed from the rotation data of Livermore and Smith [1985] and 
Savostin et al. [1986], respectively, and give probably upper and lower bounds on the slab 
length that would be acquired solely from Europe-Africa convergence as a function of the 
duration of the subduction process. For any duration time the difference between the 
inferred slab length and the length prescribed by the major plate motion must be explained 
by the combined back-arc processes. 
For the latter we estimate a contribution varying from 200 to 400 km. The lower bound is 
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1---- S+400: S + 400 km convergence due to back-arc processes 
------- D: Total convergence according to Dercourt et al. (1986) 

Figure 3. Duration of subduction process versus length of subducted slab in cross section of 
Figure 2a. See text for explanation. 

in accordance with, if not an upper limit to, estimates for Aegean extension since the Upper 
Miocene, for which stretching factors ranging between (depending on location and method) 
1.1 and 2 have been proposed [Angelier et aI., 1982, McKenzie, 1978]. The value of 400 
km is adopted as a safe upper bound including the effects of block rotations and motion of 
the Turkish plate. We note that the upper bound is sufficient to deform the Aegean area 
including Greece and western Turkey in to a roughly WNW-ESE trending linear 'are'. It is 
expected that the effect of the back-arc processes on the amount of subduction changes 
along the Hellenic Arc and it is likely largest for the AA' transect. 

We are interested in deriving a minimum time estimate for the duration of the 'visible' 
subduction process. Therefore we take the upper bound of 400 km as the contribution of 
the combined back-arc processes and add this to the slab length we would obtain on the 
basis of the Europe-Africa convergence. This is displayed by the curves L+4oo and S+400 
in Figure 3. In doing so we have made an assumption regarding the incipient stage and 



190 Chapter 4 

temporal evolution of the back-arc processes. This is indicated by the shaded area where 
we assume that some time between 4-15 Ma the back-arc processes started, resulting in a 
400 km contribution to the total slab length at present. Arbitrarily we tapered the shaded 
area and the curves L+400 and S+400 with constant convergence rates. We note that these 
assumptions are not crucial to our results. They are merely included for an acceptable 
schematic modeling of the role of the back-arc processes. 

The intersections of curves L+400 and S+400 with the level of 800 km total 
convergence lead to estimates of 26 Ma and about 40 Ma, respectively, for the duration of 
the 'visible' Hellenic subduction. These estimates exceed by far the earlier mentioned 
range of 5-13 Ma for the initiation of Hellenic subduction. On account of Figure 3 a 5-13 
Ma duration time implies that 700-600 km of slab length must be explained by the 
combined back-arc processes at a total convergence rate of 16-6 cm/yr, respectively. We 
consider this to be an unlikely large deformation for the Aegean area since 5-13 Ma ago. In 
addition, convergence at rates of 6-16 cm/yr occurring for the major part aseismically in a 
time span where the old slab is not yet thermally absorbed, would be without parallel in 
other subduction zones. Of course it cannot be completely excluded, considering the 
dynamic setting of the Aegean. 

Of interest is the total-convergence curve D which is determined from the palinspastic 
reconstruction maps of Dercourt et al. [1986] of the Eurasian Tethys belt. The exact 
accuracy of their maps is unknown, but they are constrained by a large amount of 
geological and paleomagnetic data and, in particular, by the plate kinematic results of 
Savostin et al. [1986] (e.g. curve S). The black symbols in curve D indicate the distances 
between the past and present location of the Dinaro-Hellenic Thrust measured along a 
transect roughly coinciding with AA' and they give an estimate of the total amount of 
convergence that occurred in the Aegean since the time at which they are plotted. 
According to curve D (a simple linear interpolation between the data points) the minimum 
duration time of the Hellenic subduction is about 30 Ma. Since D is based on curve S their 
difference is measure for the role of the back-arc processes in the Dercourt et al. analysis. 
Apparently the line S+400 underestimates the effect of the back-arc processes for times 
pre-dating 16 Ma. In the Aegean, the reconstruction of Dercourt et al. (and hence curve D) 
around 10 Ma is constrained by the kinematic evolution of the Hellenic subduction as 
estimated by Le Pichon and Angelier [1979]. The latter authors have assumed that the 
subduction of the slab that is now outlined by the seismicity pattern (see Figure 2) was 
initiated about 13 Ma ago. In view of our results curve D becomes less defined around 10 
Ma and we cannot derive more detailed information on the role of the back-arc processes 
from the difference with curve S. 

An observation corroborating our results is the migration since the Oligocene of 
subduction related volcanism from the northern Aegean in a roughly southward direction 
[Fytikas et al., 1985]. The distance of migration is about 400-500 km which is in 
accordance with our upper bound for the effect of the back-arc processes on the subducted 
slab. 

Finally, the spatial and temporal evolution of the detachment process can be of utmost 
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importance for a detailed understanding of the geodynamic development of the Aegean and 
surrounding regions. For instance, slab detachment at the NW extension of the Hellenic 
subduction zone likely facilitates the retreat (roll back) of the central Aegean slab below 
Crete (Figure 2a) since the gravitational slab pull becomes concentrated on the latter part of 
the Hellenic subduction zone. Major paleogeographic rearrangements occurred in the 
Aegean at the transition from the Serravallian to the Tortonian (approx. 11 Ma ago) [see 
Meulenkamp and Hilgen, 1986]. In particular, the Ionian basin started to subside rapidly. 
Tentatively we may link the collapse of the Ionian basin to the disappearance of the 
subduction related lithospheric bulge seaward of the trench. The bulge is dynamically 
sustained by the gravitational pull on the down-bended part of the subducted slab. 
Detachment of the latter removes the support of the bulge which, consequently, may 
collapse resulting in subsidence of the external basin. This tentative scenario would imply 
that the detached part has been subducted prior to 11 Ma ago. Then, according to Figure 3 
the curves L+400 and S+400 likely overestimate the total convergence in the Greek area 
around that time since, if detachment occurred around 11 Ma ago, only about 300 km of 
slab length have been subducted. However, this only would imply even longer duration 
times than, say, 30 Ma for the Hellenic subduction. 

4.5 Concluding remarks 

The discovery of the deep Hellenic subduction beneath the entire Aegean suggests a 
reconsideration of the dynamic;kinematic evolution of this region. As a start we focused on 
obtaining minimum time estimates for the duration of the imaged subduction, leading to a 
range of 26 to 40 Ma for the deepest part of the slab to reach its present location. Such a 
duration time is in accordance with the geological reconstruction of Dercourt et al. [1986] 
and it provides a framework for analyzing the observed southward migration of Oligocene 
to recent Aegean volcanism [also see Fytikas et aI., 1985]. 

In the early Miocene the collision between Eurasia and Africa/Arabia became well 
established [see Dercourt et al., 1986], eventually putting the Eastern Mediterranean in the 
role of a land-locked basin [Le Pichon, 1982]. In this dynamic setting the process of slab 
retreat [Elsasser, 1971] probably gradually evolved to a dominant mode of deformation. Le 
Pichon and Angelier [1979] related the late Serravalian tectonics of the Aegean area to the 
initiation of Hellenic subduction. Tentatively, in view of the much longer duration time, we 
link the transition from latest Serravallian to earliest Tortonian to the stage in which slab 
retreat to the south-southwest becomes effective, possibly facilitated by incipient slab 
detachment beneath Greece and a weakened Aegean lithosphere. 
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Samenvatting (summary in Dutch) 

Delaytijden-tomografie is een methode voor het bepalen van de drie-dimensionale structuur 
van (een deel van) de aarde in termen van de snelheden waarmee seismische golven zich 
voortplanten door het inwendige van de aarde. Zoals vele onderzoeksmethoden in de 
geofysica is de delaytijden-tomografie in essentie een inversie-methode; een eindig aantal 
gegevens die verzameld zijn aan het aardoppervlak worden 'terug vertaald' in hun 
gemeenschappelijke oorzaak, de structuur en/of het fysische gedrag van de aarde. 

Zoals de naam al doet vermoeden zijn delaytijden ('vertragingstijden') de gegevens in 
de delaytijden-tomografie. Een delaytijd is het verschil tussen de werkelijke reistijd van een 
seismische golf en een theoretische reistijd die op grand van een referentiemodel voor de 
seismische snelheidsstructuur bepaald wordt. Een referentiemodel is (in de meeste 
gevallen) een radieel symmetrisch model van de snelheidsstructuur van de aarde; de 
golfsnelheid hangt dus aIleen van de diepte-co6rdinaat af. Referentiemodellen van de aarde 
kunnen de reistijd van een seismische golf met een nauwkeurigheid van ongeveer 0.1 %-1 % 
voorspeIlen. Delaytijden hebben waarden in orde van enkele seconden (positief en 
negatief). 

Een delaytijd beschrijft impliciet het verschil in de golfsnelheidsstructuur tussen de 
werkelijke aarde en de referentie-aarde, maar het is een geiiltegreerd gegeven; een delaytijd 
representeert de som van aIle structuursverschiIlen die een seismische golf 'gevoeld heeft' 
op zijn weg van een aardbeving naar een station. Daarom kan uit e'en delaytijd niet de 
drie-dimensionale structuur van de aarde bepaald worden. 

In de delaytijden-tomografie maken we gcbruik van de een groot aantal gegevens van 
vele aardbevingen die geobserveerd zijn in een groot aantal stations. De bijbehorende 
seismische golven volgen straalpaden die, afhankelijk van de ruimtelijke verdeling van 
aardbevingen en stations. het inwendige van de aarde uit vele richtingen 'belichten'. Om 
deze 'belichting' te quantificeren wordt een model van de aarde opgesteld waarin het 
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inwendige in oon groot aantal eeIlcn ('blokkcn') wordt opgedoold. Voor ieder seismiseh 
straalpad worden dc doorsnijdingslengtes bepaald van de straal met de eellen. Onder zekere 
voorwaarden kunnen we voor iedere dclaytijd, d, een lineaire vergelijking opstellen die de 
delaytijd verbindt met de eeldoorsnijdingen, Lj (voor eel j) als: d = L Ljlvj. Rierin is Vj 

de onbekende (te bepalen) gemiddelde golfsnelheidsanomalie in de j -de eel. Deze 
berekening wordt gedaan voor aIle straalpaden wat leidt tot· een groot stelsel lineaire 
vergelijkingen met als onbekendcn de gemiddclde golfsnelhcid in iedere 'beliehte' eel. Met 
behulp van een computer en een kleinste-kwadraten methode wordt dit stelsel vervolgens 
opgelost (geiiwertoord) voor de gemiddclde golfsnclheid in iedere 'belichte' eel. 

De methode van delaytijden-tomografie werd in de tweede helft van de jaren zeventig 
geihtrodueoord in de geofysiea. In die tijd werd de toepassing gelimiteerd door de gebruikte 
inversie-algoritmen die eomputer-geheugenruimte vereisten in de orde van het kwadraat 
van het aantal modelparameters (eel-snelheidsanomalieen). De relatief kleine 
computergeheugens lieten inversies toe voor 'slechts' enkele honderden modelpararneters. 
Deze situatie veranderde in de oorste helft van de jaren taehtig toen aigoritmen 
geihtrodueoord werden die, geeombineerd met kraehtiger computers, inversies toelaten van 
honderdduizenden gegevens voor vele tienduizenden onbekenden. Deze aigoritrnen, 
zogenaamde row-action methoden, zijn iteratieve kleinste kwadraten methoden die 
vergelijking na vergelijking verwerken. Ret stclsel vergelijkingen kan daarom gedurende 
de inversie op hard-disk worden opgcslagcn. De enorme besparing in gebruik van 
eomputergeheugen die hiermoo gepaard gaat kan nu geihvesteerd worden in het maken van 
aardmodellen die vele tienduizenden ecllcn omvatten. met ais gevolg dat de drie
dimensionale golfsnelheidsstrueLuur met cen rclaticf groot detail (kleine eellen) kan worden 
bepaald. NicLLemin zijn de gigantisehe inversie-bcrckeningen momentool slechts 
uitvoerbaar op de kraehtigste computers. 

De nauwkeurigheid van de inversie oplossing is o.m. afuankelijk van hoe goed het 
cellenmodei van het inwendige van de aarde 'belieht' wordt door de seismisehe golven en 
van de fouten in de gegevens. In vele gcvallen is de belichting verre van ideaai. Dit leidt tot 
ruimtelijke resolutie problemen; de snelheidsanomalieen in naburige cellen kunnen niet 
onafhankelijk van elkaar opgelost worden. Gebrek aan resolutie veroorzaakt tot een 'vaag' 
tomografisch boold van de struetuur van de aarde, aisof we door een matglas in de aarde 
kijken. Dit effect wordt versterkt door fouten in de delaytijdgegevens en de combinatie van 
deze twoo kan leiden tot oplossingen met oon grote variantie; de golfsnelheden varieren 
sterk van eel tot eel, met grote fouten in de amplitudes van de cel-anomaiieen. Resolutie
en fouten-analyse blijkcn vaak het stiefkind van de tomografie. Dit komt omdat er voor 
grootsehalige tomografische invcrsies er geen formele methode is die in oon redelijke 
hoeveelheid rekentijd de fouten in de oplossing kan bepalen. De tomografisehe methode is 
een zoor elegante en kraehtige methode, maar de onvoldoende aandaeht die aan de 
nauwkeurigheidsproblemen is bcstccd heeft tot wantrouwen geleid van de waarde van 
tomografisehe resultatcn. 

Ret onderwerp van dit proefsehrift is delaytijden-tomografic van de bovenmantel (de 
bovenste 670 km) van de aarde. Aan de orde komen de modelmatige aspecten, numerieke 
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aspecten en een toepassing van de methode op de bovenmantel onder centraal Europa, het 
Middellandse zeegebied en het Midden Oosten. In deze toepassing wordt gebmik gemaakt 
van delaytijden van P-golven voor regionale aardbevingen en stations. In een aantal 
belangrijke aspecten wijkt dit onderzoek af van andere tomografische studies. 

Ten eerste wordt tot op heden in de delaytijden-tomografie voomamelijk gebruik 
gemaakt van gegevens afkomstig van veruiteenliggende (meer dan 3000 km) aardbevings
en stations-Iocaties. De bijbehorende golfpaden doorkruisen ('belichten') de bovenmantel 
onder kleine hoeken met de vertikaal en hebben een relatief eenvoudige geometrie. Een 
nadeel is dat de dominante vertikale belichting tot een intrinsiek slechte diepte resolutie van 
snelheidsanomalieen leidL In dit proefschrift wordt hoofdzakelijk gebruik gemaakt van 
gegevens van straalpaden die slechts de bovenmantel doorkmisen en dus de bovenmantel 
onder aIle hoeken belichten. Dit is ten voordele van de ruimtelijke resolutie, maar de 
geometrie van 'bovenmantel golfpaden' is complexer dan van paden die veel dieper 
doordringen in de aarde. Dit geeft een aantal extra problemen in tomografie van de 
bovenmantel. 

Een tweede aspect betreft de afkomst van de data. In tomografische studies wordt 
voomamelijk gebruik gemaakt van delaytijden die behoren bij zware aardbevingen. Zware 
aardbevingen worden door vele honderden stations geregistreerd en dit resulteert in relatief 
nauwkeurige gegevens. In dit onderzoek maken we gebruik van alle aardbevingen die door 
tenminste 10 stations waargenomen zijn. De bijbehorende delaytijden bevatten 
verrnoedelijk grote fouten omdat de aardbevingsposities slecht bepaald zijn. 

Ten derde wordt in ruime mate aandacht besteed aan de nauwkeurigheidsaspecten van 
de tomografische oplossing. In het bijzonder worden de eigenschappen van twee row
action algoritmen onderzocht en de invloed van de algoritrnen op de oplossing. 

In hoofdstuk 1 wordt uitgebreid ingegaan op de modellering van delaytijden, d.w.z. de 
manier waarop we delaytijden gaan verklaren. Ten eerste worden de diverse oorzaken van 
delaytijden onder de locp genomen. In het voorgaande werd, ten behoeve van de eenvoud, 
een uiteenzetting gegeven over tomografie waarin stilzwijgend ervan uitgegaan werd dat 
delaytijden slechts informatie bcvatten over de afwijkende snelheidsstructuur van de 
werkelijke aarde Lo.v. de referentie aarde. De werkelijkheid is echter veel complexer. 
Delaytijden worden verkregen als 'afval' van de aardbevingslocatie procedure. Een 
delaytijd representeert dat deel van de geobserveerde aankomsttijd van een seismisehe golf 
dat niet verklaart kan worden met (i) de theoretische looptijd (berekend uit een 
referentiemodel van de aarde), en (ii) met de bevingslocatie en de begintijd waarop de 
beving plaats yond. Dit maakt dat de waarden van de delaytijden afhankelijk zijn van het 
gekozen referentiemodel en de aardbevingsparameters. Voorst worden hun waarden 
beihvloed door de a priori veronderstellingen betreffende hun statistische verdeling. De 
aangenomen statistische verdeIing wordt namelijk gebruikt om het belang van individuele 
delaytijden in de aardbevingslocatie procedure te wegen. Deze procedure hecht de grootste 
waarde aan de kleinste delaytijden. Van de oorzaken worden er in hoofdstuk 1 drie 
gebruikt om een model op te zetten ter verklaring van de delaytijden. Deze zijn: (i) de 
snelheidsanomalicen van de aarde Lo.v, het gebruikte referentiemodel, (ii) de fout in de 
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aardbevingslacatie en de faut in de begintijd van de beving , en (iii) systematische effecten 
welke verbonden zijn aan seismologische stations. 

Vervolgens wordt aandacht besteed aan de parameterisatie van het model met een 
toespitsing op de parameterisatie van de galfsnelheidsanomalieen in tennen van een 
cellenmodel. Hoofdstuk 1 eindigt met een discussie over de problemen die impliciet zijn 
aan de inversie van delaytijden, de geldigheid van het delaytijdenmodel en het nut van 
delaytijden als gegevens voor tomografische inversie. 

Hoofdstuk 2 is geheel gewijd aan de numerieke inversie van delaytijden. De 
modelvergelijkingen kunnen geschreven worden als een matrixvergelijking. Twee 
iteratieve row-action methoden worden onderzocht op hun vermogen om een matrix 
vergelijking met ongeveer 300,000 rijen en 20,000 onbekenden op te lossen. De methoden 
zijn de conjugate gradient methode LSQR, en een algebraische reconstructie techniek 
genaamd SIRT. Om het gedrag van de algoriLmen, de ruimtelijke resolutie en de fouten in 
de oplossing te bestuderen wordt gebruik gemaakt van zogenaamde sensitivity tests 
(gevoeligheidstesten); synthetische data worden bepaald uit synthetische modellen voor de 
snelheidsanomalieen, een grote hoeveelheid normaal-verdeelde ruis wordt toegevoegd aan 
de gegevens die vervolgens geiilVerteerd worden voor het synthetische model. Uit de 
vergelijking van het synthetische model met het door inversie opgeloste model kunnen 
conc1usies getrokken worden omtrent de behaalde resolutie, de nauwkeurigheid van de 
oplossing, het effect van fouten in de gegevens op de oplossing, en het convergentie gedrag 
van de oplossing naar de kleinste kwadraten oplossing. Sensitivity testen blijken zeer 
bruikbaar voor het uitlichten van al deze effecten. 

Belangrijke conclusies van het onderzoek in haofdstuk 2 zijn (i) dat met het LSQR 
algoritme, in het zelfde aanLal iteraties, een veel grotere convergentie van de oplossing naar 
de kleinste kwadraten oplossing optreedt dan met het SIRT algaritme en (ii) dat de schaling 
van de kolommen van de matrixvergelijking met de kolomsom van grote invloed is op de 
kwaliteit en het canvergentiegedrag van de oplossing. Deze schaling wordt impliciet 
uitgevoerd door het SIRT algoritrne maar niet door het LSQR algoritrne. De kolomsom 
behorende bij een cel-anomalie is de totale doorsnijdingslengte van alle straalpaden met de 
cel. De cel-kolomsommen representeren in zekere zin hoe goed het cellenmodel wordt 
'belicht' door seismische golven. Voor beide algoritrnen blijkt de oplossing van het 
tomografische probleem (op verschillende wijze) sterk afhankelijk van deze belichting. 

In hoofdstuk 3 wordt de ontwikkelde tomografische methode toegepast op de 
bovenmantel onder centraal Europa, het Middellandse zeegebied en het Midden Oosten. 
Ruime aandacht wordt besteed aan de selectie van de gegevens, de geometrie van de 
golfstralen, de berekening van de modelvergelijkingen, en de parameterisatie van de 
snelheidsanomalieen in termen van een groat aantal cellen. De nadruk in hoofdstuk 3 ligt 
op de betrouwbaarheid van de verkregen oplossing welke bestudeerd wordt d.m.v. 
sensitivity testen. 

Volgens deze tesLen is de ruimtelijke resolutie vooral hoog in de oplossing voor de 
bavenmantelstructuur onder centraal Europa en het Egeisch gebied. Uitstekende carrelaties 
zijn gevonden van de opgeloste structuren met de grootschalige geotektonische structuren 
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aan het oppervlak van de aarde. Echter, de echte resolutie lean minder zijn dan de testen 
aangeven. Twee problemen worden bediscussieerd: (i) de betrouwbaarheid van de data en 
(ii) de invloed van het gebruikte referentiemodel voor P-golven, het Jeffreys-Bullen model. 
In het bijzonder de invloed van het referentiemodel blijkt van belang. Relatief ldeine 
veranderingen in het referentiemodel kunnen een groot effect hebben op de geometrie van 
de straalpaden. Het Jeffreys-Bullen model bezit geen lagesnelheidslaag en geen belangrijke 
snelheidsgradienten of discontinuikiten bij de "400-" en "670-" kilometer transitiezones. 
De opgeloste snelheidheidsanomalieen, echter, verschaffen bewijzen voor het bestaan van 
enkele van deze verschijnselen. De cel-anomalieen geven aan dat het erg moeilijk zal 
worden om een beter referentiemodel te vinden. De oplossing van dit probleem is het 
gebruik van snelle algoritmen die golfpaden in drie-dimensionale media efficient kunnen 
berekenen. Huidige straal-traceermethoden zijn echter nog te langzaam voor dit doel. 

Ondanks aIle problemen verschaft de delaytijden-tomografie ons met de beste werk
modellen voor de grootschalige structuur van het inwendige van de aarde. Deze modellen 
kunnen hun weg vinden naar andere takken van de geofysica. Een voorbeeld hiervan wordt 
gegeven in hoofdstuk 4, waarin een geofysische interpretatie wordt gegeven van de 
opgeloste structuur in de boven mantel onder het Egeische gebied. De anomaliepatronen 
tonen evidentie voor grootschalige subductie van de Afrileaanse plaat onder de Helleense 
eilandenboog. Onder Griekenland zijn er sterke aanwijzingen voor 'slab detachment'; het 
diepere deel van de gesubduceerde lithosfeer ('slab') heeft losgelaten van het 
bovenliggende deel. Het diepere deel van de slab vertoont geen aardbevingen, maar ten 
gevolge van temperatuur en/of chemische verschillen tussen de slab en de omringende 
mantel bestaat er weI een golfsnelheidsanomalie in de vorm van een slab, die we met de 
tomografische techniek hebben afgebceld. 

Vroegere schattingen voor de penetratiediepte van de Helleense slab zijn aIle gebaseerd 
op de diepte van de diepste aardbevingen (200 km). Vit het tomografische beeld van de 
slab voIgt een minimale penetratiediepte van 600 km. Gebruikmakend van de meest recente 
plaatkinematische gegevens bel.reffende de relalieve beweging tussen de Afrikaanse en 
Eurasische platen en gebruikmakend van een bovenschatting van de relatieve bewegingen 
in de Egeische 'plaat', komen we tol een schauing voor de minimale tijdsduur van 26-40 
miljoen jaar voor het subductieproces. Deze tijdsduur is tenminste twee maal zo groot als 
eerdere schattingen, die aIle gebaseerd zijn op de lengte van de seismisch aktieve slab. De 
diepe subductie, de veel langere lijdsduur van het process, en de slab detachment onder 
Griekenland geven een geheel niieuwe visie op de evolutie van het Egeische gebied. 
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