
Chapter 6

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

Seismic tomography has provided detailed images of the crust and mantle beneath Europe at
both local and continental scale. The aim of this study is to improve imaging of the European
mantle by combining arrival times from the International Seismological Centre (ISC) with
additional arrival times from temporary experiments, dataarchives and bulletins incorporat-
ing also phase types which were not used before. As tomographic method, a regularized least
squares inversion is performed for global mantle structureusing an irregular grid parameter-
ization. The inversions are performed both with a 1-D and a 3-D reference/starting model
where the latter requires relocation of all earthquakes and3-D ray tracing prior to the tomo-
graphic inversion. For the Europe-Mediterranean region, synthetic tests show that anomalies
up to0.5◦ × 0.5◦ can be reconstructed in the best sampled regions of the uppermost mantle
with resolution decreasing with depth. The added data sets are inverted separately to verify
their quality showing that the obtained models contain velocity information also observed in
other studies. The inversion results using the entire data set provide detailed velocity models
of the mantle beneath Europe. Comparison with a previous model applying the same method
shows that the new models image much more detail and enhance anomaly contrasts.

6.1 Introduction

The seismic velocity structure of the Europe-Mediterranean mantle has been subject of many
tomographic studies both on local and regional scale (see Spakman and Wortel (2004) or
Piromallo and Morelli (2003) for an overview).
Many of the global and regional high-frequency travel time tomography studies are primar-
ily based on data from the International Seismological Centre (ISC) bulletins which provide
the largest data collection available and is still expanding. For Europe, additional data are
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available from various local experiments involving spatially dense station arrays which were
placed in the field for at least several months. By incorporating these data, resolution can be
improved locally below the temporary arrays and new information is provided for interpreta-
tion of tectonic processes.
Often, arrival times from those stations are only determined relatively. That means, not the
arrival time of the phase onset is picked but the arrival timeof a prominent part of the wave-
form relative to a reference waveform of the same event. Thisprocedure has the advantage
that observational errors due to a high noise level can be avoided but as a major disadvantage,
the absolute arrival times remain unknown. Consequently, tomography provides only relative
velocity variations with regard to the unknown average velocity below the array which cannot
be converted to absolute velocities.
This may give the main reason why the relative delay time datafrom the individual exper-
iments have, so far, not been combined to obtain a regional scale model of the European
mantle. A consistent combination of the data from the different experiments would require
repicking of the data to obtain absolute delay times. Another factor which hampers combining
these data sets is that there is only little spatial overlap between the experiments. However,
when absolute arrival time picks are consistently combinedwith a global data set of absolute
delay times, a combined tomographic inversion may prove advantageous for improved imag-
ing of mantle structure in the European region.
In this study we have taken this approach and reanalyzed the data of several experiments to
obtain absolute arrival time picks. Subsequently, these high-quality data were combined with
the global EHB data set (Engdahlet al., 1998) updated until September 2004.
Additionally, seismological centers exist, which do not report their data to the ISC on a regular
basis and therefore present a valuable source of complementary data. Absolute arrival times
were picked from the ORFEUS (Observatories and Research Facilities for European Seis-
mology) archive seismograms and the travel time data contained in the Euro-Mediterranean
bulletin of the European-Mediterranean Seismological Centre (EMSC) were added.
In order to improve the model in the lower mantle, also core phases 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 studyis a reprocessed and updated
version of the International Seismological Centre (ISC) bulletins extended with travel times
from the National Earthquake Information Center (NEIC) of the USGS for the most recent
events by Engdahlet al. (1998). This database will be referred to hereafter as EHB catalog.
It now contains earthquake observations for the period 1964–2004 including over 445,000
events for 27.4 million first and later arriving phases. The processing of Engdahlet al. (1998)
comprised a phase re-identification, theoretical travel time calculation in the Earth reference
model ak135 (Kennettet al., 1995) and a source relocation for well constrained events.For
the global P tomography, 7.9 mill. regional P arrivals, 9.7 mill. teleseismic P, pP and pwP
arrivals and 1.5 mill. PcP, PKP and PKiKP phases were selected. The selection criteria for
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phase type epicentral distance residual range
P ≤ 25◦ ±7.5 s
P > 25◦ ±3.5 s

pP, pwP (focal depth≥ 35 km) 25◦ − 100◦ ±3.5 s
PcP 25◦ − 40◦, 47◦ − 70◦ ±3.5 s

PKiKP, PKPdf 110◦ − 140◦ ±3.5 s
PKPab, PKPbc, PKPdf ≥ 150◦ ±3.5 s

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

epicentral distance and travel time residual range are given in Table 6.1. The updated catalog
has approximately tripled in size compared to the original one and contains particularly more
regional arrival times. The precision of the P phases was estimated following the method
of Gudmundssonet al. (1990). This method uses ray bundles of teleseismic phases with
decreasing width to extrapolate the standard deviation of ray bundles with zero width, which
is presumed to be the upper limit of errors in the data. For thephases 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 the second data set used in this study.
Like the EHB data set, this bulletin contains a collection ofarrival time observations from lo-
cal networks in the Euro-Mediterranean region (Godeyet al., 2006). Well-constrained earth-
quakes in this catalog were relocated by the EMSC. However, instead of the EMSC locations,
if existent, the corresponding EHB location is used or the events are relocated in ak135 for
consistency with the EHB catalog. Also, since the EMSC uses locally varying 1-D refer-
ence models, all travel time residuals were recomputed using ak135 as reference model. The
EMSC subset then consists of over 621,000 P and S travel timesfrom 12,200 events for the
period 1998–2003 for which EHB locations could be found and additionally 138,000 P and
S travel times for 6,400 events for which an EMSC location exists. About 525,000 travel
times are already contained in the EHB data set and thereforediscarded from the data se-
lection. New stations in the Euro-Mediterranean bulletin providing important information
are situated, in particular, in Oman, Egypt, Morocco and Algeria (see Fig. 6.1). Using the
same selection criteria as for the EHB data set, in total 155,000 P arrival times for 14,000
earthquakes were selected for tomography of the travel times not included in the EHB data
set. However, only first arrivals were selected to minimize problems with phase misidentifi-
cations (e.g. in triplication zones). Following the methodof Gudmundssonet 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 densestation arrays in Europe, the OR-
FEUS archives and a collection of registrations for the UK, Ireland and part of northwestern
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France which were not reported to the ISC (named Leeds data hereafter, provided to us by
Arrowsmith (2003)) form another source of data for travel time tomography. The temporary
experiment data comprise the SVEKALAPKO experiment in Finland (Bock et al., 2001), the
TOR experiment in South Sweden, Denmark and North Germany (Gregersenet al., 2002),
the EIFEL experiment in the Eifel (Ritteret al., 2000), the CALIXTO experiment in Roma-
nia (Wenzelet al., 1998) and the MIDSEA project with a number of stations surrounding the
Mediterranean Sea (van der Leeet al., 2001). The data from these stations were obtained as
waveforms, pre-processed and picked with the automatic picking method of Sandovalet al.
(2004a). This procedure resulted in a total of 83,500 P-wavetravel times (see Chapter 4 for a
more detailed description of the data set). The picking errors were estimated within the pick-
ing algorithm to be approximately 0.15 s. The obtained arrival times were later on combined
with the Euro-Mediterranean bulletin and EHB data set usingthe same selection criteria as
before. Even though the number of additional travel times iscomparatively small, the new
data may have a considerable influence on the tomographic inversion 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 arecompared to theoretical pre-
dictions computed from a reference model of the Earth’s seismic wave speed. To avoid the
limitations of using a strictly regionally defined model volume we include the entire Earth in
our tomographic experiments. The EHB data set is used globally and for Europe we inserted
the additional data from regional experiments and permanent networks. Our tomography
code implements the following delay time equation for the forward problem of tomography
(Spakman et al. 1993):

d =

∫

L0

(s − s0) dl0 + (x − x0) · ∇0T
0
x0

+ ∆tx + ∆ts + ε (6.1)

whered represents the delay time/travel time residual,L0 is the ray path in the reference
model starting at the reference locationx0, dl0 is the ray segment,s is the Earth’s slowness
(i.e. the reciprocal of the velocity) field ands0 is the slowness field of the reference model.
∆tx contains the timing error due to source mislocation as a result of the slowness anomaly
field s− s0, ∆ts contains travel time effects due to station elevation and instrument response
andε describes the observational errors (e.g. picking errors orphase misidentification, re-
maining location errors).
In a tomographic analysis, a large set of delay time equations 6.1 derived from many source-
station combinations is discretized and inverted for estimates of the slowness anomaly field
s− s0, the event mislocationsx−x0, origin time errors∆tx and the station static terms∆ts.
Furthermore, this equation is valid for both 1-D and 3-D reference models of Earth structure
as long as the data (delay times, ray paths and hypocenters) are consistent with the reference
model used. Because travel time tomography is a nonlinear inverse problem and because the
data have generally insufficient resolving power to obtain high and spatially uniform model
resolution, the tomographic model is expected to depend on the reference model adopted. In
this study we use two different reference models in order to define two distinctly different
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Figure 6.1: Top: Map of seismic station locations in the Europe-Mediterranean region. Different
colours indicate the different data sources. Bottom: Map ofthe main tectonic units discussed in this
study. Abbreviations: Adr – Adriatic basin, Ap – Apennines,ArSh – Arabian Shield, ArP – Arabian
Platform, Bet – Betics, CH – Central Highlands, Cyp – Cyprus,EEP – East European Platform, Eif –
Eifel, EL – Elbe lineament, FeSh – Fennoscandian Shield, Moe– Moesian Platform, MP – Midland
Platform, Pan – Pannonian basin, Per – Persian Gulf, Py – Pyrenees, RhS – Rheic Suture, TESZ –
Trans-European Suture Zone, Tsy – Transylvanian basin, Tyr– 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 model ak135 (Kennettet al., 1995) to
which the EHB data set and other data sets used pertain and which has been used before in
global tomography studies (e.g. van der Hilstet al., 1997; Bijwaardet al., 1998). The inver-
sion of all data with respect to ak135 leads to the tomographic model which we label P06.
The second reference model is a 3-D model of Earth structure.This model is a combination
of three global tomographic models and is constructed in twosteps:
In the first step, the P velocities of model CUB2.0 (Ritzwoller et al., 2002a) are used for the
uppermost mantle and combined with model S20RTS (Ritsemaet al., 1999) for the remainder
of the mantle. The latter is converted to P-wave speed using the depth-dependent conversion
factors as determined by Bolton and Masters (2001). These two models are blended through a
depth-weighted linear average in the depth range 200 km to 300 km. The combination results
in a relatively long wavelength model of the mantle primarily based on long period S data, sur-
face waves and normal modes. A laterally heterogeneous crustal model (CRUST2.0, Bassin
et al., 2000) is implicitly included in model CUB2.0. In the secondconstruction step, short
wavelength mantle structure is blended in for which we use anamplified version of model
P06. Because velocity anomaly amplitudes in travel time tomography are usually underesti-
mated by 30%-50% in many mantle regions, the amplitudes of P06 are first amplified by a
factor of two. Next, the null space shuttle of Deal and Nolet (1996) is used to remove those
amplifications which are not supported by the travel time data. The remaining amplitude am-
plifications are in the null space of the travel time inverse problem of P06 which means that
the travel time effects associated with amplitude enhancement cancel on average along the ray
paths in ak135. The null space shuttle leads to model P06+ which replaces CUB+S20RTS in
regions well sampled by short period P data. In the Earth’s core the 1-D model ak135 is used.
For a more complete description of this reference model (CUB+S20RTS+P06+) and how it
is constructed we refer to Chapter 5.
The data set (event locations and delay times) is consistentwith reference model ak135. It
is, however, not consistent with the use of reference model CUB+S20RTS+P06+ as start-
ing point for tomography. To achieve consistency the entireglobal catalog of earthquakes is
relocated in the 3-D reference model using a directed grid search method derived from the
algorithm of Sambridge and Kennett (1986). The reference model travel times, feeding the
grid search, are computed with 3-D ray tracing (Bijwaard andSpakman 1999) in the 3-D
reference model. Also, the ray path geometry and delay timesused for tomography are de-
termined from 3-D ray tracing.
We use the procedure of Bijwaardet al. (1998) to solve the inverse problem. For the EHB
and EMSC data, composite rays are used instead of single rayswhere a composite ray is built
from single rays of the same phase type which originate from the same event cluster (defined
by volumes of0.3◦×0.3◦×dz with volume thicknessdz increasing from 15 km at the surface
to 40 km at 660 km depth) and end at the same station. By using composite rays, the amount
of data for inversion is reduced but at the same time the signal-to-noise ratio is increased.
The data are weighted prior to inversion by the spread of the individual delay times within
the respective ray bundle to account for the difference in ray bundle size. For the new data,
this approach is not used as their quality is expected to be higher. Instead, single rays are
used. The resulting data vector contains 10.4 mill. composite arrival times from originally
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19.4 mill. single arrival times.
The Earth is parameterized by an irregular grid of non-overlapping cells according to the
method of Spakman and Bijwaard (2001) where the cell size depends on the number of
rays crossing a cell. The horizontal cell size varies in crust and mantle between 0.5°×

0.5° and 10.0°× 10.0°. The layer thickness increases from the crust (10 km) to the lower
mantle (200 km) and the layer boundaries respect the discontinuities as contained in ak135
(at 35 km, 410 km, 660 km, 2891.5 km, 5153.5 km depth). The inner and outer core are both
parameterized by a single layer with cells of 10°× 10° to allow for core structure but simul-
taneously prevent large model variations. The irregular grid is constructed from 8 035 000
cells of 0.5°× 0.5° which are projected onto 604 000 non-overlapping irregular cells using a
hitcount-constraint. The irregular cell approach mostly reduces overparameterization thereby
improving the conditioning of the inversion matrix while retaining the possibility to resolve
structure at small scales (0.5°) where allowed by the data.
The tomographic inversion itself is performed iterativelywith the LSQR algorithm of Paige
and Saunders (1982). Simultaneously with the inversion forcell slowness anomalies, we in-
vert for event cluster mislocations and station corrections (see eq. 6.1). A second-derivative
damping is applied to regularize the solution of the inversion and to obtain a smooth model.
Additionally, for inversion with the 3-D reference model anamplitude damping is applied to
suppress particularly in the crust and directly beneath it large excursions from the reference
model. The model parameters are scaled for inversion dependent on cell size and hitcount
to emphasize small cells and weigh down cells with very high hitcounts in the lower mantle
following the approach of Bijwaardet al. (1998):

(

C
−1/2
d A

λC

)

S
−

1
2 m

′ =

(

C
−1/2
d d

0

)

(6.2)

whereA contains the ray path segments, relocation and station coefficients,Cd represents
the data covariance matrix,λ is a damping factor controlling the trade-off between data misfit
and model norm/smoothness varying between 1000 and 7000,C the matrix of damping coef-
ficients,S is the scaling matrix with(Sjj) = hjVj andhj andVj are hitcount and cell volume
respectively,m′ = S

1
2 m is the scaled model vectorm 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 absolute travel time data, the data from
each experiment were inverted separately with the method described in Section 6.3 using
ak135 as reference model to see if the main features expectedbelow the arrays can be im-
aged. We note beforehand that we cannot recover the local detail in the crust and uppermost
mantle as seen in the original tomographic models derived from the individual teleseismic
experiments. First, our model parameterization is generally coarser than used in the original
tomographic investigations. Second, the individual experiments have occasionally allowed
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for more detailed corrections for local crustal structure.Third, the model box in each ex-
periment is confined laterally to the experiment region and in depth usually to the first few
hundred kilometers while here we invert each data set using aglobal mantle model param-
eterization. Lastly, the tomographic experiment studies inverted relative residuals which in
part compensates for effects of structure outside the assumed model box but have led to ve-
locity anomaly models without relation to a background of absolute velocities. Each of these
factors will complicate a detailed comparison with our results.
As displayed in Figure 6.2a, the subducted slab beneath the Vrancea zone resulting from con-
vergence of Europe and Africa is retrieved with the CALIXTO data. Typical for this and the
following models is the comparatively low amplitude of anomalies. Since a global tomogra-
phy is performed, the rays are traced along their entire pathand energy can be smeared into
the deep mantle as a result of lack of resolution. Except for differences in amplitude, exact
geometry and the depth extent, a high-velocity body is imaged in the Vrancea region as in the
models of Weidleet al. (2005) and Martinet al. (2006) which are also based on CALIXTO
experiment recordings but using different travel time datasets and a different tomographic
method.
The inversion model of the EIFEL data (Fig. 6.2b) shows low velocities directly beneath the
Eifel where a presumed mantle plume has fed volcanism in the Eifel until 11 000 years ago.
The anomaly is seen clearly between 50 km and 200 km depth. However, compared to the P
model of Ritteret al. (2001) or the S model of Keyseret al. (2002) the absolute amplitudes
are weaker and decrease more with depth.
The Tornquist zone could be imaged as well with the newly picked TOR data (Fig. 6.2c).
It separates the high-velocity Fennoscandian shield from the younger Phanerozoic region of
Central Europe with its lower velocities (at approximately5◦ horizontal distance in Fig. 6.2).
Furthermore, high velocities could be imaged beneath the Elbe lineament (at≈ 2◦ − 3◦ hor-
izontal distance). The larger scale detected features of this model are in agreement with the
models of Arlittet al. (1999), Shomaliet al. (2006) and Vosset al. (2006) even though these
models vary in depth extent of anomalies and inclination of the lithosphere-asthenosphere
boundary below the Tornquist zone.
The high-velocity Archean core of the Fennoscandian shieldcould be reconstructed with the
SVEKALAPKO data (Fig. 6.2d). Lower velocities in this case appear where crustal struc-
tures as the Rapakivi granite below southeast Finland are smeared out into the mantle due
to a lack of data. The boundary between lithosphere and asthenosphere is located between
300 km and 400 km depth according to this model. A comparison to the model of Sandoval
et al. (2004b) shows that both models contain similar structures but that the high-velocity
body here extends deeper and has lower amplitudes due to the applied method.
A horizontal section at 90 km depth is displayed for the inversion of the Leeds data (Fig. 6.2e).
Among other features, high velocities are found below SouthEngland related to the Midland
platform (consisting of undeformed Precambrian lithosphere) and beneath the Central High-
lands, which relate according to El-Haddadeh (1986) to remnants of a subducted oceanic plate
from the Grampian orogenesis. The elongated low-velocity anomaly northwest of Wales co-
incides with a region of Paleogene magmatism. The lateral variation of described anomalies
matches that found by Arrowsmith (2003).
Inversion of the EMSC data which were not contained in the EHBcatalog provides a model
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of the crust and uppermost mantle sampling the upper 250 km. As displayed here at 50 km
depth, the model shows features imaged before in various regional scale and global experi-
ments such as negative anomalies under the Tyrrhenian and Aegean backarc basins, negative
anomalies associated with the crustal roots of Alps and Apennines, lower velocities under
Anatolia while positive anomalies are associated with the Eastern Mediterranean and Adri-
atic basins.
Summarizing, with the newly picked absolute travel times wecan recover the signature of
mantle structure as imaged before in the proper tomographicexperiments associated with
each field experiment and based (mostly) on relative residuals. We do not recover the high
detail, nor the amplitudes reported due to a lack of (depth) resolution. We do, however,
image similar structures with absolute delay times insteadof relative delay times. We only
performed our experiments to demonstrate a similar information content of the data. Lack of
depth resolution is natural in these experiments and can only be improved by merging all data
sets with the EHB data set. This is now possible because we (re)-picked 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 reference model they can be merged
without creating inconsistencies. Inversion led to a data variance reduction of 52.1% in the
inversion using ak135 as reference model reducing the standard deviation of the weighted,
composite residuals to 1.44 after inversion. The variance reduction is lower compared to
57.1% of Bijwaardet al. (1998) but decreasing to almost the same normalized standard de-
viation of error-weighted data (1.44 versus 1.42). This mayindicate a poorer signal to noise
ratio in our data set which incorporates a large number of regionally observed events.
Hitcount maps (Fig. 6.3) indicate regions of high and low raycoverage. For example, ray
coverage at shallow depth is low beneath the oceans due to a concentration of the epicenters
along the Mid-Atlantic ridge and a lack of stations within regional distance of the epicenters.
Also for the East European platform there is a low ray coverage due to a low number of events
and seismic stations. With depth, ray coverage becomes moreuniform, increasing towards
the mid-lower mantle and decreasing again in the lowermost mantle.
As stations and events are not equally distributed over the investigated region, the resolution

of the velocity models varies spatially but it cannot be computed formally due to the large
number of parameters. Therefore, sensitivity tests are performed with synthetic models (e.g.
Spakman and Nolet, 1988) to detect lack of resolution and to estimate the minimum size of
anomalies that can be reconstructed. The synthetic models for these tests consist of spatially
well separated spikes of±5% amplitude with respect to the 1-D reference model which are
subsequently projected onto the irregular grid. Tests are performed with different spike sizes
from 0.5°×0.5° to 6.0°×6.0°. Theoretical travel times are then calculated using the ray dis-
tribution associated with the observed data and Gaussian noise with a standard deviation of
±0.5 s is added to the data. Subsequently, the resulting matrix equation is inverted using the
same regularization parameters as in the actual data inversion. In Figure 6.4, examples of
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Figure 6.2: Results of the separate inversions of the CALIXTO (a), EIFEL(b), 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 cell) at various depths.
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Figure 6.4: Spike tests for an anomaly size of 1°× 1° at 50 km depth, 2°× 2° at 440 km depth, 3°×
3° at 1175 km depth, 3°× 3° at 2650 km depth. The greyscales give the amplitude of the velocity
anomalies.

such spike tests are shown for various layers with spikes of different sizes increasing with
depth as the spatial resolution decreases with depth. In theuppermost mantle, anomalies
of 1.0°×1.0° can be reconstructed (for instance, in the Aegean at 50 km even anomalies of
0.5°×0.5°) whereas in the lower mantle, anomalies with a horizontal extension of 3.0° can
be reconstructed.

To estimate the uncertainty of the velocity model caused by errors in the observed travel
times, the data vector is permuted randomly before performing the inversion keeping the
same inversion matrix as for the original data vector (Spakman, 1991). 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 example ofsuch a test is given in Figure 5.4).
Only poorly sampled regions, as for example the Northern Atlantic at 50 km depth, display
systematic anomalies of higher amplitude (≈ 1%). The mean velocity perturbations of the
permuted data vector test are are close to 0% throughout the mantle. The root-mean-square
values amount to≈ 0.25% at the top, reducing to≈ 0.2% in the upper mantle and to< 0.1%
in the lower mantle and provide an upper bound for the amplitude errors since the data are
treated as errors in this test while true data errors are smaller.

6.5.2 Model results - Comparison to the BSE model

Two models are computed: P06 with respect to reference modelak135 and P063Dloc with
respect to reference model CUB+S20RTS+P06+ as described in Section 6.3. Spatial resolu-
tion of these models is highly comparable although small differences in sensitivity test results
exist. The significance of these differences is, however, difficult to quantify.
The newly picked data, the Euro-Mediterranean bulletin andthe core phases provide addi-
tional information in different regions and depths. Therefore, to get a better impression of the
new models (P06 and P063Dloc), they are compared in the following to the earlier model
BSE of Bijwaardet al. (1998). BSE was obtained with the much smaller, original EHBdata
set of 1998 employing 7.5 million delay times and using ak135as reference model. Also, the
model parameterization used here is more detailed than the irregular cell grid used for BSE.
In Figure 6.5, all three tomographic models are displayed atvarious depths with respect to
ak135 which allows for model comparison independent of the starting model used for inver-
sion. The largest differences between BSE and the new modelsare found in the uppermost
and lowermost mantle as particularly the number of regionaltravel times is increased and a
large amount of core phases are used. Also, in the first 200 km another clearly visible differ-
ence between the tomography models is related to the reference models used. For BSE and
P06 the reference model is ak135 and the results at e.g. 50 km and 185 km show large regions
(north Africa, Atlantic, Siberia) where the inversion returns the reference model amplitude of
0% as a result of lack of data (ray paths). In model P063Dloc, these areas contain the veloc-
ity variations of the 3-D reference model CUB+S20RTS+P06+ (see Fig. B.1 for the reference
model). For instance, lateral heterogeneity at 50 km depth under Russia and Siberia results
from crust-lithosphere structure as contained in the 3-D reference model, in particular, at this
depth by the crustal model CRUST2.0 as embedded in the tomography model CUB2.0. In ar-
eas where ray paths sample mantle structure, the forward modeling procedure and subsequent
inversion ensure that the resulting tomographic model is consistent with the travel time infor-
mation and the 3-D background model. The current EHB data sethas also been corrected for
erroneous station coordinates (E.R. Engdahl, personal communication, 2001) which leads to
removal of some spurious anomalies present in BSE. For example, a strong negative anomaly
in crust and uppermost mantle in model BSE under the East European platform (see Fig. 6.5-
50 km) proved to relate to incorrect coordinates for a station at this location, and has disap-
peared in P06.
At 50 km depth (below the crust in ak135), mountain ranges as the Alps, (southern) Pyre-
nees, Betics, Hellenides are imaged as low-velocity zones.In general, features now have
finer outlines in P06 because of much more regional data and because cell sizes of the ir-
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regular grid are smaller than in the BSE model which allows for imaging of more detail.
The model P063Dloc is dominated by the reference model in regions of low ray coverage
(e.g. East European platform, Africa), but is otherwise comparable in anomaly patterns to
P06. However, P063Dloc generally shows higher amplitudes and local focusingeffects (see
Fig. 6.6). By construction, these higher amplitudes are partly in the null space of the travel
time inverse problem and thus not inconsistent with the current data set. The local focusing
effects basically result from 3-D earthquake location and 3-D ray tracing in the 3-D reference
model prior to inversion.
The data picked from teleseismic experiments lead predominantly to local effects in the litho-
sphere below the station network. For instance, the SVEKALAPKO data enhance the outline
of the thickest part of the crust (imaged by a low-velocity anomaly spot at 50 km) beneath
Finland. The TOR data amplify and sharpen the change of velocities across the Tornquist
zone. The Leeds data mainly increase velocities below the crust in the south of England and
otherwise slightly amplify high velocities to the northeast of Scotland. Hardly any changes
result from the inclusion of the EIFEL data from which can be concluded that these data
are in good agreement with the EHB data for the region. The MIDSEA and ORFEUS data
have a more distributed and untraceable effect on the tomographic models as the stations
are distributed over a large region. Remarkable, however, is the effect at 50 km depth of a
station in Lybia which provides a westward extension of the high velocities of the Tethyan
margin lithosphere in the eastern Mediterranean basin. Another example can be found east of
Belarus where the anomaly contrast across the Trans-European Suture Zone, separating the
East European platform with its high velocities from the tectonically younger western part of
Europe, is enhanced.
Since the Euro-Mediterranean bulletin contains mostly local and regional travel times, their
main contribution to the tomography models is found in the crust and uppermost mantle (<
250 km depth). For example, velocities below the southeast Arabian peninsula are decreased
while they are increased beneath the Persian Gulf. Furthermore, various high-velocity regions
below the Atlantic are amplified.
At 185 km depth, the effect of using more regional data can be noticed as the subduction of
the African plate underneath Turkey close to Cyprus appearsas a continuous high-velocity
anomaly. Furthermore, with better ray coverage the Trans-European Suture Zone becomes a
continuous structure along the western and southern borders of Poland and Ukraine. The low-
velocity anomaly beneath the Arabian shield presumably caused by hot upwelling mantle ma-
terial and associated volcanism (e.g. Debayleet al., 2001) is now outlined better towards the
east (also at shallower and deeper layers). Other noticeable improvements at 185 km depth are
the enhancement of the high-velocity body beneath Finland as a result of the SVEKALAPKO
data; amplification and sharpening of the change in velocities across the Tornquist zone by
inclusion of the TOR data; a better outline of the western limit of the Trans-European Suture
Zone due to inclusion of data from the ORFEUS archives; an increased lateral definition to
the north of the Vrancea subduction system and higher amplitudes in the Vrancea slab as a
result of the CALIXTO data, while the depth extent of the Vrancea slab is constrained by
the combination of EHB data and CALIXTO data (Fig. 6.6). The additional information
gained from the EMSC data around 185 km depth is limited. Yet,the high-velocity anomaly
in the eastern Mediterranean region is slightly amplified and its boundary toward Egypt is

104



6.5 Results - Inversion of the entire data set

sharpened. Also, the high-velocity anomaly related to the stable part of the Arabian platform
below Iraq and Kuwait is amplified. In P063Dloc many of these anomaly patterns are further
focused, e.g. the Vrancea slab.
At 500 km depth, all models show the same pattern of high-velocity anomalies across the
Mediterranean and southeastern Europe, even though details differ between models. These
patterns have been associated with present lithosphere subduction and with past subduction
resulting in flat-lying lithosphere slabs (Wortel and Spakman, 2000; Spakman and Wortel,
2004). Also differences between models can be observed, such as the positive anomaly below
the Arabian plate which is hardly noticeable in BSE and P06 but appears in model P063Dloc.
From 660 km depth downwards, minimum cell sizes are restricted to 1.0°× 1.0° and below
1100 km depth to 1.5°× 1.5° as the surface area of the cells becomes smaller with increasing
depth. Main differences at 1175 km, occur beneath northeastern Africa and the southern half
of the Iberian peninsula where the mantle is imaged now by lowvelocities in the new models.
Furthermore, anomaly patterns under the Atlantic Ocean andpositive anomalies associated
with the Tethys subduction (Hafkenscheidet al., 2006) are more enhanced and focused.
The core phases were added to better constrain the lower mantle. Among other studies which
used core phases are those by Obayashi and Fukao (1997), Boschi and Dziewonski (2000),
Kárason and van der Hilst (2001) and Lei and Zhao (2006) which indeed have shown that in-
corporation of core phases improves resolution in the lowermantle. As main contribution in
this study, they improve the amplitudes and definition of anomalies in the lower mantle from
1900 km downwards while below Central Europe they lead to theimaging of new structure
in the deepest mantle. At 1900 km, structures in P06 and P063Dloc are more focused com-
pared to BSE while as an important difference we note the positive anomaly under the central
Mediterranean (Italy and surroundings) and the low wavespeed anomaly to the southeast of
it. The core phases also contribute to the low-velocity heterogeneity beneath western Europe
and northwestern Africa.
In the lowermost mantle, around 2650 km depth, the additional information due to the core
phases fills in a blank spot in the BSE model from beneath Sweden, across central-eastern
Europe, to Greece. Indicative of a lack of data for the BSE model in the deepest mantle is
also the fact, that the southern half of the displayed area isparameterized by much larger
cells in that model. Also under the north Atlantic the pattern of positive anomalies has rad-
ically changed compared to BSE. P06 and P063Dloc also differ substantially with regard
to positive and negative velocity patterns below Europe. The strong positive anomalies im-
aged under central and southeastern Europe, and flanked to the north by an east-west striking
strong low-velocity zone are only partly present in the reference model CUB+S20RTS+P06+.
These largely new anomalies can only result from a redistribution of ray paths and travel time
signal (through 3-D ray tracing and event location prior to inversion) in the deepest mantle as
a result of using a different reference model.

Agreements and differences between BSE and the new models, and between the two new
models, can also be observed in many vertical cross-sections of which some are discussed in
the following. Figure 6.6a shows a vertical low-velocity zone beneath Central Europe which
has been interpreted by Goeset al. (1999) as a lower mantle upwelling and as the source for
volcanism in that region (e.g. Eifel, Massif Central, Bohemian Massif). This hot upwelling
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Figure 6.5: The new tomography models P06 (middle) and P063Dloc (bottom) with all the additional
data incorporated compared to the BSE model by Bijwaard et al. (1998) (top) at 50 km and 185 km
depth. All velocity variations are displayed with respect to ak135.
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Figure 6.5: (continued) The same models as before at 500 km and 1175 km depth.

107



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

-0.5% +0.5%

BSE98

1900 km

-0.5% +0.5%

BSE98

2650 km

-0.5% +0.5%

P06

1900 km

-0.5% +0.5%

P06

2650 km

-0.5% +0.5%

P06_3Dloc

1900 km

-0.5% +0.5%

P06_3Dloc

2650 km

Figure 6.5: (continued) The same models as before at 1900 km and 2650 km depth.
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can now be imaged in greater detail and it becomes more evident (P06, P063Dloc) that this
upwelling originates at the base of the mantle. Furthermorethe connection between lower
and upper mantle anomaly is enhanced (at 300–400 km and 18° geographical distance in the
cross-section).
Cross-section (b) displays the high-velocity anomaly of the Fennoscandian shield in the up-
per mantle beneath Finland overlying a low-velocity mantle. The lithosphere-asthenosphere
boundary is now found at approximately 300–350 km depth due to incorporation of the
SVEKALAPKO data in particular, but also due to EMSC travel times and the addition re-
gional travel times in the latest EHB catalog.
A ”TOR” cross-section through the models is displayed in panel (c). While the image using
the TOR data alone (Fig. 6.2c) is comparable to other studieswhich exclusively use TOR
data (high velocities below the Elbe lineament, low velocities north of it and high velocities
below the Fennoscandian shield), the addition of the EHB data, which contain many more re-
gional phases, changes the model below the Elbe lineament (at approximately 2.5 ° horizontal
distance in the figure). As main difference, the crust and uppermost mantle below northern
Germany down to 110 km depth are imaged by a high-velocity anomaly. This anomaly co-
incides with a region identified as containing Avalonian basement (e.g. Shomaliet al., 2006)
while south of it the Rheic Suture and Gondwanan basement follow. Below this anomaly,
down to 310 km depth, a uniform low-velocity anomaly is observed limited to the north by
the Tornquist zone while before (BSE) this negative anomalywas only weakly obtained be-
low the Elbe lineament probably due to a lack of data there. Furthermore, now the Tornquist
zone is imaged at approximately0.5◦ further to the north than before.
Cross-section (d) shows the subducted lithosphere slab beneath the Vrancea region in the
southeastern bend of the Carpathians. The new models, whichcontain the CALIXTO data
and much more regional data from the EHB catalog, are consistent with BSE for this region
and confirm the 3-D structure on which basis the interpretation was made that the Vrancea
slab displays the final stage of subduction in which slab detachment has not yet occurred
while north of it the subducted slab is detached (Wortel and Spakman, 2000). The Vrancea
slab anomaly only differs in detail with the images obtainedfrom other tomographic experi-
ments using only CALIXTO data (Weidleet al., 2005; Martinet al., 2006).
Cross-section (e) shows a north-south section of the modelsacross the Alps. As could be
observed in the horizontal cross-sections (Fig. 6.5), the low-velocity anomaly in the crust
and uppermost mantle follows the outlines of the Alps now very well, expressing the crustal
wedge above the down-flexed European lithosphere (positiveanomaly to the upper left) where
the model was dominated before by high velocities. Furthermore, around 200 km depth, low-
velocities are found in the new models below the European slab. All three models consistently
show that the European plate dips southward under the Adriatic plate while the positive slab
anomaly further south (at 6° geographical distance in Fig. 6.6e), results from southwestward
subduction of the Apennine slab at an oblique angle to the section. Remarkable are the focus-
ing effects obtained from the additional data (P06) and additional 3-D ray tracing and event
location (P063Dloc).
Cross section (f) displays a south-north line through the eastern Mediterranean-Aegean re-
gion showing the Tethys slab which is still connected to the African plate. Owing to two
additional stations in Libya and Egypt and 3-D ray tracing, the lithosphere beneath the east-
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ern Mediterranean can be resolved better which results in a more continuous image of the
African plate subduction.
The last two cross sections (g) and (h) display the Gibraltarslab and the Calabria slab, respec-
tively. Focusing effects can observed in both sections. Forthe Gibraltar slab this concerns
an improved delineation between the steeply east-dipping slab and the positive anomaly con-
nected directly to the right which cuts the same slab more along-strike in this strongly curved
subduction zone (Spakman and Wortel, 2004). Focusing effects for the Calabria slab occur
predominantly in its flat lying portion which is thinner and of slightly 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 and P063Dloc, for the European
region that were obtained from inversion of an extended EHB global data set combined with
additional high-accuracy data from various European sources. The different European data
sets were also inverted separately to check for informational content of the absolute travel
times, we picked. Comparison with the published tomographic models derived from each
data set (and inverting relative residuals) was hampered bythe overall lack of depth resolu-
tion we observed as a result of using a global cell parameterization instead of a local model
box as was used in the pertinent studies by others.
Overall, we found in our new models an enhanced focusing of structure with respect to the
earlier BSE model while also important and sensible changesin anomaly patterns are ob-
served such as the outline of the Trans-European Suture Zone. Furthermore, in some regions
(e.g. Finland) an improved image of the lithosphere-asthenosphere boundary was obtained.
New stations in regions with very low ray coverage (e.g. Lybia) prove to have a substan-
tial impact on imaged structure while in some well sampled regions the additional European
mostly only amplify anomalies observed earlier or confirm earlier findings (e.g. Vrancea
zone, Eifel plume). In the lowermost mantle, due to the addition of cores phases, a redistribu-
tion of anomaly patterns is observed with respect to BSE while also a previously unsampled
region below Central Europe could be imaged. Owing to the extended EHB data set, reso-
lution improves greatly in the lowermost mantle of the European region which among other
things provides new support for a deep mantle root for the central European upwelling.
A comparison between the two new tomographic models also demonstrates the positive ef-
fects of changing reference models for tomography. Particularly, P063Dloc resulted from
inversions relative to a 3-D background model in which, prior to tomographic inversion, earth-
quakes were relocated and ray path geometry was determined by 3-D ray tracing to obtain
consistency between the 3-D reference model, delay times, earthquake locations and origin
time, and 3-D ray paths. As the same data set was used for inversion, differences between
P06 and P063Dloc must be attributed to the non-linearity of the global tomographic inverse
problem of travel times which has so far been neglected in most studies. Apart from many
focusing effects and redistribution of anomaly patterns, also new structure could be imaged
as a result of changing the reference model. We did not yet focus on the detailed accuracy of
all these images which requires more work and analysis than only a few sensitivity tests.
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Figure 6.6: Vertical cross-sections through the BSE model and the new models P06 and P063Dloc
beneath Central Europe (a), Finland (b), the TOR array (c), Romania (d), the Alps (e), the Hellenic
arc (f), Gibraltar (g) and the Tyrrhenian basin (h). All velocity variations are displayed with respect to
ak135.
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In all, we conclude that the two new models provide enhanced images of European mantle
structure which may prove useful for further geodynamic interpretation, for more accurate
earthquake location and as a reference or starting point forforward 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 continuesto be, a site of complex defor-
mation due to its location near a major plate boundary. In Mesozoic and Cenozoic times, the
Farallon plate (an oceanic plate west of the North American plate) was subducted eastward
under the North American plate. In the Cenozoic (29 Ma ago), subduction of the Farallon
plate beneath southern California was completed while subduction of the remaining northern
part, called Juan de Fuca and Gorda plate (see Fig. 7.1), continued. With cessation of sub-
duction in the south a transform fault between the northwestward moving Pacific plate and
the westward moving North American plate was created (platemotions relative to Africa)
and the Mendocino Triple Junction between Pacific, Juan de Fuca and North American plate
formed. This triple junction started moving northward 25 Maago and was accompanied by
an extinction of the arc volcanism along its way and initiation of volcanism in the northern
Coast Range.
Tomography provides information which helps to reconstruct tectonic movements in that re-
gion. On a long-wavelength scale, surface wave tomography models exist, which image the
upper mantle beneath the North American continent (e.g. vander Lee and Nolet, 1997; Godey
et al., 2003). However, in higher detail mostly local or regional models exist which do not im-
age the entire region. For example, the subduction beneath the Cascades of Washington and
Oregon was imaged by Michaelson and Weaver (1986), Rasmussen and Humphreys (1988)
and Neeleet al. (1993) and it was subject of the Cascadia 1993 experiment carried out across
central Oregon to image the subduction of the Juan de Fuca plate under the North American
plate. As part of this experiment, Rondenayet al. (2001) and Bostocket al. (2002) obtained
a high-resolution image of the upper 120 km of the subductionzone. The Gorda slab and its
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