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Chapter 1

Introduction

1.1 Global Tomography

Knowledge of the Earth’s interior is essential for the urstkanding of processes observed at
the surface such as volcanism, seismicity, plate movemesttical movements or variations
of the geomagnetic field. But as direct probing of the deegriot remains impossible, indi-
rect observations have to be used to gain information on #énthE mantle and core. Mantle
rocks, which were brought up to the surface give indicatmmthe composition, temperature
and pressure distribution of localized regions in the near@n a long wavelength scale, grav-
ity measurements can provide information on the densityidigion of mantle material and
geomagnetic observations of the past and present fieldmgight into dynamic processes in
the outer core. With magnetotelluric measurements, a loagelegngth 3-D image of elec-
tric conductivity related to varying rock properties in thpper mantle can be determined.
Finally, seismic tomography presents a powerful tool togméhe present state of seismic
velocity heterogeneities within the Earth’s crust, maathel core on a variety of scales as
seismic wave propagation is influenced by the material atbegvaves’ paths through the
Earth.

Focussing now solely on seismology, velocity informati@n de obtained from various
types of seismological data: P- and S-wave arrival timeshafsps traveling through the
Earth’s crust, mantle and core have been used by many authdesive global compres-
sional and shear velocity models (e.g. Zhou, 1996; Getral,, 1997; van der Hilset al,
1997; Obayashi and Fukao, 1997; Bijwaatdal, 1998; Kennetet al,, 1998; Vasco and
Johnson, 1998; Bijwaard and Spakman, 2000; Boschi and Drigky, 2000; Karason and
van der Hilst, 2001; Zhao, 2001; Grand, 2002; Kennett and&owr, 2004; Lei and Zhao,
2006). Furthermore, a new class of travel time tomographgetsois evolving which takes
into account the finite frequency of body waves by incorpongaEresnel kernels (Montelli
et al,, 20044a, 2004b) as theory states that the infinite frequemgsoximation of ray theory
can cause imaged velocity anomalies to be reduced in amelénd laterally blurred in their
extent (Dahlen, 2004). However, as this method requirewladge of the frequency content
of the picked phases and as travel time data sets of longdbddy waves are up to how
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comparatively small, resolution is lowet (200 km / 1.8°, Montelli et al, 2004b) than can
be reached with regular travel time tomography. Travel tiomography based on ray theory
leads to highly detailed images of velocity structures & Barth with a maximum lateral
resolution of approximatel9.6° for global P models and.8° for global S models. Local
tomography dealing with very small study volumes is ablenndpce even better resolved
models but only for limited regions. However, the main sboming of travel time tomogra-
phy is that ray coverage is particularly low where earth@sadnd stations are sparse as in the
upper mantle beneath oceans or cratons and therefore gqammvide good models of these
areas.

In contrast, inversion of surface wave group and phase ifgloeasurements results in ve-
locity models of the upper mantle (e.g., Shapiro and RitivpP002; Boschet al., 2004)
with a sufficient ray coverage also in other regions wherg tew earthquakes are observed
or a sparse network exists. But the model resolution is driheat on the order ¢f.0° which

is too low for imaging, for example, the narrow outlines obducted slabs.

Normal mode splitting functions contain structural infation on very long wavelength fea-
tures up to spherical harmonic degree 8 (lateral sengitt@mparable taz 23° x 23° cells)
but unlike surface waves and most body wave phase typedif@imational content covers
the entire Earth’s interior. Global models with this typedata were amongst other authors
produced by Resovsky and Ritzwoller (1999), Ishii and Tro@p01) and Begheiet al.
(2002).

Other researchers invert waveforms of body and surface sv@:g., Li and Romanowicz,
1996; Mégnin and Romanowicz, 2000) to derive global sheéwoity models up to degree
24 (comparable tez 8° x 8° cells).

To overcome the problem that different types of seismokaigiata image only certain parts
of the Earth many authors employ mixed data sets consisfirmyirface wave dispersion,
normal mode splitting functions, long period waveforms abdolute as well as differential
travel time data (Set al, 1994; Masteret al,, 1996; Ekstrom and Dziewonski, 1998; Liu
and Dziewonski, 1998; Ritsen& al., 1999; Mastergt al,, 2000; Guet al,, 2001). However,
due to the amount and type of data, mainly long wavelengthatsaate obtained with these
data sets.

In this thesis, advantage is taken of the various types sfrsgbgical observations in a dif-
ferent approach: To obtain a model that shows the high-uéeal features of travel time
tomography, the data set is improved by adding new, accarateal times. Furthermore,
the gaps in ray coverage are implicitly filled by applyingareince velocity models based on
different seismological data sets not used for inversiom.he

Among problems that all types of tomographic inversion&nemtly have in common are a)
that the reference model has to be close to the real Eartlodinearization of the mathemat-
ical problem and b) that model amplitudes are reduced dwgaarization during inversion
which is required because of the ill-posedness of the pnoblehe effect of the nonlinearity
of the tomography equations has been addressed in globel tiae tomography, for exam-
ple, by Bijwaard and Spakman (2000) and Widiyantetal. (2000). These authors account
for ray bending due to 3-D heterogeneities by alternatimgamgraphic inversion steps with
3-D ray tracing to improve the prediction of travel times & raypaths. The decrease of
model amplitudes due to regularization of the inversion arily be remedied by avoiding
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overparameterization of the model. Therefore earlieristitiave either used mixed data
sets as described in the previous paragraph resulting ficisat sampling in all regions of
interest or by using an irregular grid parameterizationeshglent on data sampling or model
characteristics (e.g., Abers and Roecker, 1991; Bijwaaral., 1998; Karason and van der
Hilst, 2000; Sambridge and Faleti¢, 2003).

The aim of this thesis is to establish improved models of 3eldeity structures within the
crust and mantle by employing a more extensive data set andihg 3-D starting models
based on complementary seismic data. Overall, improvedgoaphy models of the Earth’s
crust and mantle may provide further insight into the teicfgeodynamic evolution of the
Earth and a better understanding of the geodynamic prozesten it. Besides that, an im-
proved velocity model allows for a better travel time preidic and therefore more accurate
event locations, which is also a step towards creating ansdigjical reference model of the
Earth.

1.2 Data Set

Travel time tomography models can be improved on a regiaraé sy incorporating accu-
rate arrival times of body waves which have not been used®ébdill, in particular, gaps in
ray coverage in the upper mantle. Sources of such data setsdrives of data centers (e.g.
ORFEUS, ANSS) which store the waveforms but do not process them furthdtetins
which contain arrival times that were not reported to the®&Cg. Euro-Mediterranean bul-
letin, Godeyet al., 2006) or temporary experiments with spatially densetadirays which
mainly use either relative teleseismic travel time resisloalocal absolute travel times (e.g.
EIFEL (Ritteret al, 2000), MIDSEA (van der Leet al, 2001), SVEKALAPKO (Bock and
the SVEKALAPKO Seismic Tomography Working Group, 2001), R@Gregerseret al,,
2002)). As part of this thesis, such high-accuracy datamsets picked with a semi-automated
picking software (Sandovai al., 2004a) and obtained from other groups for stations in Eu-
rope and North America and afterwards combined with thestdtavel time data set of En-
gdahl et al. (1998) for subsequent usage in global traved ttimography. Additionally, to
better constrain the lower mantle, core phases were enublxythey were not used in previ-
ous studies which applied the same tomography algorithme @lases have also been used
by other authors to investigate the lower mantle and corie g¥dbal travel time tomography
(e.g. Obayashi and Fukao, 1997; Vasco and Johnson, 1998hiBarsd Dziewonski, 2000;
Karason and van der Hilst, 2001; Lei and Zhao, 2006).

1.3 Method

Tomography models can be improved by starting from a velauibdel that gives a more
realistic representation of the Earth’s crust and mantitead of the commonly used 1-D
spherically symmetric reference models. Therefore, imghidy a 3-D reference model from

10Observatories and Research Facilities for European Skigmo
2Advanced National Seismic System, U.S. Geological Survey
SInternational Seismological Centre
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surface wave tomography is used for the uppermost mantlehndontains also a detailed
crustal model and a long wavelength shear velocity modeddas a mixed data set as de-
scribed above is incorporated for the rest of the mantle. ridve reference model deviates
significantly from the 1-D model in which the earthquakeseaveriginally located. There-
fore, the earthquakes are relocated prior to the tomogeapheérsion in the 3-D reference
model to obtain consistency between the new reference mwedeél time predictions and
earthquake locations and to thereby also avoid baselitfies $hithe residuals. In contrast,
in previous studies working with 3-D reference models (&iwaard and Spakman, 2000;
Widiyantoroet al., 2000) this step was omitted assuming that changes in eegateters
are small enough to be neglected which may not be justified

To take into account the nonlinearity of the tomography peoband the underestimation of
model amplitudes due to ill-posedness, the tomography 3vithreference models is taken
even further here. A modified 3-D reference model is set uptilizes 3-D velocity models
based on independent long period data sets in regions ofdgwaverage with short period
P-waves and replaces them by a tomography model based salBlyravel times otherwise.
Before replacement with this travel time tomography motlet, model amplitudes are en-
hanced to counteract their underestimation due to regaldon. Yet in order not to affect
the model misfit only the null space part of the model is useguging this combined 3-D
reference model, the nonlinearity of the problem is bettke into account as ray paths and
travel times are adjusted according to this new model whigbsga better representation of
the Earth’s velocity field as "seen” by short period P wavestthe previous 3-D reference
model.

1.4 Thesis Outline

In Chapter 2, the basic theory of travel time tomography th@seray theory and our imple-
mentation is reviewed. Furthermore, the parameterizatien as well as the applied damp-
ing procedures are described. Chapter 3 contains a regstrdyf of the uppermost mantle
beneath Europe. It represents an orientation on the mainetlod this thesis demonstrating
the effect of 3-D reference models on a small data set andmatly restricted model. In
Chapter 4, the picking of the new arrival times for Europedsatibed and the resulting picks
are presented with a quality estimate. Chapter 5 deals hétlextension of the tomographic
method for the use of different 3-D reference models and watirng for the difference in
source parameters due to the change of reference moddieRuxre, these models are com-
pared to a global tomography model using a 1-D reference mddkeapter 6 provides a
description of new details that could be derived from theriowpd tomography model also
including the Euro-Mediterranean bulletins (Godsal., 2006) as additional data and Chap-
ter 7 gives an interpretation of the new model beneath we$terth America including the
additional data from stations in that region. In Chapteh8,improvement of travel time pre-
diction and earthquake location with the new tomographyeh@dshown and differences to
the relocations of Engdakt al. (1998) are discussed. Finally, in Chapter 9 the main results
of this study are summarized.

14



Chapter 2

Methodology

In this chapter, a summary of the basic theory of travel tiomadgraphy is given based on
the derivations and descriptions of Spakman and Nolet (1 3®&kman (1993), Bijwaard
(1999) and Spakman and Bijwaard (2001).

2.1 Linearized seismic tomography

In travel time tomography, observed arrival times of setswaves are compared to theoreti-
cal times predicted by a reference velocity model to obtaisisic velocity variations within
the Earth with respect to the reference model. The basioedisen thereby consists of the
arrival time affected by a reading erree (5rivgl + €)- The observed arrival timgyyiyal IS
composed of the real travel tinfg (s) of the wavefront, travel time effectst, due to station
elevation and instrument response and the real origintimgyin)

tarrival = T (s) + Ats + L origin) (2.2)

whereT’, (s) depends on the Earth’s slowness field (the reciprocal ofdtsersc wave speed),

using the true earthquake locatian The slowness field is unknown in equation 2.1.

However, reference models inferred from seismologicakoketions exist as the standard
1-D Earth models of Jeffreys and Bullen (1940), PREM (Dziesko and Anderson, 1981),

IASP91 (Kennett and Engdahl, 1991) or ak135 (Kenattil, 1995) which can be used to
compute the travel time for these reference models. Towbthetter prediction of the travel

times, the spherically symmetric reference models canfdaced by more realistic velocity

models which vary in three dimensions. Independent of tlaetetype of reference model
used, the computation of the predicted arrival times ismgag

tgrrival = TQ?O(SO) + tgo(origin) (2.2)

where the index "0” denotes reference model quantiﬁ’§§js the predicted travel time start-

ing from the reference source locationalong the linearized ray path in the reference model,
s¢ is the slowness of the reference model ail,((‘origin) is the origin time computed in the ref-
erence model. These reference model quantities are obithiom an earthquake location

15



2 Methodology

procedure where the arrival time observations are usedrestraints after correction for the
Earth’s ellipticity (Kennett and Gudmundsson, 1996). ¥atitimes of some special phases
(e.g. pP, pwP) require an additional bounce point topogrédgatthymetry correction. Also,
generally an earthquake will be mislocated with respedittriie position as a result of the
observational errors, of possibly insufficient data caists, and of the slowness difference
between the true Earth and the reference Earth, the slovanessaly.

The delay time, which will be used to obtain velocity vaigais in a tomographic inversion,
is defined as the difference of observed and predicted &firiva

d = tarrival — tarrival + € (2.3)

Replacing the arrival times by the expressions derived iraign 2.1 and 2.2 gives the delay
das

d=Ty(s) — To (s0) + Aty +ty — ty, +e (2.4)

Aty

whereAt, contains the timing error due to source mislocation as altre$uhe slowness
anomaly fields — sy ande describes the observational errors (e.g. picking errdiase
misidentifications, remaining location errors).

In the high-frequency approximation seismic wave propagaheory reduces to seismic ray
theory. In this approximation travel times are computedriggration of the slowness along
the ray path:

Ty(s) = /L sdl  with  L=L(s) (2.5)

wherelL is the ray path and! the ray segment.

Twoo (80) = / S0 dlg with Lo = LQ(SQ) (26)
Lo

Ly is the ray path in the reference model afiglis the ray segment.
Substitution of the travel time integral in the delay timeiation gives:

d:/st—/ so dlo + Aty + Aty + € 2.7)
L Lo

If the difference between the actual Earth and the referemgel is sufficiently small, the
first travel time integral is linearized using Fermat’s ijile. Applying Fermat'’s Principle
effectively results in replacing by L, and requires accounting for the spatial event mislo-
cationxz — zo. The effect of the mislocation on the travel time is appraaded by a Taylor
expansion of the travel time around the reference souwgceThis leads to the delay time
equation

d= / (s — so) dlp + (x — xq) - VoT® 4+ Aty + Aty + € (2.8)
Lo
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2.2 Parameterization and forward (observation) equation

which is the forward equation of travel time tomography ldaea ray theory. In a tomo-
graphic analysis, a large set of delay times equation 2.8etefrom many source-station
combinations is inverted for estimates of the slowness ahpfield s — sq, the event mislo-

cationsx — xg, origin time errorsAt, and the station static ternist,.

2.2 Parameterization and forward (observation) equation

To convert a set of equations 2.8 into a matrix-vector egudir inversion, the piecewise
continuous slowness fields = s — sy has to be parameterized. Among various methods,
which exist for the parameterization, here the irreguldirrepresentation of Spakman and
Bijwaard (2001) is chosen. The volume of interest is inigidivided into a regular grid of
non-overlapping conical cells of a basic (=smallest) de#t sTo make the cells independent
of their geographical position on the globe, they are coestd in such a way that they have
equal surface areas at given depth. Laterally, the sizeeob#isic cells is set dependent on
the maximum expected horizontal resolution (smallestiiet@he investigated volume is
discretized by layers with cells of constant thickness, tibe layer thickness varies with
depth and is defined to fit cell layers between the first-ordisnsic discontinuities contained
in the reference model and to accommodate the expectedtiesolith depth. Subsequently,
further regular grids are defined with cells which have a biggteral extension and are
multiples of the basic cells. As a constraint for the celesin the final irregular grid, the
hitcount, i.e. the number of rays crossing a cell, is usedaahiicount threshold is defined.
The hitcount is computed on each of the regular grids andttadiasst cell size is determined,
for which the hitcount is still above the threshold. Thug fimal irregular grid cells are all
sampled by a comparable number of rays in regions of sufficegncoverage. Effectively,
the irregular grid results from an optimization procedutech adapts cell volume to obtain
more or less equal hitcount in cells. Figure 2.1 shows an plawof an equal surface area
grid and an irregular grid.

The basic cells are represented by orthonormal cell funstip (normalized byV; "~ with

V; as volume of celb;) which are used to construct the non-overlapping, irreggti cells
Ck-

1/2

Ny
cr =Y Pib; (2.9)
j=1

where N, is the number of basic cells ané,; is the projection coefficient which is zero
except wherb; is part ofcy,.
The slowness anomaly fiells (= s — sg) can then be parameterized as follows:

N
As = Z Asper + Asp (2.10)
k=1

wherec;, represents the orthonormal cell functiahs;, the projection coefficient)V the
number of irregular cells in the volume ardyks,, the projection error. The projection error
reflects the accuracy of the parameterization and will bellsregligible for a sufficiently
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2 Methodology

detailed parameterization (cf. Spakman, 1991).
The arc lengthi{, in the irregular cells:, is given by the projection of the arc length in the
basic cellg);:

Ny
5= Pl (2.11)
j=1

with P,gj as projection coefficient which is one if the basic ¢elis part of the irregular cell
¢, and zero otherwise.
Using this discretization, the travel time difference foe i-th ray is calculated to

N 4
d; =~ Z Aspls, + Z Arigi + Ao lim + € (2.12)
k=1 =1

wherel$, represents the length of the i-th ray in the k-th irreguldl, cdx = x — x¢, gu
describes the elements ®, 7" (now including the source time errotho,, represents the
unknown slowness error of the m-th statidf,,, ) is the identity matrix and; contains all
errors and signal not accounted for by the previous terms.

The described approximations lead to the observation &guat

d=A m+e (2.13)

with A = (Iix, git, Lim) T, m = (Asy, Az, Ao,,)T, d as data vector with the observed travel
time residuals and as the error vector.

Equation 2.13 forms a system of inconsistent linear eqoatiasually ill-conditioned as a
result of insufficient data, that are to be inverted to obsainodel.

2.3 Inversion and regularization

Due to data inconsistency and usual rank deficienc oh unique solution of 2.13 does not
exist. To deal with data inconsistency a measure of dathéit,determines how well model
predictions approximate the real data, is required forctielg a solution (or a range of solu-
tions in case of rank deficiency). In large size inverse motd, the usual strategy is to find
the best-fitting model in the least squares sense, i.e. tliehtimat gives the smallest sum of
the squared differences between the observed data vecigtsgorediction computed from
the model. The least square criterion is implemented agvist|

In equation 2.13, the data are first weighted by the data @weaC,; and next the mini-
mization ofeTC;le is performed, or equivalently the minimization of the castdtion

®(m) = (d — Am)"C;'(d — Am) (2.14)
This results in the weighted least squares solution:

m=(ATC,'A)"'ATC,'d (2.15)
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2.3 Inversion and regularization
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Figure 2.1: Example of two types of grid parameterizations for the topntayer of the model. On the
top, a regulaR.0° x 2.0° grid with cells of equal surface area is displayed where tirabrer of cells

per latitude decreases from the equator towards the polagh&®bottom, an irregular grid is shown
varying in cell size fron0.5° x 0.5° t05.0° x 5.0°. The cell size is reduced noticeably in areas with

a large number of stations and/or earthquakes as it deperttie ditcount (i.e. the number of rays that

traverse each cell).




2 Methodology

Clearly, the least squares solution can only be computédfC, 'A)~! exists, i.e. for
(numerically) overdetermined equations. In tomograpksyhcurs only in exceptional cases.
More oftenA has zero eigenvalues (there is no unique solution) amid/isrill-conditioned.
Very small eigenvalues exist due to, for instance, a dontead nearly parallel ray paths
sampling a model region. As a result of ill-conditioning,aherrors in the data can lead
to large amplitude errors in the model. The usual remedy &b @éh rank deficiency and
ill-conditioning is to resort to regularized least squargextending the cost function with a
termA2m” C” Cm that imposes amplitude, roughness and/or smoothnessaintson the
model. This results in the following cost function:

®(m) = (d — Am)"C;'(d — Am) + \>’m” C*'Cm (2.16)
Minimization of ® gives:
m = [ATC;'A +\>C"C] ' ATC;d (2.17)

where) is a tuning parameter which controls the trade-off betwerimizing the data misfit
and finding the minimum of the scaled model noihis a matrix imposing model amplitude
damping ifC is the identity matrix and smoothing@ is a second derivative finite difference
operator. A model with reduced roughness is obtained by¢géifirst derivative operator.
As derivative operators have non-trivial null spaces, theyoften combined with amplitude
damping for a complete regularization.

This formulation of the regularized weighted least squaresrsion is equivalent to finding
the normal least squares solution of the following equation

C;l/gA B C;l/2d
( Ve m = 0 (2.18)

Station statics and mislocation parameters are assodiatiednuch smaller singular values
of A than the slowness parameters of cells. Also, in our irreguladel parameterization
small cells, placed in mantle regions where we expect réisolfor small detail, are usually
associated with systematically smaller singular values tlarge cells which are placed in
regions where only larger scale structure can be imagedalmbe the singular value spec-
trum of A, (i.e. to relatively raise the singular values associatit small cells, mislocation
and station parameters) a parameter scaling mati&implemented depending on cell size
and hitcount, or parameter type. This leads to the folloveiggation:

Cc,;'’A \qoi [ C;%a
( o )sTIm = . (2.19)

with (S;;) = h;V; andh; andV; as hitcount and cell volume respectively anil= Szm as
scaled model vector. The diagonal elementS pkrtaining to mislocation, origin time error,
and station static parameters are taken such that theytbesle parameters to an expected
slowness anomaly amplitude. The model parameter scallmgrisficial in case eq. 2.18 isto
be solved with truncated Singular Value Decomposition ($@Dwith iterative solvers (e.qg.
conjugate gradients) which are stopped before formal agevee has been achieved.
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2.4 Assessment of model quality

Many types of solvers exist to compute the inverse matrixig&liar Value Decomposition
(applied to eq. 2.19 and delivering as solution eq. 2.17gesstruncated SVD is used) re-
quires full storage of the matrix and data-related matraesbis only applicable to relatively
small inverse problems. For larger model sizes than SVD eahwlith, the inverse matrix of
eg. 2.17 can still be computed, for example, with Choleslgod®position. Examples of in-
versions computed with SVD or Cholesky decomposition ardiet by Ritsemat al. (1999)
and Boschi (2003) respectively. Huge inverse problemdmtpalith a very large number of
data (millions) and model parameters (hundreds of thousandn presently only be solved
with iterative solvers (e.g. conjugate gradient methodsichy, when stopped before formal
convergence, compute an approximate solution of (2.17)oddhout this thesis, the tomo-
graphicinversion is performed with the iterative conjegatadient algorithm LSQR of Paige
and Saunders (1982) which is applied to (2.19) and in fulleogence yields solution (2.17),
or an approximation when stopped before full convergenc®QR resembles in the early
iterations SVD (e.g. van der Sluis and van der Vorst, 198 8relthe solution is constructed
starting with the components associated with the highagusar values. Stopping the algo-
rithm before formal convergence occurs has a comparablpidgreffect as truncated SVD.

2.4 Assessment of model quality

The quality of a solution is defined by data fit, spatial resoluand model covariance. A
drawback of iterative techniques like LSQR is that only aisoh and corresponding data
fit are computed. Although approximate methods for findirgphetion and covariance in
huge inversions have been proposed (Netedl, 1999, 2001; Yaet al, 1999, 2001), it is
practically not yet possible to obtain these exactly.

Spatial resolution is defined as follows: Let;,.,. be the true cell slowness anomaly field.
The corresponding true data are definedlags,. = Amy,.... They are different from the
real datad by an errore which includes observational errors, effects of paraneiton,
linearization and other theoretical approximations. Wgit(2.17) as

m = Gd (2.20)

with G being the generalized inverse Afand

d= dtrue +e€ (221)
= Amtrue +€ (222)

we find
m = Rmy, . + Ge (2.23)

whereR = GA is the resolution kerneR describes how the true cell model is mapped into
the solutionm and the termGe shows how errors/bias in the data map into the solution.
When the resolution matriR cannot be explicitly computed (as in our inversions), deiitsi
tests with synthetic slowness models can be conducted tlicithpobtain knowledge ofR
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2 Methodology

(Spakman and Nolet, 1988). A8 = Rmy,.,. is a linear equation, one can invent a synthetic
modelm,,.,.., compute synthetic data

dtrue - Amtrue (224)
and solve
dirye = Amg (2.25)

for the tomographic recovenyn, of the synthetic model to make inferences abRuby
comparison ofm, andm,,,... However, synthetic slowness anomaly models can only be
designed to detect lack of resolution. When the synthetidetwn,,.,.. is entirely in the null
space ofA, it will be in the null space oR andm; will only contain zeros. Conversely,
when a particular synthetic model happens to be entireljpérange ofA, then the model
will be recovered completely by tomography and one mightiséried to infer perfect reso-
lution. However, Levequet al. (1993) demonstrated that while a specific synthetic model is
recovered, other synthetic models for the same region, latdifferent dominant structural
wavelengths, can still be entirely in the nullspace. To emsietection of lack of resolution
it is therefore necessary to perform sensitivity tests withrge variety of synthetic models,
particularly of different structural wavelength conteatq. Bijwaardet al,, 1998). If, for a
particular mantle region, no appreciable lack of resolutmdetected for a wide variety of
synthetic models, i.e. all models are well recovered, thindbservation is taken as a mea-
sure of high resolution at the wavelengths used, althoughdtly there is still a possibility
that resolution is lacking.

The only synthetic model that leads to equivocal interi@ta is an overall zero anomaly
model except for one cell with a non-zero amplitude — a spikiee tomographic imaging
of this model leads effectively to the computation of a catuof the resolution kernel. As
computingm, requires an inversion with LSQR similar to the real data isign, it is not
feasible to reconstru® from such synthetic tests when the model consists of a largéer

of parameters~+ 10%). A more efficient test, related to a single spike test, wasghed by
Spakman and Nolet (1988) where the synthetic model contaB network of spatially
well separated spikes. The recovery of this synthetic mskielvs immediately lack of am-
plitude recovery of single cells and allows for detectiomiéctional anomaly smearing. In
this thesis, the spike tests will be conducted for a variégpike sizes to assess lack of reso-
lution.

Model covariance, i.e. amplitude errors and their coriatet, cannot be formally computed,
although the error correlations are implicitly containedhe resolution kernel. The effect
of data errors on the solution amplitudes (i.e. the t€¥n) is assessed by taking a randomly
permuted versiod,, of the data vectod for € and solvingd, = Am (Spakman, 1991). This
random data vector has the same bulk statistics (averagelest deviation, and higher order
moments) as the real data vector. In this test, howeverpalelation between the real data
and their associated ray paths (the matkixis destroyed and the permuted data vedpr
represents an upper limit of data noise. A good outcome sfrthise test is a model with
low amplitudes and only random amplitude variations. A pmstcome would be if imaged
amplitudes and structural wavelengths are comparableotetmn the model obtained from
inverting the real data which would signal that data and thpare not correlated.
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Chapter 3

Travel time tomography of the
uppermost mantle beneath Europe

We have obtained a detailed P and S model of the uppermostentarteath Europe using
regional travel time data based on the ISC and NEIC bullétora the yeard 964 — 2000.
Because of the data selection and the ray path distributionanalysis is comparable to Pn
tomography. However, the usual approximations of that oektre not required here as we
use a method that is also suited for global travel time tomplgy. Tests show that anomalies
with horizontal dimensions of 45 kr5 km and 90 knx 90 km can be reconstructed in the P
model and the S model respectively. Realistic featuresatrenly imaged for the uppermost
mantle but also for the crust. High seismic velocities atenfbfor regions of old oceanic
lithosphere (e.g. Black Sea, Eastern Mediterranean bakingontrast, tectonically active
regions such as the Alps are imaged by low velocities as walkgions that are influenced
by back arc spreading and volcanism (e.g.Tyrrhenian basislmoran basin). Also, the
Trans-European Suture Zone, separating the East Eurojstéorm with its high velocities
from the tectonically younger western part of Europe, id wehged.

3.1 Introduction

Seismic tomography has been used for a long time to studyetloeity properties of the crust
and mantle and to identify tectonic and geological strieguiThe obtained velocity models
can serve as a starting point for tectonic interpretationisees background models for detailed
local studies. They also allow for a more precise predictibtravel times and earthquake
locations than standard 1-D models (e.g. JB (Jeffreys atidii3ui940), PREM (Dziewonski
and Anderson, 1981) or ak135 (Kennettal,, 1995)). The last aspect plays, for example,
an important role for seismic monitoring in the context af tiomprehensive Nuclear-Test-
Ban-Treaty (CTBT). Velocity models have been publishedEarope using different data
sets and techniques as travel time tomography (e.g. Spakimaly 1993; Hearn and Ni,
1994, Bijwaard and Spakman, 2000; Ritzwolral., 2002a; Piromallo and Morelli, 2003),
surface wave tomography (e.g. Ritzwoller and Levshin, 1988sefioret al, 2001) and
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3 Travel time tomography of the uppermost mantle beneatbeur

waveform inversion (e.g. Snieder, 1988; Zielhuis and NdIe84; Marquering and Snieder,
1996). Also, many more local tomography studies exist (seap€r 4 or Piromallo and
Morelli (2003) for a review).

The main purpose of this study is to retrieve a detailed mofidle uppermost mantle below
Europe that bridges the gap between global and local modelg vegional P and S travel
times. Particularly for regional S-waves, only few detdifeodels exist for Europe (e.g. Bij-
waard, 1999). To obtain a better model, regional travel sifioe this study are taken from an
updated version of the relocated earthquake data set ofdahgtdal. (1998), which is based
on the ISC and NEIC bulletins.

Moreover, improvements are made in the methodology. Becafithe data selection and
the ray path distribution, our technique is comparable téadPrography. However, the usual
approximations of Pn tomography (see e.g. Ritzwadteal, 2002a) are not required here
as a tomographic method is applied that is also used for btotreography (Bijwaarcet al,,
1998). This method uses, for instance, an irregular gridmaterization (Spakman and Bij-
waard, 2001), which enables a finer discretization in regafrhigh ray coverage. To further
improve the model, a 3-D reference model is used to take mgiyioho depths and regional
changes of velocity properties into account (e.g. oceaniontinental crust).

3.2 Data

Travel times are taken from the updated relocated eartteetia set of Engdabt al. (1998)
of the years 1964 to 2000 (E.R. Engdahl, pers. comm., heresfterred to as EHB data).
This new version was extended with data from 1995 to 2000 laciddes particularly more
regional data (i.e. with an epicentral distance8°) than the original data set as a result of
less restrictive selection criteria. While for the orididata set events were selected, which
had an open azimuth (= largest azimuthal sector without mgeistation)< 180° using
only teleseismic stations, now events are selected, wtdeh b secondary azimuthal gap (=
largest open azimuth filled by a single statiah)180° not only using stations at teleseismic
but also at regional distances. While the original data@etained in total 7 million P phases
and 1 million S phases, the new data set contains 14 milliomeR¢s and 3 million S phases.
Besides the European mainland we have included Iceland pitzh8rgen and limited the
epicenter and station locations36°W — 60°E in longitude an®0°N — 80°N in latitude.
From this data set, the P and S phases are chosen which hapeantel distance of less
than 14. The travel time residuals corrected for station elevagind Earth’s ellipticity and
computed with respect to the 1-D velocity model ak135 (Ke¢eieal., 1995), are restricted
to +£7.5 s and the maximum source depth is set to 200 km. The resultibges contains
1.5 million P-wave travel times from 60,000 events regetiesit 1,500 stations and 500,000
S-wave travel times from 55,000 events recorded at 1,400t

In Figure 3.1, an overview of the epicenter locations is @nésd. The majority of earth-
quakes is concentrated along plate boundaries and fautiszgrarticularly in the Mediter-
ranean region (e.g. Greece and Turkey). The phase distribaf the selected data set is
displayed in Figure 3.2. Most of the phases have epicenistdmtes of less than 3° in the
new data set while the distribution is almost constant inattiginal data set. The total num-
ber of selected phases increased approximately by a faicidr for P and 100 for S phases.
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3.3 Method

Figure 3.1: Map of the epicenter locations (gray dots) contained in #ta delection. The gray shading
indicates the topography, plate boundaries are displageatding to Bird (2003). Abbreviations: Adr
— Adriatic Sea, Balt - Baltic shield, Bet — Betics, BS — BlagkaSCar — Carpathians, Casp — Caspian
Sea, Di — Dinarides, EEP — East European platform, Eif — Eifdled — Eastern Mediterranean, He
— Hellenides, HellA — Hellenic Arc, Py — Pyrenees, Tyr — Tymian Sea, W-Med — Western Mediter-
ranean.

The standard deviation of the residuals varies betweend #&id 1.92 s for P phases and
between 1.63 s and 3.15 s for S phases. Figure 3.3 shows tigasdaleviation as a function
of epicentral distance.

3.3 Method

In travel time tomography, observed travel times of wavescempared to theoretical travel
times that are calculated with a reference velocity modélke fiesiduals with respect to the
reference travel times are used to compute a 3-D velocityaliod the analyzed region. Pn
tomography usually assumes that P-waves travel as head just®elow the Moho and only
the 2-D (horizontal) distribution of the Pn velocities iratttayer is calculated. The variations
in crustal structure are not included in the model, so termstrne incorporated that correct
for the crustal legs at the station and the event site (e.griHand Ni, 1994; Ritzwollegt al,,
2002a). The method used here, which is also suited for gtobabgraphy studies, does not
require these approximations because the rays are tramegl thieir entire path.
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Figure 3.2: Phase distribution of P (light gray) and S (dark gray) phagifs respect to the epicentral
distance for the original (left) and the updated (right) Eéa set. Note the different vertical axes for
the two data sets.
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Figure 3.3: Standard deviation of the travel time residuals with respethe epicentral distance.

3.3.1 Tomography with a 1-D reference/starting model

First, we carry out the tomographic inversion with a 1-D refece model to see the influence
of the new regional travel time data alone and to comparedimgraphy model to other
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3.3 Method

studies which use the original EHB data set (e.g. Bijweatrdl, 1998). The theoretical
travel times are computed with the method of Buland and Claep(t983) using the 1-
D reference model ak135 and the according ray paths arentiet=at with a ray shooting
method. The obtained travel time residuals and ray pathshareused to set up the data
vector and the inversion matrix respectively (see Chapttar 2etails). We perform the
tomographic inversion iteratively with the LSQR algorittoh Paige and Saunders (1982)
using ak135 as reference model and regularizing the salwtith a second-derivative and a
weak amplitude damping.

3.3.2 Tomography with a 3-D reference/starting model

Second, since the crust is highly heterogeneous and syreaghble in thickness, it is im-
portant in nonlinear tomography to use a starting model tidiegs the 3-D heterogeneities
of the crust in account. Therefore, a 3-D reference modedtisip which uses CRUST2.0
(http://mahi.uscd.edu/Gabi/rem.html), a refined versib@RUST 5.1 (Moonegt al., 1998),

in the crust and in the uppermost mantle, between the Moh@@@#&m depth, laterally vary-
ing, depth-averaged velocities of CUB1.1 (Shapiro andviitler, 2002; Ritzwolleret al.,,
2002b) are employed. CRUST2.0 is based on regionalizatenit assigns average profiles
for various types of crustal structures2d° x 2.0° cells for the whole globe. CUB1.1 is
based on surface wave tomography using phase and grouptiesdad Love and Rayleigh
waves.

A 3-D ray tracing through this 3-D model is performed for tleéested event-station pairs of
the EHB data set with the 3-D raytracer of Bijwaard and Spaki®99a). This algorithm
is based on the perturbation theory developed by Sniedesambridge (1992) and Pulliam
and Snieder (1996). It takes an initial ray (computed in a ti@lel) and searches nearby
paths which have minimum travel times in the 3-D velocitydiel

The travel time residuals are then calculated as the difterdetween the observed travel
times of the new EHB data set and the theoretical 3-D tramedi A relocation of the events
in the 3-D model is not done as we only use a subdek( 14°) of the data for each event.
Therefore, the earthquake locations are assumed to be fikkd.matrix-vector equation
(containing the 3-D ray paths and travel time residualsigiited with the same method as
before but now with the combination of CRUST2.0 and CUB1.tefsrence model.

3.3.3 Parameterization

Various methods exist to parameterize the investigatedunmedere, a method developed by
Spakman and Bijwaard (2001) is applied, where the mediurarameterized by a grid with
cells of irregular sizes. First, regular grids of severz¢si(her®.4°, 0.8° and1.2°) are set up
and the hitcount of each cell (i.e. the number of rays crgssicell) is computed. The regular
grid cells have equal surface areas and their thicknesssechaccording to the layering of
ak135. The hitcount is then used as a constraint to detertih@eell sizes in the irregular
grid in a way that the variation of the hitcount between nbiglring cells is minimal. Using
an irregular grid has the advantage that each unknown isledrhp approximately the same
number of data in regions of sufficient ray coverage. Theegfiess damping is needed to
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3 Travel time tomography of the uppermost mantle beneatbeur

TR i EERRRE 52 T 7 ERRRRE
RS ERARERREEE
NN T I Il I I
HHehirH i £ e HHH } £ gucdseds
T 3}+ T IR T T
iL=| L T T L
aempaLs on 2 HHH 5 R D EReR &
Tk T T T
1 T 1
i 5 JERREY an" ! : JERaEY
T T T
o ! s ! :
5 5
2 . 2 A6
= =
=
i Vet a
i L 1 i LY 1
il T il 12 T }
A 1 5 H A A 125} T b = -
T i HATTTT
SN
-
u- I T ‘}\ O LT
R i T L i A%EF‘J L
H H 2asn, H | H =2 RiNEEAS
T Tl T i 5]
s " |
T T T
L] T f T T
I 1T I " 8 T INEBEAN N
e THHE ! i SCianad HHE ! f
T T T [ LT T AT I
T T HHH% =TT T T \a
LI LTET ! ANNEEE T INCCTTT 1 INEEE B!

Figure 3.4: Hitcount map for the P- (left) and S-wave coverage (righg@km depth overlaid by the
irregular grid.

regularize the inversion. Furthermore, the computatiometis significantly decreased. For
the P model, for example, there are 650,000 unknowns ofi.#iex 0.4° grid while there
are only 60,000 on the irregular grid. For the S model, the lmemof unknowns decreases to
50,000. In Figure 3.4, the hitcount of P- and S-waves oweiigithe irregular grid cells is
displayed for the best sampled layer (35-55 km).

3.4 Model Resolution and Sensitivity Estimates

As stations and events are not equally distributed ovemiestigated region, the resolution
of the velocity model varies spatially. The non-unifornuitiination is clearly indicated in
the hitcount maps. For example, there is a very low ray c@em the Atlantic due to a
concentration of the epicenters along the Mid-Atlantiggadand a lack of stations within
regional distance of the epicenters. Also for the East Bemoplatform there is a low ray
coverage due to a low number of earthquakes and seismiorstati

Resolution can only be estimated since formal computatfdhe resolution matrix is too
time consuming due to the large number of parameters. lhsteats are performed with
synthetic models (Spakman and Nolet, 1988) to find the mininsize of anomalies that
can be reconstructed and to detect lack of resolution (se@t€h2 for details). These tests
are also useful to find the appropriate basic cell sizes. Vhthetic model for these tests
contains spikes of 5% amplitude with respect to the 1-D szfee model and alternating sign
of the anomaly. The spikes are well separated with a distaheg least twice the spike
size in longitudinal direction, once the spike size in latihal direction and one layer in
depth between them. Theoretical travel times are then leadmliand Gaussian distributed
noise on the order of 0.5 s is added to the data to perform arsion comparable to the
real data inversion. The geometry of the 1-D rays is used heddsulting matrix-vector
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3.4 Model Resolution and Sensitivity Estimates

equation inverted. In Figure 3.5, an example of such a sgg&ei$ shown at 45 km depth
with spikes 0f0.8° x 0.8°. The best ray coverage, independent of the wave type, igifoun
in the layer between 35 km and 55 km, which is the layer diydetilow the Moho in the
1-D model ak135. Because of the data selection that contairdy Pn/Sn phases, this layer
is expected to be the best sampled. A sufficient ray covermagéso found for the layers
between 20 km — 35 km and 55 km — 75 km. For the P model, spikeslofx 0.4° can be
reconstructed while for the S model, only spikes of a mininsime 0f0.8° x 0.8°.

e —

2% 0% 3% -3% 0% 3%

Figure 3.5: Spike tests for the P model (left) and the S model (right) akdbdepth with spikes of
0.8° x 0.8°. The grayscales give the amplitude of the velocity anorsalie

To estimate the uncertainty of the velocity model causedrbyre in the observed arrival
times, the data vector is permuted randomly while keepiegtlder of the matrix rows (rays)
as for the original data vector (Spakman and Nolet, 1988)hikicase, the inversion model

is expected to show random anomaly patterns of low amplitutfere are no correlations
between delay times and ray paths. An example of such a tgétés in Figure 3.6. In
general, a random model is found in regions of good ray caevath low amplitudes. Only
poorly sampled regions, as for example north of Iceland @$hmodel, show systematic
anomalies of higher amplitude:(1%). Thus, the amplitude uncertainties can be expected to
be very low for the P model while they are higher for the S model

Another way to test the sensitivity (not shown) is to use mandoise (e.g. Gaussian dis-
tributed noise) as data vector and perform the inversiorhisrvector. Since the standard
deviation of all selected residuals of the observed P datassk.84 s, the width of the
Gauss function is chosen accordingly. The resulting molels low amplitude anoma-
lies (< 0.5%) and is random for the P model, which means that the noisecisreelated and
of low level. Unlike the permuted-data test, using Gausaigise does, however, not test for
the effects of systematic data noise.
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3 Travel time tomography of the uppermost mantle beneatbeur

Figure 3.6: Test with a randomly permuted data vector for the P modei) @efd the S model (right) at
45 km depth.

3.5 Results

3.5.1 Tomography with a 1-D reference model

The results of the tomography for ak135 as initial model aes@nted in Figure 3.7. Many
tectonic regions can be identified in the P-wave and S-waleeitg models. Generally, the
S model shows more positive velocity anomalies (with resfeeak135) than the P model.
This shift towards higher velocities is caused by the faat #k135 is too slow for S-waves
in the crust/uppermost mantle. Therefore, in Figure 3. Bth@odel is displayed with respect
to ak135 increased by 1% of its velocity.

At 28 km depth (which is the lower crust in ak135), low-velya@nomalies dominate the P
model. The anomalies associated with mountain ranges (Ripenees, Apennines, Dinar-
ides) are narrow and of large amplitudes. Other low-vejoaitomalies are found beneath
the Eifel, the Tyrrhenian basin and the Turkish-Iraniartgda, which are broader and have
in absolute terms a lower amplitude at this depth than thenaties found under mountain
ranges.

At 45 km depths also both types of low-velocity anomalies @esent due to crustal and
mantle features but the mantle anomalies are now broadeifare and have higher am-
plitudes. Furthermore, high-velocity anomalies can beaased with cratons as the East
European platform or stable parts of Iberia and France. a&bcity anomalies are also
found beneath basins such as the Eastern Mediterraneam Sothth Caspian basin.

Even though ak135 is too slow in the uppermost mantle for Seajanany features described
above for the P model could be imaged as well with the S modelth a lower resolution
as there are less S residuals. Velocities that were leftamgéd in the inversion and there-
fore contain the velocities of ak135 (3.85 km/s at 28 km add@ 4«m/s at 45 km depth) as
below parts of the East European craton appear in Figures3vgak low velocity anomalies
as an effect of the increased reference velocity chosenidptay (3.89 km/s and 4.53 km/s
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3.5 Results

respectively).
Taking into account the results of the permuted data tdsésaverage error of model am-
plitudes amounts to less than 10% and 15% respectively éoPtand S velocity anomalies.

Figure 3.7: Results of the tomographic inversion for the P model (left)l #he S model (right) at
28 km depth (top) and 45 km depth (bottom). The velocity arl@msare given with respect to the 1-D
velocity model ak135 for P as indicated by the number on tivetaight of each figure and with respect
to 1.01x v,(ak135) for S. Gray are the regions without crossing rays.

3.5.2 Tomography with a 3-D reference model

The 3-D model combined of CRUST2.0 and CUB1.1 is now usedfasergce model for the
inversion. The results of the inversion with reference te thodel are clearly different from
the results of the inversion with ak135 as reference modekyTare shown in Figure 3.8
and 3.9 with respect to the average velocity of the apprtpléger and with respect to the
3-D reference model. Generally, the inversion of the S tedglshows less deviations from
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the reference model than the P inversion as there are lesw@ times and therefore less
resolving power in the data but also since the 3-D S refereradel provides a better repre-
sentation of shear velocities in some regions.

The velocities of the P model (see Fig. 3.8) are in the middhk lawer crust significantly
higher than ak135. For instance, the P-wave velocity batv8ekm and 35 km in ak135
is only 6.50 km/s, while the average velocity of that laye¥ i87 km/s in the 3-D inversion
model. Similar to the results of the inversion with ak135 eference model, the obtained
anomalies can be related to tectonic units. Low velocitynagl@es are observed along moun-
tainranges (e.g. Betics, Alps, Dinarides) best seen iniffereince between the inversion and
reference model resulting, for example, in a finer outlinthefwestern edge of the Alps. Fur-
thermore, reduced velocities are obtained beneath theeYkestediterranean, in particular
beneath Corsica and Sardinia. But also in the Eastern Medalitean velocities are reduced
indicating that they are not as high as would have been exgdrim the reference model.
Velocities beneath the Turkish-Iranian plateau are almoshanged as the reference model
already explains travel time deviations well in that regiéitso beneath the East European
platform few differences exist between reference and siwarmodel due to either a good
representation of velocities in the reference model or duelack of resolving power of the
travel time residuals in that area.

Mostly lower velocities than in ak135 are found for the lalgetween 35 km and 55 km (on
averagev, = 7.81 km/s while in ak13%, = 8.04 km/s). In this layer the reference model
is a combination of the long wavelength structures in CUR#.g4. Atlantic) and CRUST2.0
(East European platform). Furthermore, the observed fesaf the inversion model at this
depth show many similarities to the model obtained with &as8 reference. The velocities
beneath Iceland and further along the Mid-Atlantic ridge greatly decreased compared to
the reference model. The Western Mediterranean Sea shewsoaler than average veloc-
ities while they are higher than average for the Eastern tdadinean (as in the inversion
model using ak135 as starting model). Orogenic belts as pe Ryrenees or Dinarides are
well reconstructed in this model. At 45 km depth, low velmstare found in the P and S
model as in the inversion model using ak135 as starting mddhel Adriatic plate is imaged
by high velocities. Velocities beneath the East Europeatfqrim are slightly increased in
the inversion model indicating that even though this regtih contains crustal material at
this depth it is faster than would be expected from the refegenodel.

The S inversion model shows features which are very sindlérdse obtained in the P inver-
sion. However, fewer regions display changes from the eafee model. Deviations are in
particular the reduced velocities of the western edge ohtps, the Hellenic Arc and Iceland.
Furthermore, higher velocities than in the reference macdebbserved beneath the Adriatic
basin and beneath Spain. These differences are also otser4d km depth but now with
stronger amplitudes. Besides that, low velocities are@itserved north of Iceland and in the
Western Mediterranean basin enhancing the differencedestwestern and eastern basin as
in the P inversion models.
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3.6 Discussion and Conclusions

The main purpose of this study was to create a high-resolutiage of the uppermost mantle
and the crust. To obtain such animage, a tomographic irwefsi P-wave and S-wave travel
times of regional earthquakes was applied. In the followthg most important features of
the new model are described and briefly discussed.

Negative velocity perturbations are found for the Mid-Atia ridge, where they reflect the
spreading of the Atlantic. However, the low velocities bethdceland in the P and S model
are not only caused by the opening of the Atlantic, but alsa ipjume (e.g. Wolfeet al,
1997; Sheret al,, 1998; Bijwaard and Spakman, 1999b; Allenal., 2002).

Furthermore, the whole Turkish-Iranian plateau is imaggdol velocities that have also
been stated by other researchers who applied Pn tomogréfgayr( and Ni, 1994; Ritz-
woller et al, 2002a) and in other earlier mantle tomography studies (8gpkmaret al,,
1993). The anomaly can be interpreted as hot or partialltanahaterial (Hearn and Ni,
1994; Ritzwolleret al, 2002a) as the high temperatures can be explained by theadsack
extensional setting of the region during the collision «f #rabian and the Eurasian plate
(Dercourt et al., 1986). Alternatively, recent studies ngoret al. (2003) and Keskin
(2003) show that the high temperatures and therefore loaciteds can be ascribed to steep-
ening and detachment of the Neo-Tethys slab beneath Easteray followed by rising of
hot asthenosphere material.

Orogenic regions (e.g. Alps, Carpathians, Hellenides ayjr@riees) and back-arc basins
(Tyrrhenian basin, Aegean) are also characterized by |docitges.

A comparison of the low-velocity anomalies at 45 km depthunmodel to those in the sur-
face wave tomography model of Bosdttial. (2004) shows a good agreement of anomalies
on a larger scale in the Alpine-Carpathian belt, the Tyridwedasin and the Aegean even
though features in our model have sharper outlines.

In regions with oceanic lithosphere (Black Sea, South Gaspasin and Eastern Mediter-
ranean basin), positive velocity perturbations are oktin this study. But while the East-
ern Mediterranean basin is imaged by high-velocity anogsdh our model, low velocities
are found in the surface wave tomography model of Bosthi. (2004) and only turn into
positive perturbations at greater depths. The differemcesnost likely caused by the fact
that the travel time tomography is better resolved at 45 kpthdeAlso, high velocities are
obtained for both, travel time tomography and surface waweography models, beneath
stable parts of Spain and France and beneath cratonic se(iaitic shield, East European
platform, only for the use of a 1-D reference model for trairake tomography as in the 3-D
reference model this region is still considered as crustvéver, the Trans-European Suture
Zone, which separates the East European platform from theger parts of Central Europe
is imaged in less detail in the surface wave tomography thaui model.

The use of a 3-D reference model instead of a 1-D referencehmesdults, independently
of the applied reference model, in P and S tomography molatsshow the main tectonic
features as observed for use of a 1-D reference model. efgians of low resolution mainly
the reference model is re-obtained, besides regions wheneterence model already gives
a good representation of the velocity heterogeneities.

On the whole, we have obtained high-resolution P and S uglowdels for the crust and the
uppermost mantle showing new details of the tectonic atrestbeneath Europe. The higher
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resolution is due to the use of a larger, reprocessed datAlset unlike in earlier Pn tomog-
raphy studies, we traced the rays along their entire patheasdan undergo rapid velocity
changes in the crust. Nevertheless, since we used onlynaglata, vertical structures like
subducted slabs are not imaged with our model.
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Figure 3.8: Displayed is on the top the 3-D reference model derived fré?W6T2.0 and CUB1.1 and
in the middle the results of the P-inversion. The velocitgraalies are given with respect to the average
velocity of each layer (see number at the bottom right of terés). Illustrated on the bottom is the
difference between the reference and the inversion modem@dels are shown at 28 km depth (left)
and 45 km depth (right).
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Figure 3.9: Displayed is on the top the 3-D reference model derived fré&?W6T2.0 and CUB1.1 and
in the middle the results of the S-inversion. The velocitgraalies are given with respect to the average
velocity of each layer (see number at the bottom right of terés). Illustrated on the bottom is the
difference between the reference and the inversion modem@dels are shown at 28 km depth (left)
and 45 km depth (right).
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Chapter 4

A new absolute arrival time data
set for Europe

The main aim of this study is to create a data set of accuratelatle arrival times for sta-
tions in Europe which do not report to the ISC (InternaticBailsmological Centre). Wave-
forms were obtained from data centers and temporary expatsrand an automatic picking
method was applied to determine absolute arrival times fet &ind later arriving P and S
phases. 86,600 arrival times were picked whose distributfeesiduals shows generally low
standard deviations. Furthermore, mean teleseismiostatisiduals reflect the properties
of the underlying crust and uppermost mantle. Comparisd8@data for matching event-
station-phase combinations also confirms the good qudiitgeonew absolute arrival time
picks. Most importantly, this data set complements the 18 ds it fills regional data gaps
in Europe.

4.1 Introduction

Arrival times are routinely reported by many seismologicatworks to the ISC, resulting
in bulletins of millions of arrival times since 1964. Clegrh wealth of information can be
gained from these data regarding the Earth’s interior, angple, by application of travel
time tomography. However, the reporting stations are nsitibuted equally over the globe
therefore leaving gaps, in particular, in the oceans ardestaatonic regions. Furthermore,
the quality of these data, which are mostly handpickedesgagieatly (Rohnet al,, 1999).
Besides stations included in arrival time bulletins, a éangimber of seismic stations exist
whose waveforms are not used routinely but are sent to datarsefor digital storage. For
many events included in these waveforms, arrival times wigher not picked at all or only
with limitations (e.g. a restricted period in time or lindtepicentral distance range).
Another valuable source of data is provided by temporangarpents. To fill the geograph-
ical gaps, many regional experiments were carried out dutie last 15 to 20 years where
spatially dense temporary networks were placed in the f@lddveral months. Often, arrival
times for events registered at those arrays were only piciadively. That means, not the
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arrival time of a phase onset was determined but the artiived bf the first maximum or
minimum after the onset. This procedure has the advantagetiservational errors due to
high noise levels can be reduced but as a major disadvaraye) times are only obtained
with respect to the unknown mean network arrival time for ec#fic event. Therefore, they
cannot be used for event relocation or to obtain absolutecitglinformation on the crust
and mantle below the array. Consequently, obtaining dtiimes for events recorded at such
stations which do not report arrival times to the ISC can jgrewnew detailed information for
high-resolution travel time tomography.

Besides using additional stations, the picks should alsofteeconsistent good quality as
erroneous picks will affect or overprint velocity struasmwhich would otherwise be imaged
in travel time tomography. Generally, hand picks are carsid to give the best quality but
for large data sets this approach is not feasible. Howedggraced automatic picking tech-
nigues can be applied when many waveforms are recorded fogke £vent which provide
very accurate picks.

The aim of this study is to present such a data set of absalitalaimes for Europe. This
data set provides high quality picks of previously unusesef@ms and can, for instance,
be combined with the ISC arrival times for travel time tomegny. To ensure a good picking
quality for a large number of waveforms we apply a recentlyetigped two-step automatic
phase picker. With our approach, we focus on Europe wherg teanporary experiments
have taken place and where data centers provide a largeesafuadditional waveforms from
various digital networks in Europe.

4.2 Data

During the past 15 years large teleseismic experiments egréucted in Europe where spa-
tially dense seismograph arrays were placed in the fielddeersl months. Data from such
experiments were obtained as waveforms from the CALIXT@G,H, MIDSEA, SVEKA-
LAPKO, and TOR experiment. Another data collection (namegieds” data set hereafter)
was provided by the University of Leeds, UK (Arrowsmith, 3)@&nd the ORFEUS (Ob-
servatories and Research Facilities for EUropean Seigiyipltata center forms a further
important source of waveforms. A map of all station locasiendisplayed in Figure 4.1.

4.2.1 Leeds Data Set

This waveform collection comprises 150 stations from theSR8ritish Geological Survey),
DIAS (Dublin Institute for Advanced Studies) and LDG (Lahtwire de Détection et de
Géophysige, France) seismic networks. Many of theseosttlid not report arrival times
to the ISC on a regular basis. The data set contains registsdtom the period 1993-2001.
It was used so far only for classic teleseismic travel timmadgraphy with relative arrival
time picks (Arrowsmith, 2003; Arrowsmitat al,, 2005) to investigate the relation between
asthenosphere, lithosphere and crust beneath the Brifish. |We used the waveforms as
provided to us by S. Arrowsmith (pers. comm.).
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4.2.2 CALIXTO

The CALIXTO (Carpathian Arc Lithosphere X-TOmography) exment was carried out to
investigate the lithosphere/asthenosphere structutgeoftancea zone (southeast Carpathi-
ans) known for its strong and localized seismicity. From M&99 to November 1999, 110
mobile stations were placed in the field in Romania. The datavss supplemented by
registrations from 18 permanent stations in Romania (seezélet al. (1998) for details).
Among the published tomography studies about the CALIXT@eeknent are teleseismic
P tomography studies using relative travel time residudlar{in and Ritter, 2005; Martin
et al, 2006), an upper crustal absolute P tomography (Laatlak, 2004) and a study using
handpicked absolute P arrival times by Weidteal. (2005). However, absolute arrival times
were neither picked for S waves nor for the entire set of lacal regional events.

4.2.3 EIFEL

The EIFEL project was conducted to investigate the Quaatgrmolcanism in the Eifel and
a possible mantle plume as its origin. Between November E3@i7June 1998, 158 sta-
tions were operated in the Eifel and surrounding regionstteRét al. (2000) give an
overview of the experiment. Among studies about this expent are a receiver function
study (Grunewalebt al., 2001), a teleseismic P tomography (Ritétral,, 2001) and a tele-
seismic S tomography study (Keysadral,, 2002) both using relative travel time residuals.

4.2.4 MIDSEA

The MIDSEA (Mantle Investigation of the Deep Suture betwEenasia and Africa) project
was performed to fill gaps in the Mediterranean area whereroadiband registrations ex-
isted before and should therefore improve images of thedjthere and mantle beneath the
Mediterranean region (van der Letal., 2001). Registrations from 10 stations were available
via ORFEUS. These stations had been placed in the field foydata during the period June
1999 — May 2002. Among studies about this project are a recéinction study (van der
Meijde et al, 2003), a surface wave tomography study (Marebal., 2003) and a shear
wave splitting analysis (Schmiget al., 2004). For this data set, absolute arrival times were
not picked.

4.2.5 SVEKALAPKO

The SVEKALAPKO (SVEcofennian-KArelian-LAPland-KOla) gject was carried out in
Finland with the aim to get a better understanding of the &ifom of the oldest continents,
namely the core of the Karelian province of Archean age (a5 &28 mobile stations were
placed in the field from August 1998 to May 1999. The data seteempleted by registra-
tions from 15 permanent stations (see Bock and the SVEKALBR¢€ismic Tomography
Working Group (2001) for experiment details). Among stgdidout this experiment are a
receiver function study (Alinaghet al,, 2003), a teleseismic P tomography study (Sandoval
et al, 2003, 2004b), a surface wave tomography study (Brunetai, 2004) and a local
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tomography study (Yliniemet al, 2004). Only for the local study, absolute arrival times
were used.

426 TOR

For the TOR (Teleseismic Tomography across the Tornquisedo Germany—Denmark—
Sweden) experiment, 120 stations were placed in South Sw&knmark and North Ger-
many from October 1996 to April 1997 to image the Tornquistedhat separates the Baltic
shield from the younger (Phanerozoic) parts of Central geiran greater detail than before.
Many studies already exist for this experiment using a rafgeismological methods. Be-
sides an overview of the experiment given by Gregeeteal. (2002), among the studies
are a teleseismic P tomography (Arlgt al, 1999), non-linear P and S tomography stud-
ies (Shomalet al, 2006; Vos<set al,, 2006), receiver function studies (Gossitral, 1999;
Wilde-Pibrkoet al,, 2002; Alinaghiet al,, 2003) and anisotropy analyses (Wylegalla and TOR
Working Group, 1999; Plomerova and TOR Working Group, 20G2ypwever, none of the
named studies used absolute travel times.

4.2.7 ORFEUS

The ORFEUS Data Center provides the biggest data set particpicked for our study.
Their archive contains registrations from the years 198820 for stations of the European
digital seismometer network of which approximately halfted stations did either not report
at all or at least not regularly to the ISC.

4.3 Method

The data described above were obtained from the individuaices as waveform registra-
tions. Since the main interest of this study are the arrivaés, those waveforms were pro-
cessed further. They were either obtained already sortewdmyts or if necessary the events
were selected from the EHB catalog (Engdethl., 1998), a reprocessed version of the ISC
bulletins, using within Europe earthquakes witly > 4.5 and for teleseismic events earth-
guakes withn;, > 5.5. As the seismograms were provided in various data forntatg,were
converted by us to the common format SAC (Goldsgdial,, 2003). Since the stations were
equipped with different types of sensors, which are sessiti different frequency ranges, the
registrations were restituted to simulate the short paNdSSN (World Wide Standardized
Seismographic Network) sensor with a dominant frequenoyrast 1 Hz. Besides P-wave
arrivals for events in all distance ranges, also S-wavealsrivere picked for the CALIXTO
data set. In those cases, the registrations were restittiteé Wiechert sensor with a dom-
inant frequency of 0.1 Hz and continuing high amplificatiowards higher frequencies to
account for the lower frequencies of S-waves. As a next shepywaveforms were bandpass
filtered according to the epicentral distance of the reggstgphase and the phase type (cf.
Sandovakt al, 2004a). Theoretical travel times were computed for allstegtions in the
Earth reference model ak135 (Kennettal, 1995) to choose appropriate time windows for
the travel time picking.
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EHB

LEEDS
CALIXTO
EIFEL
MIDSEA
ORFEUS
SVEKALAPKO
TOR

Figure 4.1: Station locations. The different colours denote to whictwoek/data source the stations
belong.

Because of the large number of waveforms, hand-picking waseasible anymore. There-
fore, the picking of the arrival times was carried out witheang-automated picking software
developed by Sandovat al. (2004a). The picking was performed per event with a two-
step algorithm to ensure a good picking quality. First, ti&/8TA algorithm of Earle and
Shearer (1994) was applied. This algorithm is based on d-gron-average to long-term-
average ratio taken along an envelope function of the segjsano and returns the absolute
arrival time as a result. Then, the picks were grouped rediypand a reference station with
a high signal-to-noise ratio was selected manually for eagton. The reference waveforms
were cross-correlated with each other for consistency dtvthe regions. Afterwards, the
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waveforms within each region were cross-correlated with riéference station to improve
the STA/LTA pick. This method was applied for picking of thAldXTO, EIFEL, SVEKA-
LAPKO and TOR experiments.

Later on, the procedure was refined as it required input fl@wser to choose the reference
waveforms which would have been too time-consuming fordadata sets. Additionally, as
grouping by equally sized subregions is not the optimum @ggir for wide-spread station
locations as the ORFEUS stations, a cluster analysis wdsrpexd to group the stations.
Instead of cross-correlation an adaptive stacking metlasedb on the algorithm of Rawlin-
son and Kennett (2004) was applied to each cluster as thisathé more robust concerning
waveform variability than cross-correlation techniqua#ith this method, all waveforms
were initially aligned with respect to their theoreticadvel time and stacked. They were
shifted with respect to the stack to iteratively maximize #hack. As a result, the travel time
residual of each phase relative to its theoretical trawat tivas obtained and an error estimate
was computed via the misfit between the individual wavefanmsthe stacked signal. Subse-
quently, the STA/LTA picker was applied to the stacked wawefto obtain an accurate pick
of the phase onset and finally absolute arrival times werepced for each station from the
combination of STA/LTA pick and relative station residudl$e refined method was applied
to the ORFEUS, MIDSEA and Leeds data sets.

Such methods work well if the waveforms within a group/adustre similar to each other but
work less well if waveforms change rapidly with distance as be the case for example for
local events. Then, the picker allows for user input to prek arrival times by hand.

4.4 Results

In total, 86580 absolute arrival time picks were obtainethwin estimated picking error of
0.10-0.20 s. Table 4.1 gives a more detailed overview of thmber of picks. All residuals
used and displayed in this study are computed with respemk185. As is shown in Fig-
ure 4.2, the residuals (observed — theoretical travel teme)centered around -0.13 s with a
standard deviation of 1.05 s appropriate for a data set tr@bins information about many
different geological settings. The solid black line in Rigu.2 represents the best fitting
Gaussian curve with a standard deviation of 0.67 s. Towartgebresiduals, the observed
data do not follow a normal distribution but show a broadér tahis effect is mainly at-
tributed to errors in the data set (for example event misionar picking errors) but also to
3-D velocity structures along the ray path (e.g. Rohm, 18e@liamet al., 1993).

Generally, rays from teleseismic events recorded at a dgatien array take approximately
the same path through the Earth except for the part direetheath the array. Therefore,
their travel time differences for each event reflect the eigyodifferences of the crust and
lithosphere beneath the array. Two examples which indibetdigh quality of the obtained
picks are illustrated in Figure 4.3. On the left, an evenhim Afghanistan-Tajikistan border
region registered at the EIFEL array is displayed. It shoighdst residuals in the center of
the array and west of it (as the wavefront arrives from thé) éadicating the lower velocities
directly beneath the Eifel. On the right, the obtained tkdivee residuals for an event in
Japan registered at the TOR array are shown. A transitiorbeavbserved from negative
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Data Set Picks Events Distance Range
Leeds 5237 (P) 64 28°-162°
CALIXTO 4078 (P) 210 0°-158°
1484 (SV) 100 0°-86°
1564 (SH) 101 0°—88°
EIFEL 6288 (P) 90 5°—164°
MIDSEA 739 (P) 256 0°-160°
ORFEUS 56686 (P) 2056 0°—-178°
SVEKALAPKO 5606 (P) 102 20°-148°
TOR 4898 (P) 111 2°—160°

Table 4.1: Summary of the obtained arrival time picks.
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Figure 4.2: Histogram of the P residuals (with respect to ak135) for #wly picked data. The solid
line indicates the best fitting Gaussian function.

residuals in the north due to the high velocities of the Baltiield across the Tornquist zone
to higher residuals related to the slower velocities of thenger parts of central Europe.

Since the automatic picker works best for teleseismic eyentn though data for all distance
ranges were picked, for the remainder of this paper, focllsb@ion arrival times obtained
for teleseismic eventsY > 28°). Computing the mean of all teleseismic residuals obtained
at a single station will mainly reflect the regional velooigriations underneath the stations
as for a wide azimuthal coverage of epicentral regions soeffects and contributions of the
paths further away from the station will diminish. In Figurd, the mean teleseismic station
residuals of the new data and their standard deviationsrasepted (upper and lower right
respectively). For comparison, the mean teleseismic wadand standard deviations of the
ISC bulletins are displayed on the upper and lower left.

Negative residuals are found beneath the SVEKALAPKO arraythe northern part of the
TOR array reflecting the high velocities of the Baltic shi€lthe residuals become positive at
the southern part of the TOR array due to the lower velocdfebe underlying lithosphere.
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Figure 4.3: Example of residuals (with respect to ak135) obtained ferBH-EL (left) and TOR array
(right) for an event in the Afghanistan-Tajikistan bordegion (30 May 1998 06:22:31.1, 37.141°N,
70.094°E, z = 35.2 kmp, = 5.7) and Japan (19 October 1996 14:44:41.75, 31.911°N57383E, z =
18 km,m;, = 6.2) respectively. The green line indicates the directibimcidence of the wavefront.

The Eifel region shows only in the central part slightly pivsi residuals (on average) related
with the lower velocities underneath it but otherwise niegatelocities due to higher veloc-
ities in the surrounding crust and lithosphere (partidulto the north and northeast). For
the British data set, generally small residuals are fourttl thie most negative residuals in
the Central Highlands region possibly caused by high veéscof remnants of a subducted
oceanic plate (Arrowsmith, 2003, and reference thereih TALIXTO array shows positive
residuals in the bend zone of the southeast Carpathiansdne Transylvanian and Focsani
basins. Negative residuals are found towards the nortlogaite East European Platform,
the east and in the southwestern part of the seismic arrast @fehe Intra-Moesian fault).
Overall, 50 of the 160 stations in the ORFEUS archive did egbrt arrival times to the
ISC, in particular NARS stations (Network of Autonomouslgd®rding Seismographs, see
e.g. Paulsseat al. (1990, 2000)) and about 40 more stations either reportedlooal and
regional arrival times to the ISC or not for the entire peradebperation. Picking of arrival
times from the rest of the stations did not consume much &rtieadue to the applied picking
method. The ORFEUS stations on the East European Platf@plaglinegative residuals due
to the fast velocities of the old cratonic material benetthile for example the stations in
the Netherlands show positive residuals.

A comparison of the new data with the mean teleseismic ratsdchf the EHB catalog (orig-
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inating from the ISC bulletins) shows similarities but doettie locally denser station dis-
tribution regional variations can be seen in more detailoagkample across the Tornquist
zone.

The standard deviation of the new teleseismic residualgamerally low around 0.5-0.7 s
except for regions where the residuals show a strong azahd#épendence (e.g. TOR -
many events either from north-northeast along array doear perpendicular to the array
from east-southeast, CALIXTO - complex tectonic strucidue to collisional setting, deep
sediment basins) or concerning the highest standard dmsatvhere only few teleseismic
arrival time picks with greater variation exist. Nevertsd, the scatter of residuals is much
lower than for most of the ISC data indicating the high qyaditthe data set.

As a final inspection of the new picks, identical teleseismient-station-phase pairs were
retrieved from the EHB catalog and compared to the new pitgproximately 17,000 such
pairs could be found mainly from the ORFEUS catalog but alssfations of the other data
sets. As displayed in Figure 4.5, the new residuals are aiaged.09 s faster with a standard
deviation of 0.77 s for the difference between the residudis picking error of the ISC data
can then be estimated since the difference in residualegponds to the difference in picking
errors:

drsc =d+ersc 4.1)
dnew = d+ eNEw (4.2)
= drsc — dnEw = €15C — ENEW 4.3)

whered;sc anddy gy denote the individual, observed travel time residuals,the residual
without picking errors¢rsc andey gy are the picking errors.

With a picking error on the order of 0.15 s for the newly pickida, a standard deviation of
0.77 s for the distribution of; s — ey g Measurements and under the assumption of Gaus-
sian error propagation, the picking errors in the ISC datawnto approximately 0.75 s.
This value is larger but still in agreement with the estin@t&udmundssoet al. (1990) of

o = 0.5 s for random errors in teleseismic ISC residuals.

45 Conclusions

The main objective of this study was to obtain accurate alrtitne picks for stations within
Europe which did not report to the ISC and to fill data gaps giaes with few stations.
Waveforms were provided by spatially dense temporary areand data centers in Europe.
These waveforms were then preprocessed and absolutel éimea picked with the auto-
matic phase picker of Sandowalal. (2004a). Analyses of the picks show their high quality
and that they contain significant information on the gealqgperties of crust and upper-
most mantle directly beneath the stations. Therefore, élnedata set can be combined with
the ISC data for global travel time tomography to obtain dkhigsolution velocity model of
crust and mantle beneath Europe in particular beneath tisedstation arrays. Furthermore,
this study shows where lack of data/stations is still grtate.g. parts of East Europe or
Scandinavia). For future research, valuable informatmud also be gained from near real
time picking of the VEBSN (Virtual European Broadband Seignaph Network) as gradu-
ally more waveforms become available in near real time fatians which do not report to
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the ISC so far.
The new arrival time picks will be made available via anonysifip on ftp://terra.geo.uu.nl/-
people/amarul/.
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Figure 4.4: Mean teleseismic travel time residuals per station for tHBEata set (upper left) and the
new data (upper right) and standard deviation per statioth®oEHB data set (lower left) and the new
data (lower right). All residuals are computed with resgedhe reference model ak135.
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Figure 4.5: Histogram of the differences between residuals of the EHB dat and the newly picked
arrival time data set for matching station-event-phaselinations.
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Chapter 5

Travel Time Tomography With
3-D Reference Models

In global travel time tomography usually one-dimensiordaD)) reference models are used
with respect to which the forward tomographic problem iéirized. This leads to delay
times, ray path geometry, earthquake hypocenters anchdiiges which are computed for
the 1-D reference model. The delay time is the basic datuntofoographic inversion in
which it is back-projected along reference model ray paitsthe 3-D seismic wave speed
of the Earth’s interior. As a result of insufficient data tloenbgraphic inverse problem is
underdetermined which leads to tomographic models biasealtls the reference model.

In this study, the dependence of a tomographic model on fleeerece model is investigated
for the particular case of global travel time tomography: #his purpose we perform tomo-
graphic analyses with three different reference models,1oB model and two 3-D models.
The 1-D model (ak135) has been used in various global stadidsserves both to provide
the link to earlier studies and to provide a comparison tosxgeriments with 3-D reference
models. The first 3-D reference model we use is constructad fecent mantle tomography
models which are based on long period seismic data and indepeinversion techniques.
These models provide a long wavelength background of matrileture. The second 3-D
reference model is an adaptation of the first reference meldete we included the detailed
structure imaged with short period data in the well resopa&ds of the mantle.

Prior to tomographic inversion, earthquakes are relodatéte 3-D reference model using a
grid search technique and 3-D ray tracing. This also prele linearization of the forward
problem with respect to the 3-D reference model and resulisdelay time data set which is
consistent with the reference model.

We observe that in well resolved mantle volumes the imagedtsire is independent of the
reference model which supports the actual existence ofashagantle anomalies and gives
independent credit to the resolving power of the large sethoft period travel time data
used. In poorly resolved regions the different tomographaziels prove to be reference
model dependent. An important outcome of our experimendsrisw tomographic model
that combines in a consistent way the structure imaged With period travel times with the

49



5 Travel Time Tomography With 3-D Reference Models

structure imaged with long period data (long period S wava,daurface waves and normal
modes). This model is specifically useful, for example, faplacations in forward modeling
of seismic wave propagation, regional and global eventiocamantle dynamics studies and
analysis of the Earth’s gravity field.

5.1 Introduction

Global travel time tomography is a well established and pfwld¢ool to image the seis-
mic velocity properties of the Earth’s crust and mantle itade To retain computational
feasibility and reduce mathematical complexity, simpdifions are made in the process of
creating a tomographic model. Regarding mathematical éaxitp, seismic tomography is
a nonlinear inverse problem as a result of the dependenag/afaometry (or Fresnel zone
in finite-frequency tomography) on the seismic wave speatiarseismic travel times on
earthquake location. The forward problem is, however, gdnMmearized with respect to
properties of a reference model of seismic wave speed. Inaghapproximation, Fermat’s
stationarity principle is invoked to replace the true rayhpay the ray path in the reference
model and changes of travel time as a result of event mistocate approximated by a first
order Taylor expansion of the travel time with respect tolsnenges in the source location
(e.g. Spakmaeet al,, 1993). The quality of these approximations depends on tilaéity of
the reference model in the sense of being already a closexipyation of the seismic wave
speed structure of the Earth. What close means in this reBpsmot been thoroughly in-
vestigated but experiments by van der Hilst and Spakmarg)1®&&l Spakmast al. (1993)
demonstrate that changing the reference model for mantiedoaphy significantly affects
the tomographic model. This effect is also well known fromdbtomographic studies of the
crust (e.g. Kisslinget al,, 1994).

In global travel time tomography usually 1-D reference msdee used in which wave speed
only varies with depth. Different 1-D reference models efislating to different data types
or subsets of global data) and several of these have beeragseterence models in tomo-
graphic research as they already give a good approximafitimeovelocity distribution in
the Earth. Nevertheless, lateral variations exist withim Earth being strongest in the crust
and uppermost mantle. These 3-D heterogeneities obvialffsigt the travel times of waves
and can also significantly modify the paths which rays takeugh the Earth (e.g. oceanic
versus continental crust). Therefore, in many tomograpigias corrections are applied to
account for such 3-D structure. For example, in local tédpsie travel time tomography it
has become standard procedure to correct travel timesdstatr3-D velocity structure be-
neath a seismometer array and afterwards fix crustal videdgit the inversion process (e.g.
Sandovakt al, 2003; Martin and Ritter, 2005). As another approach, bgieneities in the
crust can be included by forcing of the tomographic inversel@htowards an assumed 3-D
crustal model (Liet al, 2006). This, however, neglects ray-bending effects.

By performing 3-D ray tracing, ray path geometry can be manfsistent with 3-D structure
obtained during inversion. This has been applied in variotal and regional tomography
studies (e.g. Papazachos and Nolet, 1997; Sanddwdl 2003) besides a few global non-
linear tomography studies (Bijwaard and Spakman, 2000jyafidoroet al, 2000). So far,
only Widiyantoroet al. (2000) have started directly from a 3-D reference model lieirt

50
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tomographic inversions of 400,000 S-wave travel times.
In this study we will perform global tomographic experimgestarting from different types
of reference models (1-D and 3-D). Our aim is three-fold:

1. to investigate the dependence of global tomography rsagielthe reference model
used (1-D or 3-D reference models)

2. to create a tomographic model that combines the infoonaibntained in short period
travel time data with that of long period seismic data

3. torelocate a large earthquake data set to account forEhke€erogeneities contained
in the 3-D reference model

The scientific rationale underlying these three goals véltlescribed in the following:

5.1.1 The dependence of global tomography on the referenceoatel used

Even if a data set provides a perfectly resolved tomograpittidel, the linearizations and
other theoretical simplifications made in the forward peshle.g. adopting ray theory) may
still produce spurious and biased results in the tomogcaploidel. Data are back-projected
along the wrong seismic ray paths (approximations of thieraggaths), and the seismic rays
used generally start from the wrong source location. Effelt, these approximations cause
inconsistency between the observations and forward madpgpties and translate implicitly
into (correlated) data noise which may be mapped as spusiismic wave speed anoma-
lies or bias results both spatially and in imaged amplityéeg van der Hilst and Spakman,
1989; Spakmaet al, 1993). After a tomographic model has been obtained it camskd
as a reference model for a subsequent forward modeling amtsion step in which 3-D
ray tracing effectively provides linearization with resp&o 3-D mantle structure imaged in
the previous inversion step (Bijwaard and Spakman, 200djy4htoroet al, 2000). This
may remove part of the bias but can only be expected to rem@asipletely if the ray set
used provides near perfect spatial resolution. Yet, perésolution does not exist in global
mantle tomography owing to the strongly non-uniform glatiatribution of earthquakes and
seismological stations. As a result, (large) parts of thaetteaare not well sampled leading
to a poor resolution and a biased or spurious model. Theds pfathe model are mostly
determined by the regularization used in the inverse probiEhe regularization determines
how properties of the reference model blend into the tonagcanodel. Rays that are traced
through these parts of the model cannot converge to theag@eometry and as a result the
final tomographic model depends on the reference (stanioglel. The only way to assess
the dependence of the final model on the starting model is pgranenting with different
starting models. In this study we present global tomograpbygels based on 1-D and 3-D
reference models, to assess the effects which differertingfgpoints may have on tomo-
graphic results.
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5 Travel Time Tomography With 3-D Reference Models

5.1.2 Creating a tomographic model that combines the inforration con-
tained in short period travel time data with that of long period
seismic data

Depending on data type (short period travel time picks, Ipagod travel times determined
from waveform correlation, surface waves or normal modasfpomographic technique (pa-
rameterization with spherical harmonic basis functiorrswe parameterization with local ba-
sis functions) and on regularization techniques (ampditddmping and/or derivative damp-
ing), distinctly different mantle models have been crea#dough special regularization
techniques can be used to improve similarity between models

Models based on classical arrival time picks of short peFeaslaves and parameterized with
local basis functions (e.g. conical cells) generally conarge, poorly resolved mantle vol-
umes for which insufficient data exist to reliably image stune, for example, in the upper
mantle below oceans, particularly in the southern hemisph#&’hen using the same data in
conjunction with a parameterization with global basis fiors (spherical harmonics) these
data gaps are implicitly interpolated in the model spaceiliye of the global nature of the
basis functions. Boschi and Dziewonski (1999) offered ned@tion of both approaches
by combining a cell parameterization with regularizati@séd on first derivative damping.
By its nature however, first derivative regularization ipates (and extrapolates) in model
space, particularly, in regions of few or no data constraifithese interpolated parts of the
model remain, however, in the null space of the tomograptablpm.

Tomography based on local parameterizations is partiguleseful to exploit the resolv-
ing power of short period P-wave data in well sampled marmtgons (e.g. van der Hilst
et al, 1997; Bijwaardet al,, 1998) while tomography using global spherical harmongida
functions is useful in conjunction with data with a relativéow sensitivity for the detalil
(< 200 km) of mantle structure such as normal modes, surface wanes;arefully selected
long period S-wave or P-wave data (e.g. Li and Romanowicg261Bkstrom and Dziewon-
ski, 1998; Ritsemaet al,, 1999). Unlike travel time tomography models, such modeds a
based on a more uniform sampling of mantle structure albégirge wavelength (e.g. later-
ally 500-1000 km or larger). Long period data are largely ptamentary in sensitivity for
mantle structure compared to the sensitivity of short gedata, and in part complementary
in spatial sampling of the mantle. A combined inversion afrsiperiod travel time data with
long period data would be beneficial to arrive at a more cotaéuctural model of the
mantle.

In this study, we choose for a hybrid approach to reach théd by taking independent (in
data and technique) tomographic models based on long péaiadas reference models for
tomographic inversion of short period P-wave data. In théywhe partly complementary
structural information contained in long period data i®afty contained in the background
of our experiments, and will (hopefully) be more focusedégions where the short period
travel time data may prove to have superior resolving poaestructural detail.

5.1.3 Nonlinear earthquake location in 3-D models of mantlstructure

Standard, earthquakes are located in 1-D reference madgld$C, NEIC procedures). The
procedure developed by Engdatlal. (1998) particularly advocates the use of modern 1-D
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reference models and empirical station corrections togadtlpartially, account for effects
of near-station crust and mantle structure. As noted eatbenographic models based on
travel times (derived from earthquake location in 1-D mejlshow that large parts of the
mantle are insufficiently resolved owing to lack of data. vElaime models based on lo-
cal parameterization and using local regularization sagtigt the resolving power of the
short period P-wave data for the very long wavelength cardémantle structure may not
be strong. Models constructed from long period data (inolgdurface waves and normal
modes) do, however, indicate the presence of very long wagéh mantle structure. One
possibility for explaining this difference between modisishat during earthquake location
(part of) the signal belonging to long wavelength heteraifgris mapped into a hypocenter
mislocation depending on the global or regional stationvogt involved for each event. A

way around this potential problem is relocation of earthkgsan long wavelength tomogra-
phy models. In this way, our procedure of using 3-D referanodels requires 3-D location
of the earthquakes prior to tomographic inversion in the i@ference model, which will also

account for effects on the location of the far-field long wangth structure of the mantle.

In summary, we anticipate that 3-D ray tracing and nonliresathquake location in a real-
istic 3-D reference model prior to tomographic inversionyide a better starting point for
inversion than a simple 1-D reference model could. Indepehaf this, our hybrid approach
of using long wavelength tomography models of Earth stmegtwhich are constructed from
long period data, as 3-D starting models for short-periaddktime tomography will blend

the structural information implicitly contained in shornnd data with that obtained from
inversions of long period data. This leads to a more compieteel than either approach by
itself can deliver at present.

5.2 Data

5.2.1 EHB catalog

The main data source for travel time tomography is a repsatkand updated version of
the International Seismological Centre (ISC) bulletinseaxled with travel times from the
National Earthquake Information Center (NEIC) of the U.&olagical Survey for the most
recent events (Engdakt al, 1998). This database will be referred to hereafter as EHB
catalog. The latest version of this database containseeealie observations for the period
1964-2004 including over 445,000 events for 27.4 mill. fustl later arriving phases. The
processing of Engdaldt al. (1998) comprised a phase re-identification, theoreticaletr
time calculation in the reference model ak135 (Kenaedl., 1995) and source relocation in-
volving corrections for crust and mantle heterogeneitgnirthat catalog, 7.9 mill. regional
P arrivals, 9.7 mill. teleseismic P, pP and pwP arrivals aisdniill. PcP, PKPab, PKPbc,
PKPdf and PKIiKP phases were selected for the global P torpbgraf this study. The selec-
tion criteria for epicentral distance and travel time rasidange are given in Table 5.1. The
precision of the P phases was estimated following the meth@didmundssogt al. (1990).
This method uses ray bundles of teleseismic phases witleasiog width to extrapolate the
standard deviation of ray bundles with zero width, whichrisspmed to be the upper limit of
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errors in the data. For the phases selected from the EHBogdt@l25° — 100° distance this
error is estimated to be 0.65 s.

5.2.2 Euro-Mediterranean bulletin

The Euro-Mediterranean bulletin of the Euro-Mediterran8aismological Centre (EMSC)
provides the second data set used in this study. Like the Etag, this bulletin contains a
collection of travel time observations but only from locatworks in the Euro-Mediterranean
region (Godeyet al, 2006). Well constrained earthquakes in this catalog welecated
by the EMSC. However, if existent, the corresponding EHBatam is used here instead
of the EMSC locations. Otherwise, the events are relocateaki35 including empirical
regional travel time corrections for consistency with th¢Bcatalog following the approach
of Engdahlet al. (1998) and using the relocation method described in Sebti®dnFrom the
resulting EMSC subset, 155,000 travel time residuals frdr@d0 events were selected using
the selection criteria given in Table 5.1. Following the huet of Gudmundsscet al. (1990),
here the upper limit of random data errors was estimated @a#s.

5.2.3 Newly picked data for stations in Europe

Additionally, temporary experiments in Europe (CALIXTO énzelet al, 1998), EIFEL
(Ritter et al, 2000), MIDSEA (van der Leet al, 2001), SVEKALAPKO (Bock and the
SVEKALAPKO Seismic Tomography Working Group, 2001), TORéGersert al., 2002)),
the ORFEUS archives (Observatories and Research Faflitieeuropean Seismology) and
a data collection from Leeds University, UK (Arrowsmith,3) form another source of data
for travel time tomography. The data from these station®evedtained as waveforms, pre-
processed and picked with the automatic picking method afi®ealet al. (2004a). This
procedure resulted in a total of 83,500 P-wave travel tirsee @lso Chapter 4). The picking
errors were estimated within the picking algorithm to beragpnately 0.15 s. The obtained
travel times were later on combined with the Euro-Mediteean bulletin and EHB catalog
data using the same selection criteria as for the EHB catalog

5.2.4 Newly picked data for stations in North America

Furthermore, in North America many of the data registered stored by the Advanced
National Seismic Network (ANSS), the Incorporated Redeanstitutions for Seismology
(IRIS), the Canadian National Seismic Network (CNSN), tbatBern California Earthquake
Data Center (SCEDC) and the NARS-Baja project (Tramgieat., 2003) are not reported to
the ISC on a regular basis. Data from these sources weraebtéor 2002—2004 and build
the fourth subset used here. Originally, the data set wasi@cbpnd picked by Sandowet al.
(2004a) as part of an investigation of the lithosphere andtim@eneath North America. It
was obtained using the same processing as for the Europ&aseataand contains 120,000
P-wave picks for 486 events. As for the newly picked datat@ti@ns in Europe, the picking
error is expected to be on the order of 0.15 s since they weednadl with the same picking
method. Again, the same selection criteria as for the EHBlagtwere applied.
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phase type epicentral distance residual range
P < 25° +7.5s
P > 25° +3.5s
pP, pwP (focal deptk 35 km) 25° —100° +35s
PcP 25° — 40°,47° — 70° +3.5s
PKiKP, PKPdf 110° — 140° +3.5s
PKPab, PKPbc, PKPdf > 150° +3.5s

Table 5.1: Selection criteria for the different phase types used fordgraphy.

5.3 Tomographic method

In seismic tomography, travel time residuals, i.e. theeddéhce between observed arrival
times and the corresponding reference model arrival tiaresysed to invert for 3-D velocity

variations with respect to the reference model. In the liighuency approximation, the

Fresnel zone collapses into a seismic ray and seismic waagation theory reduces to
seismic ray theory. In this approximation travel times amenputed by integration of the

slowness along the ray path resulting in the following déilane equation:

d:/st—/ 50 dlo +ALy + Ay + € (5.1)
L Lo
Tz (s) T, (s0)

whered represents the delay/travel time residual, the first andrekintegral describe the
computation of the "true” and predicted travel tinigg(s) and7, (so) respectively withZ
as ray path through the Earth starting at the true earthdoakéonzx, L, as ray path in the
reference model starting at the reference locatignil anddl, are the ray segmentsjs the
Earth’s slowness field ang, is the slowness field of the reference modak.,, contains the
timing error due to source mislocation as a result of the sksg anomaly field — sq, At
contains travel time effects due to station elevation asttiment response ardlescribes
the observational errors (e.g. picking errors or phasedmigification, remaining location
errors). Equation 5.1 holds for any adopted reference model

The first integral of equation 5.1 is linearized under theiagstions that the ray path in the
reference model is sufficiently close to the actual ray pathé Earth { =~ L) and that the
reference earthquake locations are sufficiently closeaadhl locations. The effect of the
spatial earthquake mislocation on the travel time is apprated by a Taylor expansion of
the travel time around the reference sourge This leads to the forward equation of travel
time tomography based on ray theory:

d= (s — s0) dlo + (x — xq) - VoTa + Aty + Aty + € (5.2)
Lo

In a tomographic analysis, a large set of delay time equafo? derived from many source-
station combinations is discretized and inverted for esté® of the slowness anomaly field
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s — sg, event mislocationg — xg, origin time errorsAt, and the station statics terrt,.
Following the approach of Bijwaaret al. (1998), composite rays are used instead of single
rays for the EHB and EMSC data where a composite ray is boithfsingle rays of the same
phase type which are recorded at the same station and dadioan the same event cluster
(defined by volumes a#.3° x 0.3° x dz with volume thicknesgz increasing from 15 km

at the surface to 40 km at 660 km depth). In this way, the nurobdata for inversion is
reduced and at the same time the signal-to-noise ratiodserk The data are weighted prior
to inversion by the spread of the individual delay times ittihe respective ray bundle to
account for the difference in ray bundle size.

S (dE - dt;)?

Wt = ¥

(5.3)
wherelV,;, represents the ray bundle weight; is the delay of ray anddt is the average
delay of the ray bundle. The weights were restricted to oderosf magnitude.

For the newly picked data (Section 5.2.3 and 5.2.4), this@gh is not used as their quality
is expected to be higher. Instead, single rays with largghteire used. The resulting data
vector contains 10.4 million residuals from originally 4nillion single residuals.

The Earth is parameterized by an irregular grid of non-@mging cells according to the
method of Spakman and Bijwaard (2001) where the cell sizemi@pon the number of rays
crossing a cell. The horizontal cell size varies in crust arahtle between 0.5¢ 0.5° and
10.0°< 10.0° with an increasing layer thickness from the crust (1) to the lower mantle
(200 km). The inner and outer core are both parameterizeddiggde layer with cells of
10°x 10° to allow for core structure but simultaneously prevangé model variations. The
irregular grid is constructed from 8 035 000 cells of 53.5° which are projected using a
hitcount constraint onto 604 000 non-overlapping irregoéls. The irregular cell approach
mostly reduces overparameterization thereby improviegtnditioning of the inversion ma-
trix while retaining the possibility to resolve structuttesenall scales (0.5°) where allowed by
the data.

The tomographic inversion itself is performed iterativeligh the LSQR algorithm of Paige
and Saunders (1982). Simultaneously with the inversiocétirslowness anomalies, we in-
vert for event cluster mislocations and station correcioA second-derivative damping is
applied to regularize the solution of the inversion and ttaivba smooth model. Additionally,
for inversion with 3-D reference models an amplitude dampéapplied to suppress large
model excursions particularly in the crust and directlydwgh it. The model parameters are
scaled for inversion dependent on cell size and hitcountrtpreasize small cells and weigh
down cells with very high hitcounts in the lower mantle feliog the approach of Bijwaard
et al. (1998):

C,"*A g1 _(C;'d
( o )sTim = . (5.4)

where A contains the ray path segments, relocation and statioriicieets, C,; represents
the data covariance matrix,is a damping factor controlling the trade-off between daitim
and model norm/smoothness varying between 1000 and 100§ the matrix of damping
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coefficients S the scaling matrix wit{S;;) = h;V; andh; andV; are hitcount and cell vol-
ume respectivelyn’ = S2m is the scaled model vectan andd the data vector consisting
of the travel time residuals.

5.3.1 Reference Models
1-D reference model

The radial model ak135 by Kennedt al. (1995), which has served as reference model in
many other studies, is used as the 1-D reference model. Biredsa set of travel time delays
and earthquake locations is already consistent with tliesence model. The tomographic
model computed with respect to ak135 is hereafter called P06

Long wavelength 3-D reference model

We constructed a 3-D reference model from two global tomglyyanodels determined from
long period data. The CUB2.0 model (Ritzwolketral, 2002b) covers the crust and upper-
most mantle and is combined with the model S20RTS (Ritsetved,, 1999) in the deeper
mantle. The CUB model is based on broadband surface wave graliphase velocity mea-
surements and implicitly contains a global crustal modeteiit uses CRUST2.0 (Bassin
et al, 2000) in the background. The P velocities are taken as geovby this model. Be-
tween 200 and 300 km, the model S20RTS is smoothly blend iigussitlepth-weighted aver-
age of both models. S20RTS is based on Rayleigh wave phasgtyegheasurements, shear
wave travel times and normal mode splitting measuremeimseS20RTS is a shear veloc-
ity model, it is converted to P velocities using the deptpeateent/Inv;/d In v, values of
Bolton and Masters (2001) which range from 1.345 in the uppeantle to 3.45 in the lower-
most mantle. In the Earth’s core the 1-D reference modelaki8sed. The reference model
is called CUB+S20RTS with which we compute two tomographacleis: PO6CS obtained
without a priori 3-D relocation of earthquakes, and RD6loc which is obtained starting
from 3-D relocated events in the reference model CUB+S20RESpaths and travel time
predictions in the reference models are obtained with 3yyaaing (Bijwaard and Spakman,
1999a).

Hybrid 3-D reference model

Itis well known that velocity anomaly amplitudes are sysatinally underestimated in travel
time tomography as a result of reduced resolution, regadddn, and incomplete conver-
gence of the LSQR algorithm. Sensitivity tests with syrithetodels demonstrate that in
many regions recovered amplitudes are on the order of 50afa¥e synthetic amplitudes
while the synthetic velocity patterns can still be well rastucted. The amplitude loss can-
not be recovered by inversion (it is in the null space) butlémge enhancement can be made
as part of the reference model. For this purpose (and fohano¢ason discussed in section
5.5.3) a 3-D reference model is constructed that combireebéiter-resolved part of model
P06 with reference model CUB+S20RTS. Prior to this cominahe amplitudes of PO6 are
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first uniformly enhanced by a factor 2. Next, to correct forpdified amplitudes that would
affect the data fit we only retain the part of the amplificatioat is located in the null space of
the inverse problem. This part can be determined with thiespake shuttle of Deal and Nolet
(1996). The resulting model P6s blended with reference model CUB+S20RTS leading to
the new reference model CUB+S20RTS+P0@ he reference model construction is imple-
mented along the following lines: The tomographic invensebfem in which ak135 is used
as reference model leads to the solutigRs and is described by the following equation

AEPQG =d (55)

where A contains the ray path segments in each grid cell énsl the data vector. The
difference between the amplified tomography medgl, (= 2z pos) and the obtained model
Z pog IS

Az = Tamp — T P06 (56)

The part ofAz which lies in the null space A (i.e. Az,,,;;) can be found by applying the
null space shuttle of Deal and Nolet (1996): bkdbe defined as

h = AAx (5.7)

andAz be the sum of the components lying in the rangdec{,,4.) and in the null space
(Axnull) of A such that

Ax = Amrange + Amnull (58)
Then inversion of
AAz = A(Ax,gnge + AZpuy) =h (5.9

will give an estimate oAz, 4,4 aSAAZ,.; = 0 by definition, so that the final amplified
model (using eq. 5.8 to obtalyz,,,;;)

Tpost = TPo6 + ATpul (5.10)
does not affect the data misfit since

Az pos+ = Azpos + AAT,u =d (5.11)
————

=0

The final, amplified model P0O6is then combined with CUB+S20RTS applying a hitcount-
dependent criterion where the hitcount is the number of cagssing a cell. For cells with

a hitcount greater than 500/1000/2000 in the upper/midtawantle P08 is used. A grad-
ual transition from P06 to CUB+S20RTS is achieved by using a hitcount-weighted-aver
age of both models in an intermediate hitcount range. Fds @gth a hitcount lower than
100/200/400 in the upper/mid/lower mantle CUB+S20RTS edu#\Iso, to ensure a smooth
transition between P06 and CUB+S20RTS, the combined madsmibothed taking into
account the adjacent cells in latitude and longitude dibactIn the Earth’s core the 1-D
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reference model ak135 is used. With respect to referenceh@dB+S20RTS+P06 we
compute two tomographic models: PGB obtained without a priori 3-D relocation of earth-
quakes, and PQ8DIloc which is obtained starting from 3-D relocated eventihie reference
model CUB+S20RTS+P06 Again, raypaths and travel time predictions in the refeeen
model are computed with 3-D raytracing.

5.3.2 Relocation

In the only other global tomography study using 3-D refeeemodels of Widiyantoret al.
(2000), relocation of earthquakes in the actual referermaatis neglected. Yet, to establish
complete consistency between source parameters, trened tind the reference model, it is
necessary to relocate the events in the 3-D reference modibks relocation procedure is
based on the grid search method of Sambridge and Kennett).198ing the ak135 (EHB)
location as starting point, the grid search is performediadahis location. Initially, a grid
of 2 km node spacing is used which is subsequently refined ta hdde spacing. The grid
nodes are supplied with theoretical travel times of the &f@nence model using the ray trac-
ing method of Bijwaard and Spakman (1999a).

From an analysis of the distributions of epicenter, depth@igin time shifts with respect to
the original EHB locations, we discarded the 2% of relocatiwith the largest shifts in the
tails of the respective distributions to avoid erroneousaations. The rejected relocations
consist mainly of events which are only regionally constedior where only few arrival times
could be used. Thus, for relocation in CUB+S20RTS 426,00@b450,000 earthquake re-
locations were accepted, for the rest we kept the originds Eddation. For relocation with
CUB+S20RTS+P086 434,000 relocations were accepted. The differing numideasaepted
relocations and generally smaller relocation vectors fOBES20RTS+P086 indicate that
CUB+S20RTS+P086 explains travel times better than CUB+S20RTS.

In summary, five tomographic models will be determined:

» P06 with respect to the 1-D reference model ak135

* POGCS with respect to CUB+S20RTS but without 3-D relocation wéres prior to
inversion, i.e. 3-D ray tracing starts from ak135-locasion

» PO6.CSloc with respect to CUB+S20RTS with 3-D relocation in tt@erence model
prior to inversion

» P06.3D with respect to CUB+S20RTS+P0®ut without 3-D relocation of the events

« P06.3Dloc with respect to CUB+S20RTS+P0@&nd with 3-D relocation of the events
prior to inversion

5.4 Model Resolution and Variance Estimates

Before analyzing and comparing the resulting tomographgets) the spatial and amplitude
errors of these models are estimated. As stations and exentet equally distributed over
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Figure 5.1: Logarithmic hitcount (i.e. number of rays crossing a cellp@km, 440 km, 1175 km and
2650 km depths.

the Earth, the resolution of the velocity models variesiafigt The former fact is clearly in-
dicated in the hitcount maps (Fig. 5.1). For example, rayecage in the uppermost mantle is
low beneath the oceans and cratons due to a low number ofjeakbs and seismic stations.
The computation of the formal resolution matrix is pradticexcluded due to the large
number of parameters, therefore tests are performed witthetic models (Spakman and
Nolet, 1988) to find the minimum size of anomalies that candos®mnstructed and to detect
lack of resolution. The synthetic models for these testsaionvell separated spikes &f5%
amplitude with respect to the reference model with a distarf@t least once the spike size
in all directions between them and being shifted lateraliyhwepth. The spike models are
generated on an equal surface area grid and subsequerjégtptbonto the irregular grid.
Theoretical travel times are then calculated and Gaussgribdited noise with a standard
deviation of+0.5 s is added to the data. The spike amplitudes-6% are large compared
to the overall seismic P-anomaly values typically imagesv(percent in the upper mantle,
less than 1% in the lower mantle). We have adopted theseeatjymtmplitudes because they
lead to a signal-to-noise ratio of the synthetic delayschlis comparable to that of the real
data when Gaussian noise is added to the synthetic delaysstandard deviation of 0.5 s
(comparable to data noise). We aim at a similar signal-ieexoatio because we want to
mimic the inversion of real data as closely as possible. €asan why much larger synthetic
amplitudes are needed to obtain a similar signal-to-naisie lies in the different structural
character of real Earth structure and of the synthetic nsodstd. Synthetic delays are ac-
quired along rays that sample the alternating pattern &espnplitudes where positive and
negative contributions to the synthetic delay cancel fargd part along most ray paths. In
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o[ T I 0%

Figure 5.2: Spike tests for a cell size of 2°2° at 50 km depth, 3% 3° at 440 km depth, 52 5° at
1175 km depth and 5¢ 5° at 2650 km depth. The grayscales give the amplitude ofelaity anoma-
lies.

this sense, the alternating spike model is typically a mtithl lies close to, and in practice
usually partly in, the null space.

Earlier work (Bijwaard and Spakman, 2000) and our own expenits have shown that sen-
sitivity test results, when using ray paths in a 1-D model dew using ray paths in 3-D
models, only differ in small local detail which cannot beigaguantified as being a signifi-
cant local improvement or degradation of spatial resofutMe are mainly interested in the
more global effects of using different starting models fawel time tomography and have
observed that the tomography models are not differentlyived on larger spatial scales, ir-
respective of the reference model used. For this reason wedwmmcentrated on conducting
sensitivity tests with the ray path set as computed in theal<IB5 reference model. The fact
that spatial resolution on larger spatial scales is higblyparable between models renders
resolution as less discriminative for comparison of ressait global scales.

In Figure 5.2, 5.3 and the appendix of this thesis (Fig. A.A0), examples of such spike
tests are shown at various depths with spikes of differemtssincreasing with depth as the
spatial resolution decreases with depth. While in the esilved regions of the uppermost
mantle anomalies of 0.50.5° horizontally can be reconstructed, in the lowermosttiea
only anomalies of 3.023.0° to 4.0%4.0° and bigger can be imaged (Figure 5.3). Further-
more, resolution is generally poor below oceans, in pagicin the southern hemisphere and
in the lowermost mantle stronger lateral smearing is olegktivan at shallower depth.
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X
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Figure 5.3: Blow-ups of spike tests for a cell size of 0:60.5° beneath Europe at 50 km depth and
4°x 4° beneath southeast Asia at 2650 km depth. The grayscaleshg amplitude of the velocity
anomalies.

To estimate the uncertainty of the velocity model causedrbgre in the observed travel
times, various methods can be applied, for example, using&an distributed noise as data
vector while keeping the original matrix for inversion (rurformed here). As another test,
the data vector can be permuted randomly before perfornhiagriversion keeping again
the same inversion matrix as for the original data vectomkgmn, 1991). This test also
serves to investigate the correlation between data andatég pvhere one would expect that
the resulting model shows random anomalies of low ampliffitleere are no correlations
between delay times and ray paths. An example of such a tgstaa in Figure 5.4. In
general, a random model with low amplitudes (.2 — 0.3%) is found in regions of good
ray coverage. Only poorly sampled regions, as for examgeNibrthern Atlantic at 50 km
depth, display systematic anomalies of higher amplitud& %).

Data variance reduction obtained from the inversions ramgéween 44.7% and 75.0% de-
pending on how well the respective reference model alreadgigts the travel times (see
Table 5.2). However, the inversions result in standardatmns of the weighted composite
residuals between 1.44 to 1.58 for all models. The largesidsird deviations are found for
CUB+S20RTS as starting model while they are comparableibdaand CUB+S20RTS+Pd6
as starting models (taking into account that during 3-D raging in the 3-D reference mod-
els noise on the order of 0.1 s is added to the residuals (Bifgivand Spakman, 1999a)).

As a further analysis of model properties, the mean anonradytlae respective root-mean-
square (RMS) values are computed for each layer and celisatittcount greater than 1000
(Fig. 5.5). The biggest model amplitudes are found in thetcand upper mantle. In par-
ticular, the models which implicitly contain CRUST?2.0 d&plarge average velocity pertur-
bations in the crust with respect to ak135. On average,ipesialues are observed in the
upper mantle in CUB+S20RTS and the according inversion tsd@@eCS and P0OSCSloc
as those models are dominated by high-velocity anomaliegjions sampled by short period
P waves in the upper mantle while they are negative in ther atleelels below 200 km depth.
The mean values reduce to less thaim2% in the mid and lower mantle. For comparison,
the mean velocity perturbations of the permuted data véespvare displayed which are close
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Figure 5.4: Sensitivity test with a randomly permuted data vector at 80 &40 km, 1175 km and
2650 km depth.

variance reduction mean residuad mean residuako
from inversion relative to the start. model relative to thats model

before inversion after inversion
P06 52.1% 0.0% 2.08 0.08-1.44
P0G CSx 75.0% 1.30: 3.04 0.06:1.52
P0G CSlocx 61.6% 0.1%2.55 0.0@:1.58
P06.3Dx 62.0% -0.66£ 2.40 0.06:1.48
P06.3Dlocx 44.7% -0.14+ 1.99 0.06:1.48

Table 5.2: Data variance reduction from inversion of all models andrfean+ standard deviation of
the weighted composite residuals with respect to the stantiodel before and after inversion.
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to 0% throughout the mantle.

High RMS values are found in the models with a 3-D referencdehan particular, for the
inversion models POBD and P063Dloc. RMS values below the Moho reduce free2.5%
to 0.5%-0.7% at the 660 km discontinuity. In the mid and lomantle, they are smaller with
0.1%-0.3% increasing again in the lowermost mantle. Theaghofdthe permuted data vector
test contains RMS values ef 0.25% at the top, reducing tez 0.2% in the upper mantle
and to< 0.1% in the lower mantle. This RMS profile resulting from the petetidata test
provides an upper bound for the amplitude errors since ttee ata treated as errors in this
test while true data errors are smaller.

5.5 Results

We focus on the tomographic models P06, RiX8loc, and PO&Dloc which are all ob-
tained from inverting data sets (delays, ray paths, and ¢smiers) that are consistent with
the reference models used (ak135, CUB+S20RTS, and CUB-I20P06, respectively).
For display and interpretation purposes all models arelalisg with respect to reference
model ak135. Using a different reference model for displ@ntthe starting model for in-
version proves useful for interpretation of crust and meastructures (e.g. Kissling and
Spakman, 1996). Two other models are shown, E&8ocx and PO&DIocx, which con-
stitute the actual inversion results with respect to therexfce models CUB+S20RTS and
CUB+S20RTS+P08, respectively, and show explicitly how and where the rafeeemodel

is changed.

5.5.1 Tomography with respect to a 1-D reference model — P06

The first model (P06) will serve as a standard to which all othedels will be compared to
illustrate the effect of using a 3-D reference model. As tine af this study is to investigate
the dependence of global tomography on the reference medgelr€location in the reference
model, type of model used) we will present the main anomdtiaad in the tomography
models only briefly. The information contained in the tratiele residuals is easiest ob-
served in the model P06 obtained with ak135 as reference ImbdEigures 5.7 and 5.13,
it is displayed in the top row at 50 km, 185 km, 440 km, 1175 k®0Q@ km and 2650 km
depth.

Interpretations can be given according to studies by Getral. (1997), Bijwaardet al.
(1998), Bijwaard and Spakman (1999b), Getsl. (1999), Rangiret al. (1999), van der
Voo et al. (1999) and Montelliet al. (2006). In the upper mantle high-velocity anomalies
are related to subducted slabs as, for example, along thgafldarmadec trench (see also
Fig. 5.8) or beneath southeast Asia (see also Fig. 5.9).ii@omnal shields and cratons in the
upper mantle are also imaged by high-velocity anomalies the Canadian Shield or East
European platform in Fig. 5.7 at 50 km, 185 km), while loweaaty anomalies are associ-
ated with tectonically active regions such as mountain ean@.g. Alps, North American
Cordillera), back-arc basins (e.g. Western Mediterrarssin) or rifting/spreading centers
(Mid-Atlantic ridge, Red Sea). Furthermore, low-velocityomalies can be related to higher
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Figure 5.5: Depth-dependent laterally averaged velocity perturbatiop) and root-mean-square val-
ues (bottom) with respect to ak135 of the different modetsrégions sampled by more than 1000
rays.
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Figure 5.6: Location of the regions mentioned in the text, blow-ups $F§8 to 5.10 and vertical cross-
sections (Fig. 5.14). Abbreviations: Al - Alps, Ap - Altipla, ArSh - Arabian Shield, CaSh - Canadian
Shield, Carib - Caribbean plate, EAR - East African rift, EEPast European platform, Eif - Eifel, Hi
- Himalaya, N-Am Cord. - North American Cordillera, RS - Re€aSThy - Tyrrhenian Basin, TK -
Tonga-Kermadec trench, Yel - Yellowstone, Yuc - YucataniBaBlate boundaries after Bird (2003).

than average mantle temperatures in regions of presumegbtetlings or plumes (e.g. Ice-
land, Eifel).

In the lower mantle, high-velocity anomalies representrrants of subducted slabs as, for
instance, at 1175 km depth the north-south oriented anobmaigath the Americas related
to the subduction of the Farallon plate or the west-easttdicteanomaly across Eurasia due
to the subduction of the Tethys ocean. Low-velocity anoesailn the lower mantle, which
are also observed at shallower depth, image plumes and watliqgs as, for example, the
low-velocity anomaly beneath the East African rift systemmoCentral Europe.

Besides that, undersampled regions can easily be detecteid imodel as they obtaiti0%
velocity perturbations in the inversion.

5.5.2 Tomography with respect to the 3-D reference model CUBS20RTS
— model PO6CSloc

Figure 5.7 displays results for selected depths (figurerong) of models P06 (first row),
POG.CSloc (second row), the actual inversion result RI¥locx (third row), and the refer-
ence model CUB+S20RTS (last row). The model Fioc is the tomographic model ob-
tained with CUB+S20RTS as starting model displayed witpeesto ak135 and PQ6Slocx

is the same model but displayed with respect to CUB+S20RTS.

In the crustal layers (not shown) only little informatiomdae gained from the data except for
a few regions in Europe, Japan or northwestern America wharey stations and events ex-
ist. Therefore, in the crust the results are dominated bydference model (CUB2.0 which
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incorporates the crustal model CRUST2.0). Through evdotation and 3-D ray tracing
in the reference model prior to inversion, ray path geometry predicted travel times are
still affected by the crustal heterogeneity (Bijwaard aqéhi8nan, 1999a), which changes
e.g. crustal entry/exit angles of rays and which has a gletbett on ray geometry (i.e. with
respect to rays in ak135).

At 50 km (Fig. 5.7) the resolving power of the travel time da& becomes apparent. At
this depth, model resolution is mostly provided by uppertmmoantle grazing Pn waves.
P06 CSlocx (third row) shows explicitly where the reference meldd changed. At 50 km,
this solution mostly adds negative anomalies to the reteremodel, lowering the generally
positive reference amplitudes found in many oceanic reggi@onversely, in the continental
areas the solution tends to add small-amplitude positiceraties to the reference model.
Comparison to the P06 model explains that all these chanmdgsocur where the travel time
data indeed sample the uppermost mantle. Most of the ocesrds and cores of continental
regions retain reference model velocities for lack of rapgling. Still, the inversion offers
a good means to integrate seismic velocity information th@sesurface wave inversion (the
reference model) with that obtained from travel time iniars.

A first glance at a depth of 185 km suggests great similarityween the reference model
and POGCSloc. On the global scale the changes are subtle but impataevidenced by
the solution POBCSlocx (third row) that, in many regions, shows narrow higlecity vari-
ations and effectively adds the image of subducted slabetogference model. This is even
more convincing in cross-sectional view or mapview blove-(g.g. Figs 5.8, 5.9, 5.10, 5.14,
discussed later). Apart from subduction zones, more comédations in wave speed are
required by the data in the European-Mediterranean regienTethys belt, southeast Asia
and for instance under North America. For these regions abdugtion zones the reference
model is completely changed, attesting to the resolvinggrafithe travel time data, and the
model POGCSIoc resembles closely model PO6.

Deeper in the mantle, where S20RTS provides the referencelmiine amplitudes of the
solution PO6CSlocx are more of the order of reference model wave speatitharmantle
volume sampled by seismic rays becomes much larger. Mo@élsid POBCSloc are quite
similar in regions of good resolution. Differences betwé#smtwo models occur mostly be-
low oceanic areas where ray sampling is low and the dataftirerbave reduced resolving
power to change the reference model. The depth-layer atrhA&ovides an illustration of
these effects. Here, the 3-D reference model provideywdfin on a larger wavelength scale
(smoother), a similar representation of the positive ar@sassociated with subduction of
the Tethys and Farallon oceans under Eurasia and the Amgraspectively. The solution
P06 CSlocx looks rather random in structure but in fact focubegéference model in these
mantle subduction regions strongly towards P06 givingittedhe resolving power of the
data set at this depth. Also below Africa, South America, rednorth Atlantic, the refer-
ence model is strongly changed, focusing the "African spbane” (Ritsemaet al, 1999) in
the former region, and focusing the "Iceland plume” (Bijndhand Spakman, 1999b) in the
latter.

Around all these regions a transition occurs toward refezenodel anomalies which are
only exclusively found beneath the NE Pacific and SW Atlan&milar observations can
be made for the layer at 1900 km where again the referencelrisodeing focused toward
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P06 and which demonstrates that the tomographic modelsiRDB@6CSloc are relatively
independent of the reference models in most regions.

Occasionally the inversion with respect to the 3-D refeeemmodel produces totally new
anomalies that are neither found (or suggested) in P06 nitvei3-D reference model. An
example is the positive anomaly north of the Fiji region ie BW Pacific at a depth of
2650 km. This anomaly occurs in a region of moderate resoiutDther examples of strong
focusing of barely visible, low-amplitude structures in6Ri¥ in the reference model, are the
positive anomalies in the Tonga region, in the Indian ocH#an SE Pacific, South America
and the SW Atlantic region. Redistribution of teleseismay geometry in the 3-D model
with respect to ak135 is largest in the deepest mantle andeaahto visibility and focusing
of hitherto undiscovered structure.

5.5.3 Inversion with respect to the alternative 3-D referene model CUB-
+S20RTS+P06 — model PO63Dloc

As the results have shown so far, in regions of good resalfticcording to the sensitivity
tests) the tomographic models are very similar indepenaietite reference model used. In
regions of very low resolution the models mostly reflect teierence model. There is an
intermediate range where the solution is reference mogbement due to the spatially vari-
able but limited resolving power of the data. In these regiPA6CSloc is a mix between
the 3-D reference model and model P06 and there is no obvéas®n why one would pre-
fer one specific solution. With the construction of referenmdel CUB+S20RTS+Pd6we
have chosen to replace the intermediate and well-resobgidns with P06, an amplitude-
enhanced version of P06. With this choice we accept to biasdhution in these mantle
volumes toward a solution based on ak135. By constructiOf Rontains larger anomaly
amplitudes than P06 due to model amplification in the nultspaut its features are generally
similar in regions of good resolution. As PO6eplaces CUB+S20RTS in regions sampled by
most rays, we can also account better, through 3-D ray gatin the non-linearity of the in-
verse problem resulting from small-scale high-amplitue®eity heterogeneity (e.g. slabs).
In Figures 5.11 and 5.12, two mapview sections are displakeding the effect of anomaly
amplification at 440 km depth under northwestern America@nt900 km depth beneath
southeast Asia. The part of the model amplification thatifieke null space is generally less
than half the amplitude of P06.

Figure 5.13 displays the inversion results of model B@foc (in the same format as Fig-
ure 5.7). At first instance one might expect that the solufiBf.3Dlocx would only give rise
to moderate changes of the reference model because CUBTS20R6" already combines
the best from inversion model P06 with reference model CUB¥T'S. Furthermore, am-
plitude amplifications in POB are retained to the null space, hence data insensitiveeddst
although less pronounced than in solution RBlocx (Fig 5.7), we observe changes with
substantial amplitude and spatial variation. The reasost tmeifound in the fact that the null
space shuttle experiment leading to POBas performed with ak135 as a reference and that
in less well-sampled regions CUB+S20RTS is employed. Afterstruction of the reference
model CUB+S20RTS+P0§ all events have been relocated prior to inversion usingrayD
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Figure 5.7: Tomography model P06 using ak135 as starting model (topp-G®loc using
CUB+S20RTS as starting model displayed with respect to aK38cond from top), PQESlocx us-
ing CUB+S20RTS as starting model displayed with respectU®€S20RTS (third from top) and the
model CUB+S20RTS itself (bottom) displayed as velocitytpdrations with respect to ak135. Shown
are horizontal slices through the models at 50 km (left) é8fsIkim depth (right).
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Figure 5.7: (Continued). Horizontal slices through the models at 440(left) and 1175 km depth
(right).
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Figure 5.7: (Continued). Horizontal slices through the models at 1900(left) and 2650 km depths

(right).
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Figure 5.8: Model section at 185 km depth beneath the Tonga-KermaddonegTomography
model P06 using akl135 as starting model (top), B@oc using CUB+S20RTS as starting model
displayed with respect to ak135 (middle row, left columnp6RESlocx using CUB+S20RTS as
starting model displayed with respect to CUB+S20RTS (n@dcthlumn and row) and the model
CUB+S20RTS itself (middle row, right column) displayed adoeity perturbation with respect to
ak135. PO&3Dloc using CUB+S20RTS+P0d6as starting model displayed with respect to ak135 (bot-
tom row, left column), PO@Dlocx using CUB+S20RTS+P06as starting model displayed with respect
to CUB+S20RTS+P06 (bottom row, middle column) and the model CUB+S20RTS+Pgelf (bot-
tom row, right column) displayed as velocity perturbatioithwespect to ak135.
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Figure 5.9: Model section at 285 km depth beneath southeast Asia. Madéts Figure 5.8.
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Figure 5.10: Model section at 185 km depth beneath the Europe-Meditearanegion. Models as in
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tracing and leading to new delay times and 3-D ray paths. eléhe amplitude amplifications
are not necessarily completely lying in the null space ofdineent inverse problem and are
subject to change. In contrast to ray tracing in referencéehGUB+S20RTS, ray paths are
now also traced through detailed 3-D heterogeneity, fomgta, in subduction regions which
leads to focusing of slab structure and enhanced heteritgenatrasts in model PQ8DIoc.
These observations are similar to those of Bijwaard and i®pak(2000). Still, we should
expect that the increased anomaly contrasts generally\@iséor PO63Dloc compared to
P06 CSloc are also partly contained in the null space as longesethre also present in the
reference model.

At 50 km, PO63Dlocx requires comparable corrections as RX¥ocx which is understand-
able because in most of the affected regions the referendel;y\@UB+S20RTS and CUB-
+S20RTS+P086 are the same. At 185 km of depth we notice a similar globalcefet
subtle differences exist which can only be observed in blps-of the models as given for
some regions in Figures 5.8-5.10. These figures show irgitiaat, irrespective of already
enhanced velocity contrasts between slab and ambientenzontained in reference model
CUB+S20RTS+P08, the inversion result PQBDIlocx continuous to enhance these contrasts
leading to even more focusing of structure as required byrével time data. In the first part
of the lower mantle, e.g. 1175 km depth, the correction.BD&cx to the reference model
tends to further focus the huge positive anomalies assatiaith Farallon and Tethys sub-
duction and the low-velocity heterogeneity under eastdrit& At 1900 km, the corrections
are relatively smooth but do lead to enhancement of am@gwhd structure with respect
to the reference model and also with respect to solution®8®c. In the deepest mantle
(2650 km), new structure is introduced under Europe and dmg3-Fiji regions, while also
under the Americas amplification of anomalies can be obsekthis depth, the difference
in reference models in the lower hemisphere, where thewiegppower of the data is rela-
tively low, leads particularly to differences between tbmbgraphic models PQ6Sloc and
P0O6.3Dloc.

5.5.4 \ertical cross sections

Differences and possible improvements of the presentestsion models can also be ob-
served in vertical cross-sections (Figure 5.14), for whiehlocations are indicated in Fig-
ure 5.6. Starting with a section across East Africa (S1) eRétsemaet al. (1999) interpreted
a hot upwelling in their model, we observe that this upwellibeing however narrower in
mapview (see Fig. 5.7 and 5.13), is also retrieved with thesirtime data.

While little velocity structure is imaged in S20RTS bendatidand (S2) in the mantle below
1800 km, all three travel time tomography models show lovesities originating at the base
of the mantle as was imaged before by Bijwaard and Spakm&9{)9

It is still a question under debate if volcanism beneathoveditone is fed by a deep mantle
plume and seismic tomography does not provide models yathwiiould allow a definite
statement. However, independent of the applied referemckeha low-velocity anomaly is
imaged down to the core-mantle boundary to the south of Wslone (S3). It is most coher-
ent in the upper 1400 km depth while between 1400 km and 1808dpth a weak anomaly
or respectively no anomaly at all is imaged.
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Narrow outlines of the subducted Cocos plate beneath thatdn@asin (S4) are visible and
the use of 3-D reference models increases the amplitudégedbimography models below
the 660 km discontinuity.

The subduction of the Nazca plate beneath South Americdd8%3 similar in all travel time
tomography models and shows that the subducted materiatradates in a vertical column
in the lower mantle while S20RTS shows comparatively lid#ail in the lower mantle. The
subduction zone in PQESloc is slightly broadened in the uppermost mantle whigedata
have enough resolving power otherwise to avoid overpririynthe reference model.

A cross-section of the Pacific plate subducting underndegtiustralian plate at the Tonga
trench (S6) shows for all tomography models the high-véystiucture of the subducted slab
and in all sections it is visible that the slab penetrateé@km discontinuity. Again, the
difference between the inversion models relates to therttkpeee on the reference model.
The subduction of the Pacific plate beneath Eurasia beloanggy) is very well resolved in
all tomography models due to the large amount of data availab

The collision of the Indian plate with Eurasia (S8) displayany similarities in all tomogra-
phy models despite the fact that CUB+S20RTS only shows osigyam’blob”, which again
supports the reliability of the obtained models.

As a last example, the subduction of the African plate bén&atrasia along the Hellenic
arc is displayed (S9). Again, all three tomography modets@agvell with each other while
CUB+S20RTS contains much less details. Evidently, thestaitinues in all inversion mod-
els into the lower mantle.

In summary, these cross-sections demonstrate the reggainer of the travel time data set
leading to imaging of comparable structures independeihifeference model.

5.5.5 Effects of relocation on tomography with 3-D referene models

Event relocation prior to tomography has several effectsoomography. When the EHB
event location is used for computation of theoretical ttéuges in the 3-D reference models,
baseline shifts occur as the mean velocity per layer of tBer8ference models is not equal
to ak135 at the according depth (see Fig 5.5). Relocatiohandspective reference model
removes this baseline shift of travel time residuals andced the scatter of the residuals (see
Table 5.3, Figure 5.15). The residuals of the EHB catalogtvbriginate from event location
in model ak135 using regionalized heterogeneity corrastly Engdahét al. (1998) show

a narrow distribution centered around O s. In contrast, és&luals computed with respect
to CUB+S20RTS for EHB locations exhibit a broader distribntdue to the 3-D variations
of the model and a baseline shift of 0.73 s appears as CUB+ER@®Rparticularly in the
upper mantle dominated by high-velocity anomalies (witpeet to ak135). Relocating the
events in CUB+S20RTS removes this baseline shift cent¢himgesiduals around 0.07 s and
narrows the distribution. Also the travel time residualsypaited for the final reference model
CUB+S20RTS+P08 but starting from the EHB locations show a baseline shifialgh
smaller (in absolute terms) than for CUB+S20RTS and neg#t®/36 s). Relocation centers
the baseline shift around -0.04 s and the scatter in theualsids even smaller than for ak135
indicating a better travel time prediction. Consequerttlyestablish consistency between
source parameters and travel time residuals, a relocatiorandatory.
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mean residual (s) standard deviation (s)

AK135 (EHB) -0.01 1.37
CUB+S20RTS 0.73 1.87
CUB+S20RTS,loc 0.07 1.66
CUB+S20RTS+P06 -0.36 1.49
CUB+S20RTS+P08,loc -0.04 1.28

Table 5.3: The meant standard deviations of the unweighted, single travel tiegéduals computed
for the different reference models without and with eartiigurelocation in the respective reference
model (see also Fig. 5.15).

Other observations concern the tomographic inversionétwoity perturbations and simul-
taneous inversion for event cluster relocations and statborections.

The difference between the models with and without a praddeation shows that the largest
changes appear in the crust and the uppermost mantle whatesarthquakes are located.
In particular in subduction zones, velocities increasemdeelocation is performed before-
hand resulting in more focussed slab anomalies (see, fongeathe Sunda subduction zone
at 90 km depth in Fig. 5.16). Deeper in the mantle, differsraxe less systematic but still
velocity contrasts such as below Australia (Fig. 5.17) at5ldm depth are enhanced. In the
lowermost mantle, only few changes are observed.

Station corrections, which are obtained as part of the giwar correlate well with average
station residuals before inversion. Furthermore, theemions are regionally systematic.
Thus, they mainly serve to remove average station delays likely related to the (crustal)
velocity structure beneath the stations not accountedyahe reference and tomography
models. Relocation prior to inversion results in particita the model CUB+S20RTS in
smaller station corrections indicating that the incomsisy between travel times and source
parameters without a priori relocation is partially comgesed by increased station correc-
tions.

Also, simultaneously with the inversion for 3-D velocityriations, event cluster relocation
terms are obtained for the composite residuals. Howewey,ahe of limited value since they
were determined without S and sP phases and representduasiers of earthquakes. The di-
rection of the relocation vectors is regionally systematid depending on the used reference
model with a trade-off between hypocenter depth and origie torrections as observed in
previous studies (e.g. Bijwaagd al.,, 1998).

5.6 Discussion and Conclusions

We have conducted mantle tomography experiments with 13D reference models
inverting a very large data set of P-wave travel times. Uslistinctly different reference
models implies inverting distinctly different delay timatd sets, as reference model predic-
tions of travel times are different. Reference model indejeat wave speed structure could
be retrieved for large mantle regions where, accordingreiieity tests, spatial resolution is
good to moderate. In other regions mantle structure ingddrten the travel time information
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blended with the reference model velocities or the refezenodel was found unchanged.
The first 3-D reference model was composed from CUB2.0 in thst@nd uppermost man-
tle overlying S20RTS in the deeper mantle. Interestingftgra3-D location of all events
in the reference model it proved that travel time predictiare worse than in the 1-D model
ak135 (Table 5.3). This s surprising since both CUB2.0 &2@FF S are tomographic models
derived from long period data and are assumed to give a sefiszsentation of mantle struc-
ture than a simple 1-D model. Improved locations combingt wnproved mantle structure
should basically lead to a better travel time predictionglten delay times). We have not
yet traced the reasons for this. Possible reasons can bdIh#e locations in ak135 were
performed using station corrections related to statiomatien, crust and mantle heterogene-
ity (Engdahlet al., 1998) while we did not use that in our location procedur {2 long
wavelength models image different seismic velocities eelsironger amplitudes than in the
real mantle as a result of insufficient damping during inserghigh-variance models), (3)
the conversion between P and S velocity anomalies with théngcfactors of Bolton and
Masters (2001) is not appropriate at all depths or moreyliké) the long wavelength models
lack short wavelength structures (e.g. subducted slabshveignificantly affect travel times.

The best performing reference model in terms of travel tinegligtion is CUB+S20RTS+P06
although the difference with ak135 is small. Travel timedicgons in the resulting inver-
sion model PO&Dloc (see Chapter 8) also demonstrates that this modeakpsdhvel times
better than ak135. Irrespective of the different statistifthe input data for inversion, still
highly comparable models could be found with acceptablenatived data misfit (Table 5.2).
The additional data error resulting from 3-D ray tracingjethwe estimate to be of the order
of 0.1 s, presumably slightly increases the misfit relatb/that achieved in the P06 inversion
and also increases the standard deviation prior to inversio

Basically we have obtained the following results:

1. A new tomographic model P06 is computed relative to refegemodel ak135 and
based on much more data than before.

2. Using an internally consistent procedure involving 34y tracing, 3-D earthquake
relocation and tomographic inversion, we have combinedtimatructure obtained
from short period travel time inversion with the structumeaged in long wavelength
tomography based on long period data. This leads to twayatalv mantle models,
P06 CSloc and PO&DIoc, of which we prefer the latter because it includesdléme
and ray geometrical effects associated with strong angd@itand short-wave length
heterogeneity (e.g. slabs) in the well resolved part of tlntle. PO63Dloc also
predicts travel times better than ak135.

3. We have demonstrated that short period P-wave delay tiorsin sufficient resolv-
ing power to completely replace, in well resolved mantlamogs, the high-amplitude
long wavelength structure as obtained by inversion of loaigoal data. A similar ob-
servation was made by Widiyantogbal. (2000) from their inversions of S-wave travel
times.

4. By using different reference models as starting poinirfeersion we have shown that,
in the well-resolved mantle volumes, imaged structuredependent of the reference
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model used which supports the actual existence of imagedtste.

5. Reference model dependence of inversion results oatuegions where tomographic
models (considerably) disagree and model quality thusmtipen the quality of the
reference model.

6. With relocation prior to tomography using a 3-D referenoedel, generally veloc-
ity contrasts across subduction zones are enhanced afjdwiira better separation of
effects of source location from velocity heterogeneities.

Apart from regional details, all models have comparabldiapeesolution as they are ba-
sically obtained from the same data set and, on a global,seélly similar ray geometry.
Discrimination between these models should be made on atobthe quality of travel time
data prediction. The statistical significance of usuallabrchanges in data fit relies on pre-
cise knowledge of data errors which is unfortunately moabgent for the huge data set of
mostly hand-picked data.

The models PO&Sloc and POSDIloc can serve as global reference models for earthquake
location and waveform modeling, as back ground models fyioral tomography, as starting
models for global travel time or waveform tomography, askigacund for regional seismo-
tectonic studies, or may prove useful in studies of mantieadyics and the gravity field of
the Earth.

Overall, our preferred model is the model P8Bloc as it shows low data misfits comparable
to POG6 after inversion (see Thl. 5.2), was obtained withreyhg in a detailed 3-D reference
model and furthermore implicitly contains realistic latkevelocity anomalies in regions that
are not well sampled by short period P waves.
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Figure 5.11: Model section at 440 km depth beneath western North AmeTieamography model P06
using ak135 as starting model (top, left), xnull (top, rightthe model parAz,,..;; of the amplification
that lies in the null space ok, PO6" (bottom, left) is the model POBAZ ,...;; and POBamp (bottom,
right) is the model P06 amplified by a factor of 2.
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Figure 5.12: Model section at 1900 km depth beneath southeast Asia. Ti@plbg model P06 using
ak135 as starting model (top, left), xnull (top, right) ie tmodel parAz,,.,;; of the amplification that
lies in the null space oA, PO6" (bottom, left) is the model PO&Ax,,..;; and PO6amp (bottom, right)
is the model P06 amplified by a factor of 2.
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Figure 5.13: Tomography model P06 using akl135 as starting model (topf_3Boc using
CUB+S20RTS+P06 as starting model displayed with respect to ak135 (secamd fop), PO63Dlocx
using CUB+S20RTS+P06as starting model displayed with respect to CUB+S20RTS¥P@iGird
from top) and the model CUB+S20RTS+P0#self (bottom) displayed as velocity perturbations with
respect to ak135. Shown are horizontal slices through théefaat 50 km (left) and 185 km depth

(right).
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Figure 5.13: (Continued). Horizontal slices through the models at 440(laft) and 1175 km depth
(right).
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Figure 5.13: (Continued). Horizontal slices through the models at 1900(left) and 2650 km depth
(right).
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Figure 5.14: Vertical cross-sections displayed with respect to ak136uth the tomography mod-
els below East Africa (S1), Iceland (S2) and Northwest Anee(iS3) for the tomography models us-
ing ak135 (top), CUB+S20RTS+Pbddsecond from top), CUB+S02RTS (third from top) as reference
model and the reference model CUB+S20RTS itself (bottom)
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Figure 5.14: (Continued). Vertical cross-sections through the tomplgyamodels below the Carribean
plate (S4), the Altiplano plate (S5) and Tonga (S6).
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Figure 5.14: (Continued). Vertical cross-sections through the tomplgyamodels below Japan (S7),
across the Himalaya (S8) and the Hellenic Arc (S9).
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Figure 5.15: Histogram of the travel time residuals normalized to the imaxn number versus
the residuals computed with respect to AK135, CUB+S20RTth/without a priori relocation and
CUB+S20RTS+P06 with/without a priori relocation.
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Figure 5.16: Section at 90 km depth beneath southeast Asia of the modeBBQ@ithout relocation
prior to inversion), the model POBDIloc (with prior relocation) and their difference DIFFO6. Blue are
areas in DIFEP06 where the model with a priori relocation contains highetocities than the model
without relocation and red are the regions where it is slower
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Figure 5.17: Section at 1175 km depth beneath Australia of the model®®§without relocation prior
to inversion), the model PQ6Sloc (with prior relocation), the according starting micde/B+S20RTS
and the difference DIFES between PQES and POSCSloc. Blue are areas in DIEES where the
model with a priori relocation contains higher velocitiban the model without relocation and red are
the regions where it is slower.
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Chapter 6

Enhanced models of the European
crust and mantle derived from
travel time tomography

Seismic tomography has provided detailed images of the angsmantle beneath Europe at
both local and continental scale. The aim of this study istprbve imaging of the European
mantle by combining arrival times from the Internationais&®logical Centre (ISC) with
additional arrival times from temporary experiments, datzhives and bulletins incorporat-
ing also phase types which were not used before. As tomorapgthod, a regularized least
squares inversion is performed for global mantle struaisieg an irregular grid parameter-
ization. The inversions are performed both with a 1-D and@x réference/starting model
where the latter requires relocation of all earthquakes3abdray tracing prior to the tomo-
graphic inversion. For the Europe-Mediterranean regipmtigetic tests show that anomalies
up t00.5° x 0.5° can be reconstructed in the best sampled regions of the mpgemantle
with resolution decreasing with depth. The added data setswaerted separately to verify
their quality showing that the obtained models contain eigjdnformation also observed in
other studies. The inversion results using the entire datprsvide detailed velocity models
of the mantle beneath Europe. Comparison with a previoushagplying the same method
shows that the new models image much more detail and enhanogady contrasts.

6.1 Introduction

The seismic velocity structure of the Europe-Mediterrarmaantle has been subject of many
tomographic studies both on local and regional scale (se&rSan and Wortel (2004) or
Piromallo and Morelli (2003) for an overview).

Many of the global and regional high-frequency travel tirmmbgraphy studies are primar-
ily based on data from the International Seismological e@iSC) bulletins which provide
the largest data collection available and is still expagdiRor Europe, additional data are
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6 Enhanced models of the European crust and mantle derivedtfavel time tomography

available from various local experiments involving spitidense station arrays which were
placed in the field for at least several months. By incorpogahese data, resolution can be
improved locally below the temporary arrays and new infdrameis provided for interpreta-
tion of tectonic processes.

Often, arrival times from those stations are only determhiredatively. That means, not the
arrival time of the phase onset is picked but the arrival tohea prominent part of the wave-
form relative to a reference waveform of the same event. phisedure has the advantage
that observational errors due to a high noise level can bidegldut as a major disadvantage,
the absolute arrival times remain unknown. Consequewtiypgraphy provides only relative
velocity variations with regard to the unknown average ggycoelow the array which cannot
be converted to absolute velocities.

This may give the main reason why the relative delay time ttata the individual exper-
iments have, so far, not been combined to obtain a regiotéé snodel of the European
mantle. A consistent combination of the data from the d#fférexperiments would require
repicking of the data to obtain absolute delay times. Andtaetor which hampers combining
these data sets is that there is only little spatial overktben the experiments. However,
when absolute arrival time picks are consistently combimigd a global data set of absolute
delay times, a combined tomographic inversion may provaaihgeous for improved imag-
ing of mantle structure in the European region.

In this study we have taken this approach and reanalyzedataead several experiments to
obtain absolute arrival time picks. Subsequently, thegb-huality data were combined with
the global EHB data set (Engdattlal., 1998) updated until September 2004.

Additionally, seismological centers exist, which do ngiog their data to the ISC on aregular
basis and therefore present a valuable source of complametdta. Absolute arrival times
were picked from the ORFEUS (Observatories and ReseardlitiEador European Seis-
mology) archive seismograms and the travel time data aoedain the Euro-Mediterranean
bulletin of the European-Mediterranean Seismologicalt@efE MSC) were added.

In order to improve the model in the lower mantle, also corasgls were included in the
tomography.

6.2 The combination of data sets

6.2.1 EHB data set

The main data source for travel time tomography in this siedyreprocessed and updated
version of the International Seismological Centre (ISC)dbims extended with travel times
from the National Earthquake Information Center (NEIC)lod tUSGS for the most recent
events by Engdalet al. (1998). This database will be referred to hereafter as EH&8l@g

It now contains earthquake observations for the period £26@4 including over 445,000
events for 27.4 million first and later arriving phases. Thacpssing of Engdalet al. (1998)
comprised a phase re-identification, theoretical traveétcalculation in the Earth reference
model ak135 (Kennett al, 1995) and a source relocation for well constrained evefus.
the global P tomography, 7.9 mill. regional P arrivals, 9ifl.nteleseismic P, pP and pwP
arrivals and 1.5 mill. PcP, PKP and PKiKP phases were seledthe selection criteria for
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phase type epicentral distance residual range
P < 25° +7.5s
P > 25° +3.5s
pP, pwP (focal deptk 35 km) 25° —100° +35s
PcP 25° — 40°,47° — 70° +3.5s
PKiKP, PKPdf 110° — 140° +3.5s
PKPab, PKPbc, PKPdf > 150° +3.5s

Table 6.1: Selection criteria for the different phase types used fordgraphy.

epicentral distance and travel time residual range arengivéable 6.1. The updated catalog
has approximately tripled in size compared to the origima& and contains particularly more
regional arrival times. The precision of the P phases wamat#d following the method
of Gudmundssomet al. (1990). This method uses ray bundles of teleseismic phadghs w
decreasing width to extrapolate the standard deviatioaybtndles with zero width, which
is presumed to be the upper limit of errors in the data. Foptteses selected from the EHB
catalog for25° — 100° distance this error is estimated to be 0.65 s.

6.2.2 Euro-Mediterranean bulletin

The Euro-Mediterranean bulletin of the EMSC provides tlooad data set used in this study.
Like the EHB data set, this bulletin contains a collectiomofval time observations from lo-
cal networks in the Euro-Mediterranean region (Goeegl., 2006). Well-constrained earth-
quakes in this catalog were relocated by the EMSC. Howewsead of the EMSC locations,
if existent, the corresponding EHB location is used or thenév are relocated in ak135 for
consistency with the EHB catalog. Also, since the EMSC useally varying 1-D refer-
ence models, all travel time residuals were recomputedjueit 35 as reference model. The
EMSC subset then consists of over 621,000 P and S travel fimes12,200 events for the
period 1998-2003 for which EHB locations could be found additéonally 138,000 P and
S travel times for 6,400 events for which an EMSC locatiorsixi About 525,000 travel
times are already contained in the EHB data set and therdfscarded from the data se-
lection. New stations in the Euro-Mediterranean bulletioyiding important information
are situated, in particular, in Oman, Egypt, Morocco andefilg (see Fig. 6.1). Using the
same selection criteria as for the EHB data set, in total 5P arrival times for 14,000
earthquakes were selected for tomography of the travektino¢ included in the EHB data
set. However, only first arrivals were selected to minimizgbtems with phase misidentifi-
cations (e.qg. in triplication zones). Following the metlwdd@udmundssoet al. (1990), the
upper limit to random data errors was estimated to be 0.68 s.

6.2.3 Newly picked data for stations in Europe

Additionally, temporary experiments with spatially derssation arrays in Europe, the OR-
FEUS archives and a collection of registrations for the UkKland and part of northwestern
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France which were not reported to the ISC (named Leeds datafter, provided to us by
Arrowsmith (2003)) form another source of data for travelgitomography. The temporary
experiment data comprise the SVEKALAPKO experiment in &l (Bock et al., 2001), the
TOR experiment in South Sweden, Denmark and North Germamsg@sseret al,, 2002),
the EIFEL experiment in the Eifel (Ritteat al,, 2000), the CALIXTO experiment in Roma-
nia (Wenzekt al,, 1998) and the MIDSEA project with a number of stations sumding the
Mediterranean Sea (van der Lekal, 2001). The data from these stations were obtained as
waveforms, pre-processed and picked with the automatidgrgianethod of Sandovat al.
(2004a). This procedure resulted in a total of 83,500 P-wiaxe| times (see Chapter 4 for a
more detailed description of the data set). The pickingrenaere estimated within the pick-
ing algorithm to be approximately 0.15 s. The obtained attimes were later on combined
with the Euro-Mediterranean bulletin and EHB data set uslirgsame selection criteria as
before. Even though the number of additional travel timesoimparatively small, the new
data may have a considerable influence on the tomograplarsion as their quality is better
than that of the average EHB or EMSC pick.

6.3 Tomographic method

In travel time tomography, travel times of seismic waves@mpared to theoretical pre-
dictions computed from a reference model of the Earth'ssieisvave speed. To avoid the
limitations of using a strictly regionally defined model wole we include the entire Earth in
our tomographic experiments. The EHB data set is used djodadl for Europe we inserted
the additional data from regional experiments and permtanetworks. Our tomography
code implements the following delay time equation for thenvrd problem of tomography
(Spakman et al. 1993):

d= (s — s0) dlo + (x — xq) - VoTa + Aty + Aty + € (6.1)
Lo

whered represents the delay time/travel time residual,is the ray path in the reference
model starting at the reference locatieg di is the ray segment, is the Earth’s slowness
(i.e. the reciprocal of the velocity) field ang is the slowness field of the reference model.
At, contains the timing error due to source mislocation as dtrekthe slowness anomaly
field s — sg, At contains travel time effects due to station elevation asttiment response
ande describes the observational errors (e.g. picking errogpghase misidentification, re-
maining location errors).
In a tomographic analysis, a large set of delay time equatioh derived from many source-
station combinations is discretized and inverted for esté® of the slowness anomaly field
s — sp, the event mislocations — x, origin time errorsAt, and the station static termst,.
Furthermore, this equation is valid for both 1-D and 3-D refeee models of Earth structure
as long as the data (delay times, ray paths and hypocentersdasistent with the reference
model used. Because travel time tomography is a nonlingarse problem and because the
data have generally insufficient resolving power to obtagihland spatially uniform model
resolution, the tomographic model is expected to depenti@neference model adopted. In
this study we use two different reference models in orderetiind two distinctly different
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Figure 6.1: Top: Map of seismic station locations in the Europe-Mediteean region. Different
colours indicate the different data sources. Bottom: Maghefmain tectonic units discussed in this
study. Abbreviations: Adr — Adriatic basin, Ap — ApennindsSh — Arabian Shield, ArP — Arabian
Platform, Bet — Betics, CH — Central Highlands, Cyp — CypEIEP — East European Platform, Eif —
Eifel, EL — Elbe lineament, FeSh — Fennoscandian Shield, M&oesian Platform, MP — Midland
Platform, Pan — Pannonian basin, Per — Persian Gulf, Py -nBgse RhS — Rheic Suture, TESZ —
Trans-European Suture Zone, Tsy — Transylvanian basin; Tyrrhenian basin, TZ — Tornquist zone,
Vr —Vrancea zone.
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starting points for the tomographic inversion.

The first reference model is the radially symmetric model3&k(Kennettet al, 1995) to
which the EHB data set and other data sets used pertain amth Whs been used before in
global tomography studies (e.g. van der Héstl., 1997; Bijwaardet al,, 1998). The inver-
sion of all data with respect to ak135 leads to the tomogamiaidel which we label PO6.
The second reference model is a 3-D model of Earth struclims.model is a combination
of three global tomographic models and is constructed insteps:

In the first step, the P velocities of model CUB2.0 (RitzwobB¢al., 2002a) are used for the
uppermost mantle and combined with model S20RTS (Ritsetrag 1999) for the remainder
of the mantle. The latter is converted to P-wave speed ubimdépth-dependent conversion
factors as determined by Bolton and Masters (2001). Theseiwdels are blended through a
depth-weighted linear average in the depth range 200 kmAdB80 The combination results
in a relatively long wavelength model of the mantle primalidsed on long period S data, sur-
face waves and normal modes. A laterally heterogeneoutatmesdel (CRUST2.0, Bassin
et al,, 2000) is implicitly included in model CUB2.0. In the secorwhstruction step, short
wavelength mantle structure is blended in for which we usaraplified version of model
P06. Because velocity anomaly amplitudes in travel timeotpraphy are usually underesti-
mated by 30%-50% in many mantle regions, the amplitudes 6f&?@ first amplified by a
factor of two. Next, the null space shuttle of Deal and Nol&96) is used to remove those
amplifications which are not supported by the travel timead@he remaining amplitude am-
plifications are in the null space of the travel time inversgbpem of PO6 which means that
the travel time effects associated with amplitude enhaeceoancel on average along the ray
paths in ak135. The null space shuttle leads to modelR@tich replaces CUB+S20RTS in
regions well sampled by short period P data. In the Earth's ttee 1-D model ak135 is used.
For a more complete description of this reference model (EBIB)RTS+P086) and how it

is constructed we refer to Chapter 5.

The data set (event locations and delay times) is consigtéimtreference model ak135. It
is, however, not consistent with the use of reference motHB-£S20RTS+P06 as start-
ing point for tomography. To achieve consistency the emjiobal catalog of earthquakes is
relocated in the 3-D reference model using a directed gagcbemethod derived from the
algorithm of Sambridge and Kennett (1986). The referencdehtwavel times, feeding the
grid search, are computed with 3-D ray tracing (Bijwaard &paékman 1999) in the 3-D
reference model. Also, the ray path geometry and delay timed for tomography are de-
termined from 3-D ray tracing.

We use the procedure of Bijwaaed al. (1998) to solve the inverse problem. For the EHB
and EMSC data, composite rays are used instead of singlevtere a composite ray is built
from single rays of the same phase type which originate flmrsame event cluster (defined
by volumes 00.3° x 0.3° x dz with volume thicknesgz increasing from 15 km at the surface
to 40 km at 660 km depth) and end at the same station. By usimgasite rays, the amount
of data for inversion is reduced but at the same time the kigraoise ratio is increased.
The data are weighted prior to inversion by the spread ofrilvidual delay times within
the respective ray bundle to account for the difference yrbundle size. For the new data,
this approach is not used as their quality is expected to dleehi Instead, single rays are
used. The resulting data vector contains 10.4 mill. conpastival times from originally
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19.4 mill. single arrival times.

The Earth is parameterized by an irregular grid of non-@pging cells according to the
method of Spakman and Bijwaard (2001) where the cell sizem#p on the number of
rays crossing a cell. The horizontal cell size varies in tamsl mantle between 0.5°
0.5° and 10.0% 10.0°. The layer thickness increases from the crust (10 knthe lower
mantle (200 km) and the layer boundaries respect the disedties as contained in ak135
(at 35 km, 410 km, 660 km, 2891.5 km, 5153.5 km depth). Theriand outer core are both
parameterized by a single layer with cells of £020° to allow for core structure but simul-
taneously prevent large model variations. The irregulat igrconstructed from 8 035 000
cells of 0.5% 0.5° which are projected onto 604 000 non-overlapping irlageells using a
hitcount-constraint. The irregular cell approach mostlyuces overparameterization thereby
improving the conditioning of the inversion matrix whileaing the possibility to resolve
structure at small scales (0.5°) where allowed by the data.

The tomographic inversion itself is performed iterativeligh the LSQR algorithm of Paige
and Saunders (1982). Simultaneously with the inversiorétirslowness anomalies, we in-
vert for event cluster mislocations and station correcti(see eq. 6.1). A second-derivative
damping is applied to regularize the solution of the invarsind to obtain a smooth model.
Additionally, for inversion with the 3-D reference model amplitude damping is applied to
suppress particularly in the crust and directly beneatirgd excursions from the reference
model. The model parameters are scaled for inversion dep¢a cell size and hitcount
to emphasize small cells and weigh down cells with very higtolnts in the lower mantle
following the approach of Bijwaardt al. (1998):

Cc;'’A \q-i [ C;%a
( o )sTIm = . (6.2)

where A contains the ray path segments, relocation and statiofigeets, C,; represents
the data covariance matrix,is a damping factor controlling the trade-off between daitfim
and model norm/smoothness varying between 1000 and @& matrix of damping coef-
ficients,S is the scaling matrix withiS;;) = h;V; andh; andV; are hitcount and cell volume
respectivelym’ = Szm is the scaled model vecten andd the data vector consisting of
the travel time residuals.

6.4 Results - Separate inversion of the experiment data and
EMSC data

To investigate the signal content of the newly picked aliedhavel time data, the data from
each experiment were inverted separately with the methedritied in Section 6.3 using
ak135 as reference model to see if the main features expbeeted the arrays can be im-
aged. We note beforehand that we cannot recover the logil gtethe crust and uppermost
mantle as seen in the original tomographic models derivexnh fihe individual teleseismic
experiments. First, our model parameterization is gelyetahrser than used in the original
tomographic investigations. Second, the individual ekxpents have occasionally allowed
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for more detailed corrections for local crustal structufiéaird, the model box in each ex-
periment is confined laterally to the experiment region andépth usually to the first few
hundred kilometers while here we invert each data set usijiglzal mantle model param-
eterization. Lastly, the tomographic experiment studiweiited relative residuals which in
part compensates for effects of structure outside the as$unodel box but have led to ve-
locity anomaly models without relation to a background dd@bte velocities. Each of these
factors will complicate a detailed comparison with our ffessu

As displayed in Figure 6.2a, the subducted slab beneathrdrec€a zone resulting from con-
vergence of Europe and Africa is retrieved with the CALIXT@axal Typical for this and the
following models is the comparatively low amplitude of aradies. Since a global tomogra-
phy is performed, the rays are traced along their entire pathenergy can be smeared into
the deep mantle as a result of lack of resolution. Exceptiféerénces in amplitude, exact
geometry and the depth extent, a high-velocity body is irdag¢he Vrancea region as in the
models of Weidleet al. (2005) and Martiret al. (2006) which are also based on CALIXTO
experiment recordings but using different travel time dats and a different tomographic
method.

The inversion model of the EIFEL data (Fig. 6.2b) shows loVooities directly beneath the
Eifel where a presumed mantle plume has fed volcanism in ifed dihtil 11 000 years ago.
The anomaly is seen clearly between 50 km and 200 km depthettawcompared to the P
model of Ritteret al. (2001) or the S model of Keyset al. (2002) the absolute amplitudes
are weaker and decrease more with depth.

The Tornquist zone could be imaged as well with the newly gicKOR data (Fig. 6.2c).
It separates the high-velocity Fennoscandian shield fleybunger Phanerozoic region of
Central Europe with its lower velocities (at approximat&lyhorizontal distance in Fig. 6.2).
Furthermore, high velocities could be imaged beneath the lieament (atz 2° — 3° hor-
izontal distance). The larger scale detected features®frithdel are in agreement with the
models of Arlittet al. (1999), Shomalet al. (2006) and Voset al. (2006) even though these
models vary in depth extent of anomalies and inclinationhef lithosphere-asthenosphere
boundary below the Tornquist zone.

The high-velocity Archean core of the Fennoscandian slueldd be reconstructed with the
SVEKALAPKO data (Fig. 6.2d). Lower velocities in this cagapaar where crustal struc-
tures as the Rapakivi granite below southeast Finland aezsd out into the mantle due
to a lack of data. The boundary between lithosphere and rastpbere is located between
300 km and 400 km depth according to this model. A comparisghé model of Sandoval
et al. (2004b) shows that both models contain similar structutgshat the high-velocity
body here extends deeper and has lower amplitudes due tppliecamethod.

A horizontal section at 90 km depth is displayed for the isi@r of the Leeds data (Fig. 6.2¢).
Among other features, high velocities are found below Sé&inpland related to the Midland
platform (consisting of undeformed Precambrian lithosphand beneath the Central High-
lands, which relate according to El-Haddadeh (1986) to gertsof a subducted oceanic plate
from the Grampian orogenesis. The elongated low-velocionzaly northwest of Wales co-
incides with a region of Paleogene magmatism. The latera@t@n of described anomalies
matches that found by Arrowsmith (2003).

Inversion of the EMSC data which were not contained in the Eidilog provides a model
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of the crust and uppermost mantle sampling the upper 250 ksrdigplayed here at 50 km
depth, the model shows features imaged before in variousrralgscale and global experi-
ments such as negative anomalies under the Tyrrhenian agebAdackarc basins, negative
anomalies associated with the crustal roots of Alps and Apes, lower velocities under
Anatolia while positive anomalies are associated with thet&n Mediterranean and Adri-
atic basins.

Summarizing, with the newly picked absolute travel timesoaa recover the signature of
mantle structure as imaged before in the proper tomograptperiments associated with
each field experiment and based (mostly) on relative reEdWisle do not recover the high
detail, nor the amplitudes reported due to a lack of (dembplution. We do, however,
image similar structures with absolute delay times insfaetlative delay times. We only
performed our experiments to demonstrate a similar infionaontent of the data. Lack of
depth resolution is natural in these experiments and canbenimproved by merging all data
sets with the EHB data set. This is now possible because Wpi@ked the waveform data
for absolute travel times.

6.5 Results - Inversion of the entire data set

6.5.1 Variance reduction and model quality

As all delay time data sets are determined in the ak135 medermodel they can be merged
without creating inconsistencies. Inversion led to a datdawnce reduction of 52.1% in the
inversion using ak135 as reference model reducing the atdrdkeviation of the weighted,
composite residuals to 1.44 after inversion. The variaeckiction is lower compared to
57.1% of Bijwaardet al. (1998) but decreasing to almost the same normalized staidar
viation of error-weighted data (1.44 versus 1.42). This inaycate a poorer signal to noise
ratio in our data set which incorporates a large number abredly observed events.
Hitcount maps (Fig. 6.3) indicate regions of high and low cayerage. For example, ray
coverage at shallow depth is low beneath the oceans due tacemivation of the epicenters
along the Mid-Atlantic ridge and a lack of stations withigi@nal distance of the epicenters.
Also for the East European platform there is a low ray coverag to a low number of events
and seismic stations. With depth, ray coverage becomes amifierm, increasing towards
the mid-lower mantle and decreasing again in the lowermasitti®.

As stations and events are not equally distributed ovemestigated region, the resolution
of the velocity models varies spatially but it cannot be categ formally due to the large
number of parameters. Therefore, sensitivity tests afepeed with synthetic models (e.g.
Spakman and Nolet, 1988) to detect lack of resolution andgtimate the minimum size of
anomalies that can be reconstructed. The synthetic moaleisdse tests consist of spatially
well separated spikes @f5% amplitude with respect to the 1-D reference model which are
subsequently projected onto the irregular grid. Tests arfopmed with different spike sizes
from 0.5°<0.5° to 6.0%6.0°. Theoretical travel times are then calculated usieg &y dis-
tribution associated with the observed data and Gaussiae mdth a standard deviation of
+0.5 s is added to the data. Subsequently, the resulting matuatem is inverted using the
same regularization parameters as in the actual data iomersh Figure 6.4, examples of
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Figure 6.2: Results of the separate inversions of the CALIXTO (a), EIF®), TOR (c),
SVEKALAPKO (d), Leeds (e) and EMSC data (f).
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:

Figure 6.3: Logarithmic hitcount (i.e. number of rays crossing a ceiaxious depths.
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Figure 6.4: Spike tests for an anomaly size ofX4°L° at 50 km depth, 2R 2° at 440 km depth, 3
3° at 1175 km depth, & 3° at 2650 km depth. The greyscales give the amplitude of éhecity
anomalies.

such spike tests are shown for various layers with spikesffafrent sizes increasing with
depth as the spatial resolution decreases with depth. lnghbermost mantle, anomalies
of 1.0°x1.0° can be reconstructed (for instance, in the Aegean atrb@Jen anomalies of
0.5°x0.5°) whereas in the lower mantle, anomalies with a horilasttension of 3.0° can
be reconstructed.

To estimate the uncertainty of the velocity model causedrogre in the observed travel
times, the data vector is permuted randomly before perfogntihe inversion keeping the
same inversion matrix as for the original data vector (Spmkm991). In general, a random
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model with low amplitudes¥ 0.2—0.3%) is found in regions of good ray coverage as there is
little correlation between data and ray paths (an exampdedif a test is given in Figure 5.4).
Only poorly sampled regions, as for example the Northeramit at 50 km depth, display
systematic anomalies of higher amplitude {%). The mean velocity perturbations of the
permuted data vector test are are close to 0% throughoutdinéilen The root-mean-square
values amount te: 0.25% at the top, reducing tez 0.2% in the upper mantle and ta 0.1%

in the lower mantle and provide an upper bound for the angiterrors since the data are
treated as errors in this test while true data errors arelemal

6.5.2 Model results - Comparison to the BSE model

Two models are computed: P06 with respect to reference nadd&5 and POBDloc with
respect to reference model CUB+S20RTS+P@8 described in Section 6.3. Spatial resolu-
tion of these models is highly comparable although smdktihces in sensitivity test results
exist. The significance of these differences is, howevéicdit to quantify.

The newly picked data, the Euro-Mediterranean bulletin gedcore phases provide addi-
tional information in different regions and depths. Theref to get a better impression of the
new models (P06 and P@DIloc), they are compared in the following to the earlier lod
BSE of Bijwaardet al. (1998). BSE was obtained with the much smaller, original EtdBa
set of 1998 employing 7.5 million delay times and using akd8%eference model. Also, the
model parameterization used here is more detailed thamrtguiar cell grid used for BSE.
In Figure 6.5, all three tomographic models are displayeehdbus depths with respect to
ak135 which allows for model comparison independent of taging model used for inver-
sion. The largest differences between BSE and the new madef®und in the uppermost
and lowermost mantle as particularly the number of regitmaakl times is increased and a
large amount of core phases are used. Also, in the first 20iatiar clearly visible differ-
ence between the tomography models is related to the referandels used. For BSE and
P06 the reference model is ak135 and the results at e.g. 508185 km show large regions
(north Africa, Atlantic, Siberia) where the inversion rets the reference model amplitude of
0% as a result of lack of data (ray paths). In model BO8oc, these areas contain the veloc-
ity variations of the 3-D reference model CUB+S20RTS+P(&e Fig. B.1 for the reference
model). For instance, lateral heterogeneity at 50 km deptteuRussia and Siberia results
from crust-lithosphere structure as contained in the 3fBremce model, in particular, at this
depth by the crustal model CRUST2.0 as embedded in the tapbgmodel CUB2.0. In ar-
eas where ray paths sample mantle structure, the forwardlinggrocedure and subsequent
inversion ensure that the resulting tomographic modelsistent with the travel time infor-
mation and the 3-D background model. The current EHB dathasealso been corrected for
erroneous station coordinates (E.R. Engdahl, personatmorication, 2001) which leads to
removal of some spurious anomalies present in BSE. For eeamptrong negative anomaly
in crust and uppermost mantle in model BSE under the Eastiearoplatform (see Fig. 6.5-
50 km) proved to relate to incorrect coordinates for a stadibthis location, and has disap-
peared in PO6.

At 50 km depth (below the crust in ak135), mountain rangehiasAips, (southern) Pyre-
nees, Betics, Hellenides are imaged as low-velocity zomegyeneral, features now have
finer outlines in P06 because of much more regional data acalulse cell sizes of the ir-
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regular grid are smaller than in the BSE model which allowsifieaging of more detail.
The model PO&DIoc is dominated by the reference model in regions of loyvaaverage
(e.g. East European platform, Africa), but is otherwise parable in anomaly patterns to
P06. However, PQBDloc generally shows higher amplitudes and local focusiifiects (see
Fig. 6.6). By construction, these higher amplitudes aréypar the null space of the travel
time inverse problem and thus not inconsistent with theemirdata set. The local focusing
effects basically result from 3-D earthquake location a2l tracing in the 3-D reference
model prior to inversion.

The data picked from teleseismic experiments lead predamtiyto local effects in the litho-
sphere below the station network. For instance, the SVEKRK® data enhance the outline
of the thickest part of the crust (imaged by a low-velocitpinaly spot at 50 km) beneath
Finland. The TOR data amplify and sharpen the change of itids@cross the Tornquist
zone. The Leeds data mainly increase velocities below tingt ar the south of England and
otherwise slightly amplify high velocities to the northeasScotland. Hardly any changes
result from the inclusion of the EIFEL data from which can lmduded that these data
are in good agreement with the EHB data for the region. The SHB and ORFEUS data
have a more distributed and untraceable effect on the tompbgr models as the stations
are distributed over a large region. Remarkable, howesehd effect at 50 km depth of a
station in Lybia which provides a westward extension of tlghtvelocities of the Tethyan
margin lithosphere in the eastern Mediterranean basinthm@xample can be found east of
Belarus where the anomaly contrast across the Trans-Eamdpature Zone, separating the
East European platform with its high velocities from thedadcally younger western part of
Europe, is enhanced.

Since the Euro-Mediterranean bulletin contains mosthal@nd regional travel times, their
main contribution to the tomography models is found in thestand uppermost mantle: (
250 km depth). For example, velocities below the southeeai&n peninsula are decreased
while they are increased beneath the Persian Gulf. Furttresmarious high-velocity regions
below the Atlantic are amplified.

At 185 km depth, the effect of using more regional data candieed as the subduction of
the African plate underneath Turkey close to Cyprus app&ss continuous high-velocity
anomaly. Furthermore, with better ray coverage the Trams4iean Suture Zone becomes a
continuous structure along the western and southern ofi@oland and Ukraine. The low-
velocity anomaly beneath the Arabian shield presumablgediby hot upwelling mantle ma-
terial and associated volcanism (e.g. Debaylal., 2001) is now outlined better towards the
east (also at shallower and deeper layers). Other notie@aplovements at 185 km depth are
the enhancement of the high-velocity body beneath Finlaradrasult of the SVEKALAPKO
data; amplification and sharpening of the change in velexcilicross the Tornquist zone by
inclusion of the TOR data; a better outline of the westerritlohthe Trans-European Suture
Zone due to inclusion of data from the ORFEUS archives; areased lateral definition to
the north of the Vrancea subduction system and higher amdglit in the Vrancea slab as a
result of the CALIXTO data, while the depth extent of the \waa slab is constrained by
the combination of EHB data and CALIXTO data (Fig. 6.6). Thiiional information
gained from the EMSC data around 185 km depth is limited. tiet high-velocity anomaly
in the eastern Mediterranean region is slightly amplified &s boundary toward Egypt is
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sharpened. Also, the high-velocity anomaly related to thkle part of the Arabian platform
below Irag and Kuwait is amplified. In PO&Dloc many of these anomaly patterns are further
focused, e.g. the Vrancea slab.

At 500 km depth, all models show the same pattern of higheigl@anomalies across the
Mediterranean and southeastern Europe, even thoughsddiffdr between models. These
patterns have been associated with present lithosphedeistitin and with past subduction
resulting in flat-lying lithosphere slabs (Wortel and Spakm2000; Spakman and Wortel,
2004). Also differences between models can be observeld ashe positive anomaly below
the Arabian plate which is hardly noticeable in BSE and PQ@&ppears in model PQBDIoc.
From 660 km depth downwards, minimum cell sizes are resttith 1.0% 1.0° and below
1100 km depth to 1.5% 1.5° as the surface area of the cells becomes smaller withasmg
depth. Main differences at 1175 km, occur beneath northgasgffrica and the southern half
of the Iberian peninsula where the mantle is imaged now byielacities in the new models.
Furthermore, anomaly patterns under the Atlantic Oceanpasiive anomalies associated
with the Tethys subduction (Hafkenscheital., 2006) are more enhanced and focused.
The core phases were added to better constrain the lowelanAntong other studies which
used core phases are those by Obayashi and Fukao (1997hi BodcDziewonski (2000),
Karason and van der Hilst (2001) and Lei and Zhao (2006) vimideed have shown that in-
corporation of core phases improves resolution in the laonantle. As main contribution in
this study, they improve the amplitudes and definition ofraalies in the lower mantle from
1900 km downwards while below Central Europe they lead tartteging of new structure
in the deepest mantle. At 1900 km, structures in P06 and3®06c are more focused com-
pared to BSE while as an important difference we note theipesinomaly under the central
Mediterranean (Italy and surroundings) and the low waved@amomaly to the southeast of
it. The core phases also contribute to the low-velocity togteneity beneath western Europe
and northwestern Africa.

In the lowermost mantle, around 2650 km depth, the additiofi@rmation due to the core
phases fills in a blank spot in the BSE model from beneath Sweatross central-eastern
Europe, to Greece. Indicative of a lack of data for the BSE ehodthe deepest mantle is
also the fact, that the southern half of the displayed argeiameterized by much larger
cells in that model. Also under the north Atlantic the pattef positive anomalies has rad-
ically changed compared to BSE. P06 and B@8oc also differ substantially with regard
to positive and negative velocity patterns below Europee 3thong positive anomalies im-
aged under central and southeastern Europe, and flankegl ottt by an east-west striking
strong low-velocity zone are only partly present in the refiee model CUB+S20RTS+P06
These largely new anomalies can only result from a redigioh of ray paths and travel time
signal (through 3-D ray tracing and event location priomigersion) in the deepest mantle as
a result of using a different reference model.

Agreements and differences between BSE and the new modeldyetween the two new
models, can also be observed in many vertical cross-seatiorwhich some are discussed in
the following. Figure 6.6a shows a vertical low-velocityneobeneath Central Europe which
has been interpreted by Goetsal. (1999) as a lower mantle upwelling and as the source for
volcanism in that region (e.g. Eifel, Massif Central, Boli@mMassif). This hot upwelling
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Figure 6.5: The new tomography models P06 (middle) and B@oc (bottom) with all the additional
data incorporated compared to the BSE model by Bijwaard. et18198) (top) at 50 km and 185 km
depth. All velocity variations are displayed with resperak135.
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Figure 6.5: (continued) The same models as before at 500 km and 1175 kifn. dep
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Figure 6.5: (continued) The same models as before at 1900 km and 2650 (k. de
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can now be imaged in greater detail and it becomes more a{iB86, PO63Dloc) that this
upwelling originates at the base of the mantle. Furtherntoeeconnection between lower
and upper mantle anomaly is enhanced (at 300—400 km and d8faphical distance in the
cross-section).

Cross-section (b) displays the high-velocity anomaly effennoscandian shield in the up-
per mantle beneath Finland overlying a low-velocity manfilkee lithosphere-asthenosphere
boundary is now found at approximately 300-350 km depth dumdorporation of the
SVEKALAPKO data in particular, but also due to EMSC travehdis and the addition re-
gional travel times in the latest EHB catalog.

A "TOR” cross-section through the models is displayed ingddn). While the image using
the TOR data alone (Fig. 6.2c) is comparable to other studiésh exclusively use TOR
data (high velocities below the Elbe lineament, low velesinorth of it and high velocities
below the Fennoscandian shield), the addition of the EHB,dgliich contain many more re-
gional phases, changes the model below the Elbe lineantexpfeoximately 2.5 ° horizontal
distance in the figure). As main difference, the crust anceumpst mantle below northern
Germany down to 110 km depth are imaged by a high-velocityreatyy This anomaly co-
incides with a region identified as containing Avaloniandyaent (e.g. Shomadit al,, 2006)
while south of it the Rheic Suture and Gondwanan basemeloirfolBelow this anomaly,
down to 310 km depth, a uniform low-velocity anomaly is olveerlimited to the north by
the Tornquist zone while before (BSE) this negative anomaly only weakly obtained be-
low the Elbe lineament probably due to a lack of data theretheamore, now the Tornquist
zone is imaged at approximatelys° further to the north than before.

Cross-section (d) shows the subducted lithosphere slabalfeithe Vrancea region in the
southeastern bend of the Carpathians. The new models, wbithin the CALIXTO data
and much more regional data from the EHB catalog, are cemsigtith BSE for this region
and confirm the 3-D structure on which basis the interpm@tatias made that the Vrancea
slab displays the final stage of subduction in which slabaketent has not yet occurred
while north of it the subducted slab is detached (Wortel apak&an, 2000). The Vrancea
slab anomaly only differs in detail with the images obtaifredn other tomographic experi-
ments using only CALIXTO data (Weidlet al., 2005; Martinet al, 2006).

Cross-section (e) shows a north-south section of the maaetss the Alps. As could be
observed in the horizontal cross-sections (Fig. 6.5), thevelocity anomaly in the crust
and uppermost mantle follows the outlines of the Alps nowweell, expressing the crustal
wedge above the down-flexed European lithosphere (poaitivenaly to the upper left) where
the model was dominated before by high velocities. Furtloeegraround 200 km depth, low-
velocities are found in the new models below the Europedn slihithree models consistently
show that the European plate dips southward under the Adplkte while the positive slab
anomaly further south (at 6° geographical distance in Fige) results from southwestward
subduction of the Apennine slab at an oblique angle to thigosedRemarkable are the focus-
ing effects obtained from the additional data (P0O6) andtauddil 3-D ray tracing and event
location (P063Dloc).

Cross section (f) displays a south-north line through treteza Mediterranean-Aegean re-
gion showing the Tethys slab which is still connected to ttigcAn plate. Owing to two
additional stations in Libya and Egypt and 3-D ray tracifg, lithosphere beneath the east-
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ern Mediterranean can be resolved better which results i@ montinuous image of the
African plate subduction.

The last two cross sections (g) and (h) display the Gibraltdr and the Calabria slab, respec-
tively. Focusing effects can observed in both sections. tR®@Gibraltar slab this concerns
an improved delineation between the steeply east-dipétgesd the positive anomaly con-
nected directly to the right which cuts the same slab monegakirike in this strongly curved
subduction zone (Spakman and Wortel, 2004). Focusingtsffecthe Calabria slab occur
predominantly in its flat lying portion which is thinner antiglightly higher amplitude (as
for the flat lying anomaly in the Vrancea section (d)).

6.6 Discussion and Conclusions

We presented two new P-wave tomography models, P06 and8Blg, for the European
region that were obtained from inversion of an extended ElBaj data set combined with
additional high-accuracy data from various European ssurd@ he different European data
sets were also inverted separately to check for informatioantent of the absolute travel
times, we picked. Comparison with the published tomogmpiddels derived from each
data set (and inverting relative residuals) was hamperetidpverall lack of depth resolu-
tion we observed as a result of using a global cell paranzetiésn instead of a local model
box as was used in the pertinent studies by others.

Overall, we found in our new models an enhanced focusingratttre with respect to the
earlier BSE model while also important and sensible chaimgemomaly patterns are ob-
served such as the outline of the Trans-European Suture Fomghermore, in some regions
(e.g. Finland) an improved image of the lithosphere-asibghere boundary was obtained.
New stations in regions with very low ray coverage (e.g. Bylprove to have a substan-
tial impact on imaged structure while in some well samplegiaes the additional European
mostly only amplify anomalies observed earlier or confirmlieafindings (e.g. Vrancea
zone, Eifel plume). In the lowermost mantle, due to the aoldlibf cores phases, a redistribu-
tion of anomaly patterns is observed with respect to BSEenddso a previously unsampled
region below Central Europe could be imaged. Owing to theredé¢td EHB data set, reso-
lution improves greatly in the lowermost mantle of the Ewap region which among other
things provides new support for a deep mantle root for thérabBuropean upwelling.

A comparison between the two new tomographic models alsmdstrates the positive ef-
fects of changing reference models for tomography. Pdatity PO6.3Dloc resulted from
inversions relative to a 3-D background model in which, pradomographic inversion, earth-
quakes were relocated and ray path geometry was determyn@éebbray tracing to obtain
consistency between the 3-D reference model, delay tinge#)qake locations and origin
time, and 3-D ray paths. As the same data set was used fosiomedifferences between
P06 and PO&DIoc must be attributed to the non-linearity of the gloleethbgraphic inverse
problem of travel times which has so far been neglected irt staslies. Apart from many
focusing effects and redistribution of anomaly pattertsy aew structure could be imaged
as a result of changing the reference model. We did not yetsfoa the detailed accuracy of
all these images which requires more work and analysis thineofew sensitivity tests.
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6.6 Discussion and Conclusions
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Figure 6.6: Vertical cross-sections through the BSE model and the nedetad®06 and PQ8Dloc
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6 Enhanced models of the European crust and mantle derivedtfavel time tomography

In all, we conclude that the two new models provide enhancedjes of European mantle
structure which may prove useful for further geodynamieiiptetation, for more accurate
earthquake location and as a reference or starting poifidfeard and inverse model calcu-
lations in seismology and mantle dynamics.
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Chapter 7

Travel time tomography of
western North America with a new
arrival time data set

7.1 Introduction

The west coast of North America has been, and still contitmbs, a site of complex defor-
mation due to its location near a major plate boundary. Indde& and Cenozoic times, the
Farallon plate (an oceanic plate west of the North Ameridatepwas subducted eastward
under the North American plate. In the Cenozoic (29 Ma aga)dsction of the Farallon
plate beneath southern California was completed while sciixeh of the remaining northern
part, called Juan de Fuca and Gorda plate (see Fig. 7.1)noedt With cessation of sub-
duction in the south a transform fault between the northwast moving Pacific plate and
the westward moving North American plate was created (ptaddons relative to Africa)
and the Mendocino Triple Junction between Pacific, Juan da Bad North American plate
formed. This triple junction started moving northward 25 &go and was accompanied by
an extinction of the arc volcanism along its way and initintdf volcanism in the northern
Coast Range.

Tomography provides information which helps to recongttectonic movements in that re-
gion. On a long-wavelength scale, surface wave tomograpitefs exist, which image the
upper mantle beneath the North American continent (e.gdeahee and Nolet, 1997; Godey
etal, 2003). However, in higher detail mostly local or regionaldels exist which do notim-
age the entire region. For example, the subduction benkat@Gascades of Washington and
Oregon was imaged by Michaelson and Weaver (1986), RasmasseHumphreys (1988)
and Neeleet al. (1993) and it was subject of the Cascadia 1993 experimenédarut across
central Oregon to image the subduction of the Juan de Futaymaer the North American
plate. As part of this experiment, Ronderefyal. (2001) and Bostockt al. (2002) obtained
a high-resolution image of the upper 120 km of the subdua@mre. The Gorda slab and its
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7 Travel time tomography of western North America with a nexival time data set

southern edge have been imaged by Benal. (1992) and Beaudoist al. (1998) among
other studies. The uppermost mantle beneath the southeat Glley and the Sierra Nevada
has been investigated by many authors with receiver funsti@gional tomography and shear
wave splitting (e.g. Benz and Zandt, 1993; Batchl,, 2004; Zandet al,, 2004; Yang and
Forsyth, 2006). In particular, many more crustal studiést@t northwestern America but as
we focus on the mantle they will not be listed here.

In contrast to these local or regional studies, we will pnédeere a comprehensive high-
resolution tomography model of northwestern America basediew data combined with
ISC (International Seismological Centre) and NEIC (NagidBarthquake Data Center) bul-
letin data.

7.2 Data

7.2.1 Newly picked data for stations in North America

For many recordings of the Advanced National Seismic NetwWANSS), the Incorporated
Research Institutions for Seismology (IRIS), Canadiarnidwial Seismic Network (CNSN),
Southern California Earthquake Data Center (SCEDC) andNtiRS-Baja project arrival
times were not determined and therefore not reported to S These recordings build
the basis of the new, additional data set used here. Seismsgrom these stations were
obtained, pre-processed and picked by Sandetal. (2004a) with an automatic picking
method to investigate the lithosphere and mantle beneatth Maonerica but so far, the data
set has not been used for tomography. The data from thatopregre recorded from 2002—
2004 and contain 120,000 P-wave picks for 486 events (evehsiation locations are given
in Fig. 7.1).

7.2.2 EHB catalog

The main data source for travel time tomography in this stedyreprocessed and updated
version of the International Seismological Centre (ISC)dbims extended with travel times
from the National Earthquake Information Center (NEIC) o tJSGS for the most recent
events by Engdalet al. (1998). This database will be referred to hereafter as EH&8l@g

It contains earthquake observations for the period 196@4-2tcluding over 445,000 events
for 27.4 million first and later arriving phases. The progegof Engdahlet al. (1998)
comprised a phase re-identification, theoretical traveétcalculation in the Earth reference
model ak135 (Kennettt al, 1995) and a relocation of the events. From this data set, 19.
mill. arrival times (P, pP, pwP, PcP, PKP and PKiKP phasesgwselected for tomography.

7.3 Method

The method applied here is travel time tomography, whicls tise difference between ob-
served and predicted arrival times of P-waves to computecitglvariations within the in-
vestigated region with respect to a reference model. Therétieal arrival times are also
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7.3 Method

Juan de Fuca|
plate
Gorda plate:

C
Mendocino Triple
Junction |53 S v

Pacific

Figure 7.1: The lines S1-S5 on the top left give the location of model €rmsctions displayed later
on (Fig. 7.4). Abbreviations: SAF — San Andreas fault, Yelelldfvstone. In the map on the upper
right, open triangles indicate the location of stationstaored in the EHB catalog. Filled triangles show
station locations of additional data. lllustrated in thétbim figure are the locations of the earthquakes
contained in the new arrival time data set.
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7 Travel time tomography of western North America with a nexival time data set

calculated with this reference velocity model, which iséhére 1-D model ak135 by Kennett
et al. (1995) and additionally for a later inversion a 3-D referenwodel. This 3-D reference
model contains the global travel time tomography modeliabthwith respect to ak135 in
regions of good ray coverage. The anomalies of the modelrapdifeed up to a factor of
2 where allowed by the model null space as anomaly amplitadessually underestimated
in travel time tomography in many mantle regions by 30%-5@therwise, CUB2.0 (Ritz-
woller et al, 2002a), which is based on CRUST2.0 (Bassirl, 2000) in the crustal part,
is used in the uppermost mantle and below that S20RTS (Réteeal., 1999). For usage of
the 3-D reference model, the earthquakes are relocatedtimitdel to ensure consistency of
source parameters and travel times. For more details orsthefu3-D reference models for
travel time tomography see Chapter 5.

We use the method of Bijwaast al. (1998) to solve the inverse problem. Even though focus
is on northwestern America, a global tomography experingepéerformed thereby avoiding
all shortcomings of using a regionally defined model volu@emposite rays are used instead
of single rays, where a composite ray is built from singlesrafthe same phase type which
originate from the same event cluster and end at the sanienst8y using composite rays,
the amount of data for inversion is reduced but at the same ttira signal-to-noise ratio is
increased. The data are weighted prior to inversion by theesiof the individual delay times
within the respective ray bundle to account for the diffeeim ray bundle size. For the new
data, this approach is not used as their quality is expeotée higher. Instead, single rays
are used. The resulting data vector then contains 10.4omilésiduals.

The Earth is parameterized by an irregular grid of non-@mging cells following the ap-
proach of Spakman and Bijwaard (2001) where the cell sizemi@pon the number of rays
crossing a cell. The cell size varies in crust and mantle detvd.5%0.5° and 10.0%10.0° with
an increasing layer thickness from the crust (10 km) to tixetanantle (200 km). The core
is parameterized by a single layer for each, inner and owtey, avith cells of 10%10° to
account for rays crossing through the core but to suppressgmodel variations at the same
time. Using such an irregular grid has the advantage of iadube number of unknowns
from 8 035 000 to 604 000, reducing the overparameteratizéind therefore the regulariza-
tion needed during inversion) and retaining the possyhititresolve structure at small scales
where allowed by the data.

The tomographic inversion itself is performed iterativeligh the LSQR algorithm of Paige
and Saunders (1982). A second-derivative damping is apfgieegularize the solution of the
inversion and to obtain a smooth model. Additionally, fardrsion with 3-D reference mod-
els an amplitude damping is applied to suppress large exagrEom the reference model.

7.4 Model recovery

As stations and events are not equally distributed ovemiestigated region, the resolution
of the velocity model varies spatially. The uneven datarithistion is clearly indicated in

the hitcount map (Fig. 7.2) which gives the number of raygersing a cell. For example,
ray coverage at shallow depths is low beneath the Pacificaladdck of earthquakes and
stations. Also for the North American shield there is a lowayr coverage due to a low
number of events and seismic stations. The new data incragseverage mainly along the
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7.5 Results

western part of the United States, in particular, beneatificdBaia and Washington.

As the computation of the resolution matrix is too time cansig due to the large number of
parameters, tests are performed with synthetic spike mddaj. Spakman and Nolet, 1988)
of various spike sizes to estimate the resolution. Theds &¥e performed with respect to
ak135 and the synthetic models contain spikes &% amplitude which are projected onto
the irregular grid. Theoretical travel times are then clal@d using the ray distribution of
the observed data and Gaussian noise with a standard dev@dti-0.5 s is added to the
data. Subsequently, the resulting matrix-vector equasigmverted. The result of spike tests
with 0.5° x 0.5°, 1.0° x 1.0° and2.0° x 2.0° spikes is displayed in Figure 7.2 at 50 km and
440 km depth. Spike anomalies are recovered in the westerofthe United States where
ray coverage is high with a minimum size of reconstructapikes between &.5° x 0.5°

in the uppermost mantle ar3d)° x 3.0° in the lower mantle (not shown).

7.5 Results

The tomography results are displayed in Figure 7.3 for sieerof the new data combined
with the EHB data using ak135 as reference model (P06) amd) @sB-D reference model
(P0O&3Dloc). To get a better impression of these models, they angpared to the model
"BSE” of Bijwaard et al. (1998) which was obtained with a smaller data set but usieg th
same method as here and applying ak135 as reference modskediently, P06 bears many
similarities with BSE. Even though different reference misdare used in the inversions, all
models are displayed with respect to ak135 for comparison.

At 50 km depth, in model P06 the North American shield is inthgge high velocities. Be-
neath most of California except for the southernmost paetan Andreas fault is resolved as
boundary between the high velocities of the Pacific platethadow velocities of the North
American plate. The new data sharpen the velocity contrtstden the Pacific and North
American plate south of San Francisco. Furthermore, a casgrawith the BSE model
shows that the model is better resolved now with smaller¢glts beneath the North Ameri-
can shield as the latest EHB data set contains significardhgmegional data. Differences in
the tomography model using a 3-D reference model (BDbc) compared to P06 appear, in
particular, where the ray coverage with short period P-waséow and therefore mainly the
3-D reference model is re-obtained as beneath the Pacifarts gf the craton where low in-
stead of high velocities are imaged as this region, at 50 Kathdés partly considered as crust
in the reference model. Otherwise, anomaly amplitudes aialynstrengthened compared
to P0O6.

At 185 km depth, the additional information of the new datali®ady reduced being still
highest along the coastline. As main features in P06, a idbeity anomaly parallel to the
coastline could be imaged and low velocities beneath Yellome. The new data enhance
the northern part of the high-velocity anomaly beneath \Megghn while in the south, the
amplitudes of these anomalies are left unchanged but cadgarthe BSE model in the
central part the velocities are decreased. Also, along tiieds California ridge, velocities
are further decreased due to the new data. In the easterfhidlé cross section other
differences between BSE and P06 are found resulting in arbetitlined boundary of the
high-velocity anomaly in P06 beneath the shield towardsvibgt. Usage of the 3-D reference
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7 Travel time tomography of western North America with a nexival time data set

440 km

DIFF_HITC

Figure 7.2: Displayed at 50 km depth is the hitcount of the combined dattdeft, top), the addition of
the new data to the hitcount (left, bottom)).&° x 0.5° and1.0° x 1.0° spike test using the combined
data set (middle, top and bottom) and at 440 km depitida x 1.0° and2.0° x 2.0° spike test using
the combined data set (right, top and bottom).
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7.6 Discussion and Conclusions

model provides again implicitly more realistic velocitiesneath the Pacific and below the
cratonic part of North America thereby enhancing the cattathe tectonically active region
of the North American Cordillera.

At 440 km depth in the upper mantle transition zone, P06 isidated by low velocities
beneath northwestern America but contains high veloditegseath Nevada, Utah and Idaho.
Also, at this depth the signature of the North American shirels vanished and is replaced by
a low-velocity anomaly. Differences with BSE are biggestha eastern half of the section
where P06 contains more data and therefore gives a moressttigrage. The model using a
3-D reference/starting model is comparable to the modabuesil-D reference/starting model
except for the Pacific where PGBDIloc contains the low velocities of S20RTS.

To get a better impression of the distribution of high-vépanomalies and their interchange
with low-velocity anomalies, vertical cross sections tigh the models presented in Fig-
ure 7.3, are displayed in Figure 7.4. The exact location efdlices is given in Figure 7.1.
Starting in the northern part of the model with a west-eamtding slice (S1), the afore-
mentioned high-velocity anomaly represents the subduklitad de Fuca slab beneath North
America. This slab is steep in the western part and flatteti®inpper mantle transition zone.
The new travel time residuals increase velocities pauisuih the uppermost and lowermost
section of the slab. The BSE model contains also above th&dhl@iscontinuity smeared
out high velocities related to a lack of data.

Further south (S2), the slab is only observed with high vigescdown to approximately
200 km depth with resolution being sufficient to reconstarmmmalies at this depth. The new
data amplify the surrounding low velocites and compared3& Bhe high-velocity anomaly
is more focussed.

Further south (S3), in PO6 and P@®loc the Gorda slab becomes again a more continuous
feature lying flat in the top part of the transition zone. Cangal to BSE the new data in
combination with the latest EHB data set clearly improvedimplitudes of the slab anomaly.
In the next slice further south (S4), a high-velocity anonwnnot be found where it was
seen before in the uppermost mantle while below 350 km dépshdetected. Again, the
high-velocity anomaly in P06 and P@®Dloc is more focused than in the BSE model.

Even further south (S5), this anomaly in the transition zisnebserved again with weaker
amplitudes. However, in the uppermost mantle a high-vil@iomaly east of the San An-
dreas fault is found in all models and the new data increasedlocities of that anomaly.
Due to the different reference model, the connection of igh-kelocity drip disappears in
the model using a 3-D reference (P8Bloc).

7.6 Discussion and Conclusions

The new data clearly improve the tomographic model in theeuppst mantle and in re-
gions that were sparsely sampled in previous global tonpyratudies (e.g. Bijwaaret al.,
1998). A subducted slab can be detected in the uppermosterieorh British Columbia to
approximately 170 km south of the Mendocino triple junctiord vanishing/weakening be-
low ~ 200 km depth beneath Oregon close to the boundary between Jiarcdeand Gorda
plate.

Earliest indicators of a high-velocity slab beneath soetstern Canada and the northwestern
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7 Travel time tomography of western North America with a nexival time data set

P06_3Dloc

Figure 7.3: The BSE model of Bijwaaret al. (1998) (top row), the model using the newly picked data
and EHB data with a 1-D reference model (middle row) and thdehasing the new data and EHB data
with a 3-D reference model (bottom row) at 50 km (left), 185 ¢middle) and 440 km depth (right).

All velocity perturbations are displayed with respect td 3% independent of the starting model used

for tomographic inversion.
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cross sections is displayed in Fig.7.1. The velocity péstions are given with respect to ak135 .
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7 Travel time tomography of western North America with a nexival time data set

United States were observations of P travel times (McKeargkJulian, 1971). The part of
the slab beneath Oregon and Washington was also detectedrimasion of teleseismic P
travel times by Michaelson and Weaver (1986), Rasmussehiantphreys (1988) and Van-
Decar (1991). The model of Rasmussen and Humphreys (1988)dfurthest south with
a similar depth extent of the high-velocity to our model tdestst 400 km in the northern
part of their model (corresponding to S1) and 200 km in thelsaa part (corresponding to
S2). However, our model continues further to the east andrevéharefore able to image the
flattening of the slab below 400 km depth.

The part of the Gorda slab (S3) beneath California was imagedkr by Benzt al. (1992)
with teleseismic P tomography. Its southern edge of the &pitdte has been imaged by
Beaudoinet al. (1998) with a seismic refraction-reflection profile beingdted at approxi-
mately40°N beneath California, which is in good agreement with our etethere the slab
at 200 km depth extends to approximatady N.

The low-velocity region at the southern end of the Gorda $#4) and the adjacent high-
velocity anomaly beneath Central California (S5) have bsdnject of debate for many
years. Ten Brinlet al. (1999) suggest that the low-velocity anomaly (S4) reprissamnegion
of stretched slab material where thermal re-equilibratianses the observed low-velocity
anomaly. As another possibility, Furloegial. (1989), Benzt al. (1992) and Benz and Zandt
(1993) interpret the low-velocity region as a slab windowihich asthenospheric material
is upwelling. According to our model, the low-velocity analpbeneath Central California
is caused by hot upwelling asthenosphere material that chiovafter subduction ended and
the slab sank into the mantle since remnants of this slaltilirgbservable further to the east
from 350 km depth onwards. Benz and Zandt (1993) suggestitbdtigh-velocity anomaly
at the southern end of the slab window below the southerntGediey (S5) is caused by a
fragment of the Farallon plate being left there after sutidncended. Zandt and Carrigan
(1993) also interpret the slab window as a region where upweasthenosphere replaced
the remnants of the Farallon slab after cessation of sulmtuict southern California. How-
ever, they interpret the high-velocity anomaly south of dte window as a body dripping
off the base of the lithosphere due to a small-scale cometistability. This theory was
later on supported by a time-dependent simulation of therthkevolution of the astheno-
sphere (Liu and Zandt, 1996) and Ruppstral. (1998) and Saleebgt al. (2003) proposed
the southern Sierra Nevada batholitic root as origin of thiached lithosphere. Also Zandt
et al. (2004) come to the conclusion that this high-velocity anlymepresents either the
root of the southern Sierra Nevada or a downwelling indugetbbindering of the root. A
recent seismic tomography study of the lithosphere bertbathouthern Sierra Nevada with
P and S wave travel times (Bowd al., 2004) confirms the existence of the high-velocity drip
but dipping eastward beneath the southern Sierra Nevadal &al. (2004) conclude from
analyses regarding composition and temperature that threag represents stratified mantle
lithosphere delaminated from the crust beneath the squBierra Nevada.

Our model does not allow for inferences on compositionaltaadmal aspects of the anomaly
but unlike previous regional tomography studies, we are &blgive a depth limit for the
high-velocity anomaly confining it to a depth 250 km. The obtained model agrees well
with other studies that prefer removal of the Sierra Nevadé& as cause of the high-velocity
anomaly (instead of a Farallon slab fragment) and we obdeereemnants of the Farallon
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slab above the 660 km discontinuity further east of the higlocity anomaly. Therefore, the
most plausible explanation for the eastward dipping higloeity anomaly below the south-
ern Great Valley and Sierra Nevada is a drip of lithosphesat from the southern Sierra
Nevada.

In summary, we have been able to image the P velocity streibiemeath entire northwestern
America in high detail with global travel time tomographyewy picked arrival times have,

in particular, improved the model in the uppermost mantleeion where ray density was
low before thereby enhancing, for example, the outlinesibfisicted slabs.
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Chapter 8

Relocation of a global earthquake
data set with a 3-D velocity model

We have relocated a global earthquake data set of 450,00@seventained in the Interna-

tional Seismological Centre (ISC), National EarthquaKermation Center (NEIC), Europe-

Mediterranean Seismological Centre (EMSC) and region@lork data bases. The initial

earthquake locations were obtained using a standard 1-ih Egference model while the

earthquake relocations presented in this study were paefdin a highly detailed 3-D veloc-

ity model based on travel time tomography using a directatiggrarch technique. Tests with
well-located events show an improvement of the earthquagatibn errors using the 3-D

model with respect to a 1-D Earth reference model. Furthegpsystematic source parame-
ter shifts of the events in the global earthquake data sebearbserved with respect to their
initial location which are caused by 3-D Earth structure rmmeounted for in the earthquake
location process.

8.1 Introduction

Accurate earthquake locations are important not only fisnse-tectonic and seismic hazard
assessment but also for the Comprehensive Nuclear Test+Baty (CTBT) or for tomogra-
phy studies investigating the velocity structure of thetEarcrust and mantle. The accuracy
of event locations depends on many factors among which areutmber of phases used for
computation of the location, proper phase identificatibe,welocity model used for compu-
tation of reference travel times and the location methcaalfitBesides the ISC and NEIC,
which provide global data sets of earthquake locationsupsated EHB catalog of Eng-
dahlet al. (1998) provides a groomed version of the ISC and NEIC buléetiom 1964 to
2004 including improvements compared to other global ogtal The earthquake locations
in the EHB catalog were obtained using a 1-D Earth referermdetradding regionally aver-
aged travel time corrections for upper mantle structurethieumore, phase identification of
depth phases in this catalog was improved using probabgingity functions of later-arriving
phases. The 3-D velocity heterogeneities in the sourcemsgind along the ray paths of the
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8 Relocation of a global earthquake data set with a 3-D vislocodel

observed phases are not routinely taken into account in Bineearthquake locations pro-
vided by the mentioned global catalogs as it is computalipagpensive and requires a good
3-D velocity model of the Earth’s interior.

In this study, a highly detailed 3-D model obtained from &ldime tomography will be used
in a directed grid search to find more accurate earthqualatitos for a global earthquake
data set.

8.2 The earthquake data set

8.2.1 EHB catalog

The main data source is the reprocessed and updated edghcatalog of Engdalet al.
(1998) which is based on the ISC bulletins and extended veith flom the NEIC of the U.S.
Geological Survery for the most recent events. This datbal be referred to hereafter
as EHB catalog. It contains earthquake observations fopér®d 1964—2004 including
over 445,000 events with 27.4 million first and later arriyphases. The processing of Eng-
dahlet al. (1998) comprised a phase re-identification, theoretieaiertime calculation in
the Earth reference model ak135 (Kenradtal, 1995) and a source relocation taking into
account regionally averaged travel time corrections fesiismic phases.

8.2.2 Euro-Mediterranean bulletin

The Euro-Mediterranean bulletin of the EMSC provides theoad data set used here. This
bulletin contains a collection of travel time observatidresn local networks in the Euro-
Mediterranean region (Godeyal,, 2006). Well-constrained earthquakes in this catalog were
relocated by the EMSC. However, if existent, the correspun&HB location is used here
instead of the EMSC locations. Otherwise, the events aceatd in ak135 including re-
gional patch corrections for consistency with the EHB aajalsing the relocation method
described in Section 8.3. The resulting EMSC subset thesistsrof over 96,000 additional
first-arriving P and S phases from 9,700 events for the petf8B—2003 for which EHB
locations could be found and 138,000 P and S arrival time$ #00 events for which an
EMSC location exists. Depth phases (pP, sP, pwP) were nat tosavoid problems with
phase misidentifications.

8.2.3 Newly picked data for stations in North America

Sandovaeét al. (2004a) obtained waveform registrations from the Advaritatibnal Seismic
Network (ANSS), the Incorporated Research InstitutionsSeismology (IRIS), Canadian
National Seismic Network (CNSN), Southern California Bgttake Data Center (SCEDC)
and the NARS-Baja project (Trampettal., 2003). For 486 events registered between 2002
and 2004, for which an EHB location existed, 120,000 P artivzes were picked by San-
dovalet al. (2004a) with an automatic picking method. For most of theagoms, arrival
times were not determined before.
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8.3 Relocation method

8.2.4 Newly picked data for stations in Europe

Additionally, temporary experiments with spatially derssation arrays in Europe, the OR-
FEUS (Observatories and Research Facilities for Europe@m®logy) archives and a col-
lection of registrations for the UK, Ireland and part of fwvestern France provided to us by
Arrowsmith (2003), form another source of data. The tempoeaperiment data comprise
the SVEKALAPKO experimentin Finland (Bock et al., 2001)e fROR experimentin South
Sweden, Denmark and North Germany (Gregeetea., 2002)), the EIFEL experiment in
the Eifel (Ritteret al., 2000), the CALIXTO experimentin Romania (Wengehl.,, 1998) and
the MIDSEA project with a number of stations surrounding Mediterranean Sea (van der
Leeet al, 2001). The data from these stations were obtained as wawefand arrival times
were determined with the method of Sandostél. (2004a) resulting in a total of 86,600 P
and S arrival times for 3100 events, for which an EHB locationld be found.

8.3 Relocation method

From the EHB catalog, only events are relocated which aceralscated by Engdalet al.
(1998) and earthquakes which had a fixed EHB hypocenter dapthkept at fixed depth.
Furthermore, we use only those P, S, pP, pwP, sP, PKPdf arikiFPphases from the EHB
data set, which were also used by Engdethal. (1998) for relocation and the additional
phases from the other data sets for according EHB events. adititional EMSC events
without corresponding EHB location are relocated using & &uphases. For all additional
data, regional phases with absolute travel time residuals s and teleseismic phases with
an absolute travel time residual 3.5 s are not used. Also epicentral distances for P phases
are limited to< 100° and for S to< 80°.

The earthquake relocation is based on the method of Sangbaidg Kennett (1986) which
was implemented in an iterative grid search scheme. Thedgyyer locations as given in the
EHB catalog are used as initial locations around which aigréet up 0f).2° x 0.2°x 20 km
with a node spacing di.02° and 2 km respectively. Theoretical travel times are contpute
for each node and observed phase arrival using ak135. Sudrsthy theoretical travel times
are computed in the 3-D reference velocity model for the emrof the grid with the 3-
D ray tracing method of Bijwaard and Spakman (1999a) basecwperturbation theory.
The difference between the travel times using a 3-D and 11Bcitg model is determined
at each corner and interpolated onto the other nodes of tle By adding the previously
computed ak135 travel time to the difference afterward3 tBavel times are obtained at each
grid node. The interpolation is performed to reduce contmridime as 3-D ray tracing for
each node and each observed arrival time would significamthease the task. As criterion
for the grid search, a misfit function is minimized, which isré the sum of the squared
weighted arrival time residuals (observed arrival timeedttetical arrival time - corrections
for ellipticity, station elevation, bounce point topoghgrand water depth for depth phases) at
each node. The weights differ by phase type as given in Tabld=#'st, within a time interval
of £20 s around the origin time, the origin time that produces a mimh misfit is searched.
The arrival times are then corrected for the new origin timeé &ne spatial minimum of the
misfit function is determined. If the minimum is located nds edge of the grid, the grid
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8 Relocation of a global earthquake data set with a 3-D vislocodel

phase type weight!

P 0.3
S 15
pP, pwP, sP 1.0

PKPdf, PKiKP 1.0

Table 8.1: Weights applied for minimization of the misfit function.

is shifted with the new location as center and the thus fomce parameters are used for
the following iteration, otherwise the grid is refined tofithle node spacing. The relocation
procedure is repeated until the node spacing is reduc@&dt5° or when the maximum
number of iterations (=6) is reached. On average a finalilotad found after 3 iterations
and only 5% of the events require 6 relocation steps.

The relocations are accepted if the root-mean-square rofdfite residuals is less than the
ak135 misfit + 0.5 s and if the epicenter shift is less than 5@&kihthe depth shift is less than
40 km for free-depth solutions.

8.4 Model

Relocation is performed with a 3-D velocity model obtaineshi global travel time tomo-
graphy (named "PQ@Dloc” hereafter). The model was obtained in several prsingssteps:
First, a travel time tomography was performed with travaletiresiduals from the EHB cat-
alog, EMSC bulletins (Godegt al., 2006) and seismic networks and experiments in North
America (Sandovatt al,, 2004a) and Europe (Chapter 4) using ak135 as referencelmode
This model (named "P06”) contains many features in the Eactlust and mantle (e.g. sub-
ducting slabs, hot upwellings) in regions of good ray cogera

Second, the amplitudes of this model were enhanced by dguthle anomaly amplitudes of
P06. But in order not to affect the data misfit, only the partihefamplified model was used
which lies in the null space. This null space model part wasiébby applying the null space
shuttle of Deal and Nolet (1996). As the resulting model (adrfP06"") is a P velocity
model, S velocity perturbations were derived using the ligigpendent In vs /d In v, val-
ues of Bolton and Masters (2001) which range from 1.345 irughyger mantle to 3.45 in the
lowermost mantle.

Third, the model P08 was combined with the CUB2.0 model (Ritzwolletral., 2002b) in
the uppermost mantle and the model S20RTS (Ritsetrah, 1999) below that. The CUB2.0
model is based on broadband surface wave group and phaséyeatieasurements and uses
a global crustal model (CRUST2.0, Bassiral., 2000) in the background. We used the P and
S velocities as they are provided in this model. Between 2@D390 km depth, the model
S20RTS was smoothly blent in using a depth-weighted aveshfjeth models. S20RTS is
based on Rayleigh wave phase velocity measurements, sheartkavel times and normal
mode splitting measurements. Since it is a shear velocigaihd was converted to P veloc-
ities using the afore mentioned depth-dependént; /d In v, values of Bolton and Masters
(2001). P06 is then combined with CUB+S20RTS applying a hitcount-dejgen criterion
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8.5 Location of ground truth events

where hitcount is the number of rays crossing a model grild-&®r cells with a hitcount
bigger than 500/1000/2000 in the upper/mid/lower mantlé'P@as used. A smooth tran-
sition from P06 to CUB+S20RTS was achieved by using a weighted hitcounéiaidgnt
average of both models in an intermediate hitcount range.c&its with a hitcount lower
than 100/200/400 in the upper/mid/lower mantle CUB+S20R/ES used. The advantage of
this approach is, that in regions of good ray coverage ragibgrdue to 3-D heterogeneities
is accounted for according to POGind otherwise according to CUB2.0 or S20RTS respec-
tively which can be assumed to be more realistic models tHaDaeference model.

Fourth, a final tomography inversion was performed usingetttended global data set and
CUB+S20RTS+P08 as reference model. Processing before inversion includebbeation

of the earthquakes in the new reference model (similar tadheecation process presented
here) to establish consistency between arrival time redsdand source parameters. The re-
sulting model PO&DIloc combines the long-wavelength structure as "seen’dbyg Iperiod
seismic information with the detailed crust and mantlecitrre obtained from short period
travel time data. The conversion to S-velocity anomalies again performed using the
dInvs/dInwv, values of Bolton and Masters (2001).

8.5 Location of ground truth events

To find improvements of relocation with the 3-D velocity modests with ground truth
events are performed. These events are earthquakes angdierglwhose source parameters
are known exactly. Here, additionally events are consitlesiéh a location error up to 5 km.
For Eurasia, events are selected from the reference eviatiade of Bondaet al. (2004),
which were not used for computation of the tomography moéek North America, only
ground truth events are available to us, which were also fmetbmography. Yet, these
events are selected since most of them are located in regitinsnany stations and events
and their influence on the obtained velocity model theref®rainor. For the entire ground
truth data set, only events are selected that have a tet@seiscondary azimutk 180° (i.e.
the largest azimuthal region centered around the everdirdmg only one station) and which
contain more than 10 teleseismic first arrivals.

8.5.1 Arrival time prediction

Assessment of arrival time prediction with a specific velpanodel can indicate its ability
to improve earthquake location. Therefore, theoreticalalrtimes are computed for 58,700
observed P phases of 306 ground truth events (using theit Baation) with both ak135
and P063Dloc as velocity model. The closer the travel time residaaé to 0 s, the better the
velocity model predicts the arrival times. As a summary &f tomputations, in Figure 8.1
the mean travel time residuals with respect to the epickdistance are displayed together
with their standard deviations. At distances up to appretély69° the 3-D velocity model
predicts the travel times better while betwe#l and76° ak135 gives better results and at
greater distances the results are comparable for both sodel
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Figure 8.1: Mean travel time residuals and standard deviations cordpuith ak135 (solid line) and

the 3-D velocity model (dashed line) with respect to the epiial distances for ground truth events in
North America and Eurasia.
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8.6 Results of relocating the global hypocenter data set

epicenter shift (km) depth shift (km) origin time shift (s)

fixed depth:
ak135 9.9+ 6.7 - 0.7+ 0.7
3-D 6.4+ 4.4 - -0.4+ 0.6

free depth:
ak135 9.2+ 4.8 -7.1+ 6.9 16+1.1
3-D 6.5+ 4.7 -7.9+ 6.0 0.8+1.0

Table 8.2: Summary of the mislocations errors obtained for the grouuith$ events.

8.5.2 Hypocenter location

Mislocation errors are assessed here by relocating thendrtsuth events. The events are
relocated with the method described in Section 8.3 usingBtbevelocity model and, for
comparison, they are relocated using ak135 including aectian of the teleseismic travel
times for average regional Earth structure below the stat{oorrections are applied as pro-
vided by Engdahét al. (1998)). Only the best constrained events are analyzedhvitnolve
more than 250 phases for relocation and have a depth shiltesrtean 40 km and a epicenter
shift smaller than 50 km. The absolute origin time shift istrieted to 3.5 s to exclude events
that do not contain sufficient depth-defining phases andtber cause large trade-offs be-
tween depth and origin time shifts.

Thus, 226 events are relocated fixing the depth to the triaitotand 93 events are relocated
allowing the hypocenter depth to shift. For the fixed-demtlutions using the 3-D velocity
model and ak135 (including patch correction) respectjwelipcation vectors are displayed
in Figure 8.2. The relocation vectors are smallest in Nomtefica and parts of the Mediter-
ranean region, which suggests that the events in thosenegie well-constrained by travel
time observations and/or that the 3-D model provides a gepisentation of Earth structure
in those regions. As the event locations are known with anracy of 0-5 km, the source
parameter shifts can be considered as mislocation errbesseTmislocation errors are given
in Table 8.2 for fixed- and free-depth solutions using akIr¥bthe 3-D velocity model. The
fixed-depth solutions display epicenter shifts similartte free-depth solutions and the mis-
locations are bigger for ak135 than for P8Bloc. The depth shift of the free-depth solutions
is smaller for ak135 than PO&Dloc but only suitable ground truth events with a focal tept
< 35 km were found. Therefore, the depth mislocation might natlpeesentative for deeper
events. As can be expected due to a trade-off between oitiginand event depth shift, the
origin time shift is smaller for the fixed-depth solutionaiththe free-depth solutions and in
both cases the origin time error is smaller for the 3-D mollahtak135.

In summary, as arrival time prediction is improved due to3H velocity model, relocation
with that model reduces source location errors.

8.6 Results of relocating the global hypocenter data set

The relocation of 450,000 events took 2433 CPU-hours on ahA# system using 8
Itanium-2 processors. It resulted in 203,000 events witkedfidepth solution and 247,000
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Figure 8.2: Relocation vectors of the ground truth events using the 2Doity model (black) and
using ak135+patch correction (gray). The vector tailsaatk the ground truth locations. The length of
the relocation vectors is exaggerated with the length doafihe global plot as indicated.

events with a free-depth solution of which 187,000 and 232r@locations respectively were
accepted. The rest was discarded as the event parameteraetavell enough constrained
by arrival time observations and therefore deviated toohftmm the initial location (con-
straints given in Section 8.3).

A summary of the source parameter shifts with respect torilgenal parameters using ak135
as velocity model for events with more than 10 travel timédeals is given in Table 8.3 and
illustrated in Figure 8.3. For most of the accepted evert®tlicenter shift is less than 20 km
and it amounts on average to 12.8 km. Also, the epicentetsdioif both fixed-depth and
free-depth events increase with depth. For most of the degsth events the depth shift is
less than 15 km with an average shift of -3.1 km. The depthsshife largest for shallow
events and decrease with depth as model anomalies aretlartfes crust and decrease with
depth. Furthermore, the origin time shift is centered adod® s and most events show an
origin time shift of less thar:-2 s. The root-mean-square values of the travel time residuals
after relocation with respect to the residuals obtainedi wk135 are mainly unchanged or
decrease by 0.5 s with an rms misfit of less than 3 s for the majority of even¢e(Big. 8.4).

In Figures 8.5 and 8.6 characteristic features of the réiloes are illustrated by zooming
in on the region where the Pacific plate is subducted to thé uvekerneath the Eurasian and
Philippine plates (top), the eastern plate boundaries®fdbcos and Nazca plates that are
subducted underneath the Caribbean and South American(piatdle) and the plate bound-
ary between Africa and Europe in the eastern Mediterranear(ittom).

For East Asia only earthquakes with an EHB hypocenter deptfd km are displayed to
allow for better visualization. Along the western Pacifiatel boundary, mainly negative ori-
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00000 | 55000 45000
80000 igggg ] 40000 1
@ 70000 2 40000 1 , 35000 1
$ 60000 & 35000 1 § 30000 |
5 50000 2 30000 1 & 25000 1
3 40000 & 25000 1 & 20000 1
E 30000 E fgggg 1 S 15000 1
20000 10000 - 10000
10000 5000 - 5000 {

0 0 0 3

0 10 20 30 40 50 -40 -30 20 10 0 10 20 30 40 54321012345

epicenter shift (km) depth shift (s) origin time shift (s)

Figure 8.3: A histogram of the epicenter shifts with respect to the oagiak135 locations (including
patch corrections) for fixed- and free-depth events (leff)jstogram of the depth shift for free-depth
events (middle) and a histogram of the origin time shift feeéi- and free-depth events (right).
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Figure 8.4: Density plot of the root-mean-square data misfit before 3&kEsiduals) and after (3-D
residuals) relocation.
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8 Relocation of a global earthquake data set with a 3-D vislocodel

gin time shifts can be observed. They compensate for rengauita misfit not accounted
for by computation of travel time residuals with the 3-D refece model. Close to Japan
and along the Mariana trench the epicenter shifts are catipaly small & 20 km) as the
events are well-constrained and point towards the tredéhganto account the existence of
a high-velocity slab anomaly in the subduction zone.

Along the Andean subduction zone, origin time shifts are at®stly negative around -1 s
in the southern Altiplano region decreasing significantlytie deeper parts of the subducted
slab to+0 s while origin time shifts to the north are larger, betweess &hd -1 s. The epi-
center shifts are on the order of 25—-30 km in the Altiplandaegointing, like in the eastern
Pacific subduction zones, towards the trench. North of thiplaho plateau and at greater
depth the relocation vectors are generally smaller, pdeity the deep events have reloca-
tions of less than 10 km.

Along the southern part of the Middle American trench, thigiartime shifts are generally
negative and epicenter shifts are large moving the evemtbwestward in the northern part
of the subduction zone while they shift the epicenters tawéne trench in the southern part.
In the eastern Caribbean origin time and epicenter shiftsnarstly smaller relocating the
earthquakes again towards the trench.

Relocation in the Aegean area shows many variations as¢tanie settings in which earth-
quakes occur are complex. Furthermore, most events inagism are located at shallow
depth. In the Tyrrhenian basin, small negative origin timifts are observed with small re-
location vectors preserving the event clustering. Neatedrethe Aegean subduction zone,
positive origin time shifts are found that change into smatjative origin time shifts indicat-
ing the difference in source depth and model propertiesigréiyion. They are accompanied
by small epicenter shifts showing that the locations ard-eastrained by the travel time
observations for these earthquakes. In the Vrancea regiBoimania, where plate subduc-
tion took place along the Carpathian arc, negative origimetshifts indicate reduction of
data misfit due to correction of the source parameters ragatide high-velocity slab there.
Otherwise, epicenter and depth shifts in this region ardld@eping the clustering of events
within this very limited region.

As illustrated in Figure 8.6, in well-sampled regions as shbduction zone across Japan,
depth and epicenter shifts are small leaving the locatitmest unchanged. Also in South
America, earthquake locations in the slab are only relacater small distances. However,
below 150 km depth the events are more clustered now nargath@region in which seis-
micity is observed. In the Mediterranean where most eagkes occur at shallow depth,
events at less than 50 km depth are mainly located downwaiittiriy a layer of approxi-
mately 20 km thickness in which they cluster. Again, deepents around 150 km depth are
more focussed after relocation at the top of the slab.

8.7 Conclusions

We relocated a global earthquake data set with a 3-D referemuadel to account for local
heterogeneities in the sources regions which could not beusted for in the preceding re-
location by Engdahét al. (1998). As tests with ground truth events show, the 3-D ezfee
model predicts travel times particularly at regional distes better than ak135. Furthermore,
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8.7 Conclusions

Figure 8.5: Source time shift (left) and epicenter shift (right) wittspect to the original locations
using ak135 as velocity model in the area of the Philippiréep{top), along the Cocos and Nazca plate
subduction zones (middle) and in the eastern Mediterrabasim (bottom). For better visualization, in
the top panels only events with more than 250 travel timalteds and an EHB focal depth 70 km

are displayed, in the other panels earthquakes at all depehdisplayed but only those with 250

travel time residuals in the mid panels and350 in the bottom panels.
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Figure 8.6: Vertical cross sections of three subduction zones. Whitempresent the original locations
using ak135 as reference model (left column) and new loeat{dght column). Displayed are free-
depth events with more than 150 registrations for a slice-2f0° width. The location of the slices
is marked with gray lines in Figure 8.5. The grayscales inlihekground display the POEDloc
model anomalies along the cross section. Black tones remre®locities that are higher than the
corresponding ak135 velocity at that depth and white tonéigate lower velocities.
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initial depth range

all < 70 km 70 km—300 km > 300 km
epicenter shift (km):
fixed-depth events 128 12.8 11.8+12.7 17.4+11.8 22.2+ 9.7
free-depth events 12811.0 12.4+ 11.6 12.9+ 9.7 17.4+9.3
all events 12.811.8 12.0+ 12.2 14.1+ 10.5 19.1+ 9.7
depth shift (km):
fixed-depth events - - - -
free-depth events -329.4 -4.4+ 9.8 -0.6+£ 7.9 -0.6+ 8.2
all events - - - -
origin time shift (s):
fixed-depth events -0x0.7 -0.1+ 0.7 0.0+ 0.6 -0.2+ 0.5
free-depth events 0t11 0.2+1.2 -0.1+ 0.7 -0.1+ 0.7
all events 0.6+ 0.9 0.0+ 1.0 -0.1+ 0.7 -0.1+ 0.6

Table 8.3: Average source parameter shifts and rms-scatter of theprteelocations with respect to
the initial location for different depth ranges.

relocation with the 3-D velocity model gives smaller epiggmislocations and the origin
time errors are reduced, only the depth mislocations agbtyfiincreased. However, for the
estimation of the depth mislocation only surface and ctugtaund truth events exist and
relocation of the global hypocenter data set shows thathdemfts below the crust are sig-
nificantly reduced suggesting that also the depth mislooagirors are reduced for deeper
located events.

Besides that, the results show that relocation with thesaidtavel times computed in the 3-D
velocity model agree well with the computations using ak¥38gional patch corrections as
the overall source parameter shifts are small. The relmeatnainly account for 3-D velocity
structure which could not be taken into account by the patchections in the computation
of Engdahkt al. (1998) as systematic location changes indicate. Therabgstion-related
epicenters are relocated towards the trench and remaimitagndisfit after consideration of
the 3-D velocity model is accounted for by negative origindishifts. At shallower depth, the
earthquakes are mainly located downwards and origin tirifts stary as the crust of the 3-D
model changes locally. Overall, more focussing of the eprdlkes in clusters is obtained,
particularly at depths greater than 150 km.
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Chapter 9

Summary

In this study, global high-resolution P-wave velocity mtsdeere obtained for the Earth’s
crust and mantle using travel time tomography. Improvesémtprevious models were
achieved by incorporating additional data and advanciegntiethod to use 3-D reference
models.

The newly compiled data set consists of a selection of tranads from the updated EHB
catalog (Engdahét al, 1998), which forms a set of 445,000 events from the ISC binfle
and NEIC data up to September 2004. Compared to the origatallog of 1998 it has more
than doubled and contains significantly more regional pha&em this catalog, 17.7 million
first and later-arriving P phases and additionally 1.5 wnillcore phases were selected. The
selection was extended by 14,000 events from the EMSC mdlfgr the period 1998-2003.
Furthermore, over 200,000 newly picked, high-accuradyaitimes were incorporated orig-
inating from recordings of seismic networks and temporapegiments in Europe and North
America which did not report arrival times to the ISC. Thekjg of the arrival times was
performed with the automatic arrival time picker of Sandataal. (2004a) based on the
adaptive stacking method of Rawlinson and Kennett (2004).

Methodologically, besides a standard 1-D Earth referermeat 3-D reference models were
used based on a combination of tomography models that we# tirae residuals and models
that use independent observations from surface waves,ahonodes and long period body
waves. This approach was used, so far, only by Widiyartbed. (2000) for S tomography.
But in addition, here the selected events were relocatdtingspective 3-D reference model
using a directed grid-search technique (Sambridge and é&entB86) to establish consis-
tency between travel times and event parameters.

The details and results of these improvements are desdrit&dapters 3 to 8:

In Chapter 3, the impact of the new regional data (up to the 888) contained in the EHB
catalog was investigated in a regional Pn tomography stéithearust and uppermost mantle
beneath Europe. This analysis showed that for P velocititsai crust and uppermost mantle
anomalies of a minimum lateral extent@fl° can be resolved and for S velocities anomalies
of 0.8° providing detailed images of the crust and uppermost maitleture that could not
be obtained in a previous study (Bijwaagtlal, 1998) using the original EHB catalog. Fur-
thermore, in this study S travel times were used for tomdgyamd tomographic inversions

139



9 Summary

were performed with a 3-D reference model (CRUST2.0 (Bassad,, 2000) and CUB1.1
(Shapiro and Ritzwoller, 2002)). These inversions showtt@data have enough resolving
power to change the reference model in regions of good ragrage whereas otherwise the
reference model is reobtained. Besides that, shortconoifige 1-D Earth reference model
ak135 (Kennetet al,, 1995) were observed which is too slow for upper mantle shelaci-
ties.

Chapter 4 deals with the newly picked arrival time data ofgierary and permanent seismic
stations in Europe which did not report arrival times to t8€land therefore were not used
in previous studies. The high quality of these arrival tinesevealed in station averages
of teleseismic arrivals that reflect the velocity variatatirectly beneath the stations and is
confirmed by lower station standard deviations of residties for the ISC data. As a by-
product, the error of the ISC data could be determined to tb@order of 0.7 s.

In Chapter 5, the use of 3-D reference models was extendeldbalgravel time tomogra-
phy and investigated in more detail. In the crust and upperti@md< 300 km) the model
CUB2.0 (Ritzwolleret al,, 2002b) was used. The crustal velocities of CUB2.0 are based
on CRUST2.0 (Bassiet al., 2000) but were modified in the surface wave tomography to fit
the surface wave phase and group velocity observationghétanore, for the deeper parts
of the mantle, S20RTS (Ritsenea al, 1999) was incorporated as 3-D reference model. As
inversions with this combined reference model showedpregin the mantle exist where ray
sampling is sufficient to obtain a tomographic model comiplerto the one using ak135 as
reference model. But where ray sampling is not sufficientlawefor larger deviations from
the reference model, the small-scale Earth structure ebdersing a 1-D reference model is
overprinted by the long wavelength 3-D reference modelr&foee, in a further tomographic
inversion the long wavelength reference model was combivigdthe model obtained from
travel time tomography using a 1-D reference model. Howdefore combining the models,
the anomalies in the travel time tomography model were erddhito correct for underesti-
mation of model amplitudes due to regularization. The t@syimodel combines the long
wavelength structure as "seen” by long period seismic infition with the detailed mantle
structure obtained from short period data. Using a 3-D ezfee model also has the advan-
tage, that the inversion model now implicitly contains maralistic velocities in areas that
were not well constrained by P travel times.

In Chapter 6, the influence of the newly picked data for saistations in Europe and addi-
tional information from core phases not used previously stadied. Due to the additional
data, more detail is seen in the upper 400 km, particulangg@ions with few seismic stations
and/or earthquakes. Furthermore, features that weredgl@zserved earlier are enhanced.
Besides that, the core phases help to constrain anomaties iowermost mantle and greatly
improve imaging of the hot upwelling beneath Central Eurathich is suggested to be the
source of recent volcanism in the area (Getal., 1999).

In Chapter 7, focus is on North America and the newly incoaped data for seismic stations
in that regions. The Earth’s structure is imaged in high ltg&mn comparable to regional
tomographic studies and due to the new data set the remrfahésfearallon plate, an ancient
oceanic plate, could be located in the upper mantle tramsbne.

Finally in Chapter 8, an application of the new high-resolutomography model was pre-
sented. Tests with well-located events demonstrate teatélv model predicts, particularly
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at regional distances, arrival times better than a 1-D vilonodel, and that consequently
epicenter mislocations and origin time errors are signiigaeduced due to the new model.
The relocation of the global earthquake data set used irsthéy corrects earthquake loca-
tions for 3-D Earth structure not taken into account by thgioal locations obtained with
ak135 as reference model. In addition, a better focussieguahquakes in narrower clusters
is achieved due to the new tomography model, particularthéndeeper parts of subducted
slabs & 150 km depth).
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Appendix A
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Figure A.1: Spike tests with spikes 05° x 0.5° at 50 km depth (top) antl0° x 1.0° at 50 km depth

(bottom).
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Figure A.2: Spike tests with spikes df.0° x 1.0° at 440 km depth (topR.0° x 2.0° at 50 km depth

(middle) anc2.0° x 2.0° at 440 km depth (bottom).
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Figure A.3: Spike tests with spikes &.0° x 3.0° at 50 km depth (top)3.0° x 3.0° at 440 km depth

(middle) and3.0° x 3.0° at 710 km depth (bottom).
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Figure A.4: Spike tests with spikes ¢f.0° x 3.0° at 1175 km depth (top)3.0° x 3.0° at 1900 km

depth (middle) and.0° x 3.0° at 2650 km depth (bottom).
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Figure A.5: Spike tests with spikes a@f.0° x 4.0° at 50 km depth (top).0° x 4.0° at 440 km depth

(middle) and4.0° x 4.0° at 710 km depth (bottom).
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Figure A.6: Spike tests with spikes af.0° x 4.0° at 1175 km depth (top}.0° x 4.0° at 1900 km

depth (middle) and.0° x 4.0° at 2650 km depth (bottom).

156



Spike tests

X
<
(3¢
T

-3.0%

X
<
[92]
i

-3.0

X
<
(32]
T

Figure A.7: Spike tests with spikes &.0° x 5.0° at 50 km depth (top).0° x 5.0° at 440 km depth

(middle) ands.0° x 5.0° at 710 km depth (bottom).
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Figure A.8: Spike tests with spikes df.0° x 5.0° at 1175 km depth (top).0° x 5.0° at 1900 km

depth (middle) and.0° x 5.0° at 2650 km depth (bottom).
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Figure A.9: Spike tests with spikes @.0° x 6.0° at 50 km depth (top);.0° x 6.0° at 440 km depth

(middle) and6.0° x 6.0° at 710 km depth (bottom).
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Spike tests

Figure A.10: Spike tests with spikes @f.0° x 6.0° at 1175 km depth (top}.0° x 6.0° at 1900 km

depth (middle) ané.0° x 6.0° at 2650 km depth (bottom).
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Appendix B

Figure B.1: Velocity variations of the 3-D reference model CUB+S20RP86" displayed with re-
spect to ak135 at various depths beneath Europe.
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Samenvatting (Summary in Dutch)

In dit proefschrift werd met behulp van reistijdentomoggafen globaal ruimtelijk hoogop-
gelost P-golven snelheidsmodel van de aardkorst en -maptgisteld. Verbeteringen in
vergelijking met vorige modellen werden bereikt door hewtegen van nieuwe data en het
uitbreiden van de methode voor het gebruik van 3-D refezemidellen.

De nieuw opgestelde data-set bestaat uit een selectie isijden van de actuele EHB-
catalogus (Engdaldt al, 1998), die 445.000 aardbevingen bevat uit de 1SC-bufiedin
NEIC-data tot september 2004. In vergelijking met de oarsglijke catalogus van 1998
heeft de grootte van deze data-set zich meer dan verdubbdlevat deze beduidend meer
regionale seismische fasen. Uit deze catalogus werdenniifigén verschillende P-fasen
en aanvullend 1,5 miljoen kernfasen geselecteerd. Detielgerd verder met 14.000 aard-
bevingen van de EMSC-bulletin voor de periode 1998-200gebiteid. Bovendien werden
200.000 nieuw bepaalde, nauwkeurige looptijden opgeneodiervan registraties van seis-
mische netwerken en tijdelijke experimenten in Europa eordléAmerika stammen, die
geen data aan het ISC melden. De bepaling van de reistijdehuitgevoerd met de automa-
tische reistijd-picker van (Sandovet al, 2004a), die op een adaptieve "stacking’-methode
gebaseerd is.

Methodologisch werd er naast een standaard 1-D referendiehvan de aarde, gebruik
gemaakt van 3-D referentiemodellen. Deze modellen basgcbnop een combinatie van
tomografiemodellen die looptijdresiduen gebruiken en redealie onafhankelijke obser-
vaties van oppervlaktegolven, eigentrillingen en langpksche ruimtegolven gebruiken.
Deze aanpak werd tot nu toe alleen door Widiyantetral. (2000) voor een S-golven to-
mografiemodel gebruikt. Maar daarnaast werden de aardaviim dit proefschrift in het
respectieve 3-D referentiemodel met een gerichte grittnethode (Sambridge en Kennett,
1986) gerelokaliseerd om de reistijden met de aardbevargspeters consistent te maken.
De details en resultaten van deze verbeteringen worden hodstukken 3 tot en met 8
beschreven:

In hoofdstuk 3 wordt het effect onderzocht van de nieuweioregje data (tot 1998) in de
EHB-catalogus met een regionale Pn-tomografiestudie vanmeen bovenste mantel bene-
den Europa. Dit onderzoek laat zien dat voor de P snelhedamalieén met een minimale,
laterale uitbreiding van 0.4 graden en voor S snelheden aliei®m van 0.8 graden kunnen
worden opgelost. Aldus worden gedetailleerdere afbegédirvan structuren in de korst en
bovenmantel verkregen dan in een eerdere studie (Bijweataad, 1998) met de oorspron-
kelijke catalogus. Voorts werden in deze studie S reistijggor de tomografie gebruikt en
bijkomend werden tomografische inversies met een 3-D nefieraodel (CRUST2.0 (Bassin
et al,, 2000) en CUB1.1 (Shapiro en Ritzwoller, 2002)) uitgevoeRkze inversies tonen
aan dat de data voldoende oplossingsvermogen hebben omeférentiemodel in dichtbe-
monsterde gebieden te veranderen, terwijl anders heergfemodel wordt teruggevonden.
Verder werden tekortkomingen van het 1-D referentiemo#dé&B& (Kennettet al,, 1995)
waargenomen, dat voor S snelheden in de bovenste mantebteakam is.

Hoofstuk 4 behandelt de nieuwbepaalde reistijden vanlijfgdeen permanente seismische
stations in Europa, die geen reistijddata aan het ISC meddettaarom niet in eerdere stu-
dies werden gebruikt. De goede kwaliteit van deze aankgdesitwordt door teleseismische
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residuen geopenbaard, die per station gemiddeld de sdsliaiaties direct onder het station
weerspiegelen, wat ook door lagere standaardafwijkingenrdde 1SC-data wordt bevestigd.
Als bijproduct kon de onzekerheid van de ISC-data op de oadedy7 s worden bepaald.

In hoofdstuk 5 werd het gebruik van 3-D referentiemodellan de regionale op de glo-
bale tomografie uitgebreid en gedetailleerder geanalgisdarde korst en de bovenmantel
(< 300 km) werd het CUB2.0 model (Ritzwollest al., 2002b) gebruikt. De korstsnelhe-
den uit CUB2.0 zijn gebaseerd op CRUST2.0 (Basdiral, 2000) maar werden door de
oppervlaktegolven-tomografie gemodificeerd om deze megaske-fen groepsnelheidobser-
vaties van de oppervlaktegolven overeen te laten stemmenerBlien werd in het diepere
deel van de mantel S20RTS (Ritsemiaal., 1999) als referentiemodel opgenomen. Zoals
de inversies met dit gecombineerde referentiemodel tdresiaan er gebieden in de mantel
waar de straalbemonstering voldoende is om een tomografigite verkrijgen dat verge-
lijkbaar is met het model dat met ak135 als referentiemo@etiwerkregen. Maar daar waar
de straalbemonstering niet voldoende is om grotere afaggm van het referentiemodel mo-
gelijk te maken, worden de kleinschalige structuren dieaniainografie met een 1-D refer-
entiemodel worden waargenomen, door het langgolvige 3f&eantiemodel overschreven.
Daarom werd dit langgolvige 3-D referentiemodel in een eeedtomografische inversie
gecombineerd met het reistijdtomografiemodel dat met demefferentiemodel werd verkre-
gen. Echter, de anomalieén van het reistijdtomografietvegiglen voor het combineren van
deze twee modellen versterkt om de onderschatting van delaroglituden vanwege reg-
ularisatie te corrigeren. Het resulterende model combirteelanggolvige structuren, zoals
zij door langperiodische data worden gezien, met de gdldstiale structuren, verkregen met
kortperiodische data. Het gebruik van 3-D referentiemleddieeft bovendien het voordeel
dat het inversiemodel nu ook impliciet realistischere lsegén bevat in gebieden die niet vol-
doende door P-reistijden worden beperkt.

In hoofdstuk 6 wordt de invioed van de nieuwe data van se@mistations in Europa en
de extra informatie van de niet eerder gebruikte kernfasete@ocht. Op grond van de
extra data worden meer details in de bovenste 400 km van déehefgebeeld, vooral
in regios met weinig seismische stations en/of aardbevingevens worden reeds eerder
waargenomen structuren versterkt. Daarnaast helpen déaken de anomalieén in het on-
derste gedeelte van de mantel te beperken en de afbeeldirepmawarme opwaartse stro-
ming onder Centraal-Europa, die een mogelijk bron van heetre vulkanisme in dat gebied
is (Goeset al,, 1999), wordt duidelijk verbeterd.

In hoofstuk 7 wordt Noord-Amerika en de integratie van nieudata van stations in dit
gebied behandeld. De aardstructur wordt met hoge resalfgabeeld zoals in regionale to-
mografiestudies en op grond van de nieuwe data-set kunnastaivan de Farallon-plaat,
een oude oceanische plaat, in de overgangszone van de bavehmorden gelokaliseerd.
Tenslotte wordt in hoofdstuk 8 een toepassing van het nigheaopgeloste tomografiemodel
gepresenteerd. Tests met nauwkeurig gelokaliseerdevdragka en explosies laten zien dat
het nieuwe model de aankomsttijden, in het bijzonder bijorgle afstanden, beter voor-
spelt dan een 1-D snelheidsmodel en dat derhalve de misdakal van de epicentra en
de onzekerheden van de begintijden van aardbevingen adijkzweorden gereduceerd. De
relokalisatie van de globale data-set, die in dit proeféiolverd gebruikt, corrigeert de aard-
bevinglokalisaties voor de 3-D aardstructuur, waarmea gekening was gehouden bij de
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oorspronkelijke lokaties, verkregen met ak135 als refé@arodel. Bovendien wordt door
het nieuwe tomografiemodel een betere focusering van déedren in sterker beperkte
clusters bereikt, vooral in de diepere delen van gesubddegtaten & 150 km diepte).
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Zusammenfassung (Summary in German)

In dieser Arbeit wurden mittels Laufzeittomographie glieblochaufgeldoste P-Wellen-Ge-
schwindigkeitsmodelle fir Erdkruste und -mantel erstélerbesserungen im Vergleich zu
frGheren Modellen wurden durch das Einflgen zusatelidbaten und die Erweiterung der
Methode zum Gebrauch von 3-D Referenzmodellen erreicht.

Der neu erstellte Datensatz besteht aus einer Auswahl vofzéiten aus dem aktualisierten
EHB-Katalog (Engdahét al., 1998), welcher sich aus 445 000 Beben aus den ISC Bulletins
und NEIC Daten bis September 2004 zusammensetzt. Im Velngieim urspriinglichen
Katalog von 1998 hat sich die GroRRe des Datensatzes mekieasppelt und der Daten-
satz enthalt wesentlich mehr regionale Phasen. Aus dié&aalog wurden 17,7 Millio-
nen erst und spater ankommende P-Phasen und zusat&didfilipnen Kernphasen aus-
gewahlt. Die Auswahl wurde ferner um 14 000 Beben des EMSIkfus von 1998 bis
2003 erweitert. AuRerdem wurden 200 000 neu bestimmte geetaue Laufzeiten eingefigt,
die aus Registrierungen von seismischen Netzwerken unpderen Experimenten in Eu-
ropa und Nordamerika, welche keine Daten an das ISC sentienmen. Die Bestim-
mung der Phaseneinsatze wurde mit dem automatischenditpiéker von Sandovadt al.
(2004a), der auf einer adaptiven Stapelungsmethode voririgaw und Kennett (2004)
basiert, durchgefihrt.

Die Methode betreffend wurden au3er einem gangigen 1-Breetmodell der Erde zusatzlich
3-D Referenzmodelle benutzt. Diese basieren auf einer Kuatibn von Tomographiemo-
dellen, die Laufzeitresiduen gebrauchen und Modellenydaébhangige Beobachtungen von
Oberflachenwellen, Eigenschwingungen und langwelligaar®wvellen verwenden. Dieser
Ansatz wurde zuvor nur von Widiyantoed al. (2000) fir eine S-Wellen- Tomographiestudie
benutzt. Zusatzlich dazu wurden in dieser Arbeit die Baehatem jeweiligen 3-D Referenz-
modell mit einer gerichteten Gittersuchmethode relolatigSambridge und Kennett,1986),
um Konsistenz zwischen Laufzeiten und Herdparameternizaffern.

Die Details und Ergebnisse dieser Verbesserungen werdésiitel 3 bis 8 beschrieben:

In Kapitel 3 wird der Einfluss der neuen, regionalen Dater {898), die im EHB Katalog
enthalten sind, in einer regionalen Pn-Tomographiesueli&ruste und des oberen Mantels
unter Europa untersucht. Diese Untersuchung zeigt, dasB-fVellen-Geschwindigkeiten
Anomalien mit einer lateralen Ausdehnung von 0.4° aufgfelerden konnen und fir S-
Wellen-Geschwindigkeiten 0.8°-Anomalien. Somit werdenadlliertere Abbildungen der
Strukturen in der Kruste und im oberen Mantel erhalten adsrier friheren Studie (Bijwaard
et al, 1998) mit dem urspringlichen EHB-Katalog. Des Weiteramden in dieser Studie
S-Laufzeiten fur die Tomographie verwendet und weiteredgraphische Inversionen wur-
den mit einem 3-D Referenzmodell (CRUST2.0 (Basdiil, 2000) und CUB1.1 (Shapiro
und Ritzwoller, 2002)) erstellt. Diese Inversionen zeigdass die Daten uber geniigend
Auflosungsvermogen verfigen, um das Referenzmodeléini€en guter Strahliberdeckung
zu verandern, wahrend ansonsten das Referenzmodetikartialten wird. Ferner konnten
Unzulanglichkeiten des 1-D Erdreferenzmodells ak135fi&dtet al., 1995) beobachtet wer-
den, welches im obersten Mantel zu geringe S-Wellen Geschgkeiten aufweist.

Kapitel 4 beschaftigt sich mit den neu bestimmten Laudiaté&n von temporaren und perma-
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nenten seismischen Stationen in Europa, die keine Ladfteih an das ISC schicken und
daher in frilheren Studien nicht verwendet wurden. Die hQhbalitat dieser Laufzeiten
wird anhand der Stationsmittelwerte teleseismischerdresi nachgewiesen, welche die
Geschwindigkeitsvariationen direkt unter den Stationatevspiegeln, was durch niedrigere
Standardabweichungen der Residuen als in den ISC-Datéitigewird. Als Nebenprodukt
konnte der Fehler der ISC-Daten mit einer GroRenordnundyd s bestimmt werden.

In Kapitel 5 wurde der Gebrauch von 3-D Referenzmodellen denregionalen auf die
globale Laufzeittomographie erweitert und detaillieraalysiert. In der Kruste und dem
oberen Mantel< 300 km) wurde das CUB2.0-Modell (Ritzwollet al., 2002b) benutzt. Die
Krustengeschwindigkeiten aus CUB2.0 beruhen auf CRUS[B&Ssinet al.,, 2000), wurden
aber durch die Oberflachenwellentomographie von Ritaveit al. (2002b) entsprechend
modifiziert. AuRerdem wurde in den tieferen Bereichen dest®la S20RTS (Ritsenet al.,
1999) als Referenzmodell eingefiigt. Wie die Inversionéndiesem zusammengesetzten
Referenzmodell zeigen, existieren Bereiche im Mantel,d@neth die Strahldichte ausreicht,
um ein Tomographiemodell zu erhalten, das mit dem Modeljlegrhbar ist, welches mit
ak135 als Referenzmodell bestimmt wurde. Jedoch werdeenrBeéreichen, in denen die
Strahliiberdeckung nicht ausreichend ist, um grof3eregidivangen vom Referenzmodell zu
erlauben, die kleinskaligen Erdstrukturen, die in der Tgraphie mit dem 1-D Referenz-
modell beobachtet werden, durch das langwellige 3-D Refnedell iberpragt. Daher
wurde das langwellige 3-D Referenzmodell in einer weitei@mographischen Inversion
mit dem Laufzeittomographiemodell, das unter Verwendueg 3D Referenzmodells ent-
stand, kombiniert. Vor der Kombination dieser beiden Mtdelurden die Anomalien des
Laufzeittomographiemodells jedoch verstarkt, um diedosthatzung der Modellamplitu-
den aufgrund der Regularisierung zu korrigieren. Das tiesahde Modell kombiniert die
langwelligen Strukturen, wie sie von langperiodischerebdgesehen” werden, mit den de-
taillierten Strukturen, wie sie mit kurzperiodischen Daézhalten werden. Die Verwendung
von 3-D Referenzmodellen hat auerdem den Vorteil, dadsidasionsmodell nun auch im-
plizit realistischere Geschwindigkeiten in Gebieten aitftdie nicht gut durch P-Laufzeiten
bestimmt werden.

In Kapitel 6 werden der Einfluss der neuen Daten von seismais&8tationen in Europa und
die zusatzlichen Informationen der zuvor nicht benutemphasen untersucht. Aufgrund
der zusatzlichen Daten werden mehr Details in den oberérkd0des Mantels abgebildet,
v.a. in Regionen mit wenig seismischen Stationen und/od#vében. Des Weiteren werden
bereits friher beobachtete Strukturen verstarkt. Adé€arwerden mit Hilfe der Kernphasen
die Anomalien im untersten Mantel besser abgebildet unddiestellung des heiRen Auf-
stroms unter Zentraleuropa, der eine mogliche Quelle eesnten Vulkanismus in diesem
Gebiet ist (Goest al,, 1999), wird deutlich verstarkt.

In Kapitel 7 stehen Nordamerika und die Einbindung neuee®abn Stationen in dieser Re-
gion im Mittelpunkt. Die Erdstruktur wird hochaufgelosienn regionalen Tomographiestu-
dien abgebildet und aufgrund der neuen Datensatze ktiaélberreste der Farallon-Platte,
einer alten ozeanischen Platte, in titirergangszone des oberen Mantels lokalisiert werden.
Schlief3lich wird in Kapitel 8 eine Anwendung des neuen Torapgiemodells prasentiert.
Tests mit genau lokalisierten Erdbeben und Explosionegergidass das neue Modell v.a.
in regionalen Herddistanzen Ankunftszeiten besser vedgtrals ein 1-D Modell und da-
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Zusammenfassung

her die Fehllokalisierung der Epizentren und Herdzei#elalufgrund des neuen Modells
deutlich reduziert werden konnen. Die Relokalisierung gwbalen Erdbebendatensatzes,
der in dieser Arbeit verwendet wurde, korrigiert die Erdbelokalisierungen beziglich der
3-D Erdstruktur, welche bei der urspriinglichen Lokaligieg mit ak135 als Referenzmodell
nicht bericksichtigt wurde. Zusatzlich wird aufgrundgsd@mographiemodells eine bessere
Fokussierung der Erdbeben in starker begrenzten Clustegitht, v.a. in den tieferen Berei-
chen ¢ 150 km) von subduzierten Platten.
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