
Chapter 3

Travel time tomography of the
uppermost mantle beneath Europe

We have obtained a detailed P and S model of the uppermost mantle beneath Europe using
regional travel time data based on the ISC and NEIC bulletinsfrom the years1964 − 2000.
Because of the data selection and the ray path distribution,our analysis is comparable to Pn
tomography. However, the usual approximations of that method are not required here as we
use a method that is also suited for global travel time tomography. Tests show that anomalies
with horizontal dimensions of 45 km×45 km and 90 km×90 km can be reconstructed in the P
model and the S model respectively. Realistic features are not only imaged for the uppermost
mantle but also for the crust. High seismic velocities are found for regions of old oceanic
lithosphere (e.g. Black Sea, Eastern Mediterranean basin). In contrast, tectonically active
regions such as the Alps are imaged by low velocities as well as regions that are influenced
by back arc spreading and volcanism (e.g.Tyrrhenian basin or Alboran basin). Also, the
Trans-European Suture Zone, separating the East European platform with its high velocities
from the tectonically younger western part of Europe, is well imaged.

3.1 Introduction

Seismic tomography has been used for a long time to study the velocity properties of the crust
and mantle and to identify tectonic and geological structures. The obtained velocity models
can serve as a starting point for tectonic interpretations and as background models for detailed
local studies. They also allow for a more precise predictionof travel times and earthquake
locations than standard 1-D models (e.g. JB (Jeffreys and Bullen, 1940), PREM (Dziewonski
and Anderson, 1981) or ak135 (Kennettet al., 1995)). The last aspect plays, for example,
an important role for seismic monitoring in the context of the Comprehensive Nuclear-Test-
Ban-Treaty (CTBT). Velocity models have been published forEurope using different data
sets and techniques as travel time tomography (e.g. Spakmanet al., 1993; Hearn and Ni,
1994; Bijwaard and Spakman, 2000; Ritzwolleret al., 2002a; Piromallo and Morelli, 2003),
surface wave tomography (e.g. Ritzwoller and Levshin, 1998; Villaseñoret al., 2001) and
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3 Travel time tomography of the uppermost mantle beneath Europe

waveform inversion (e.g. Snieder, 1988; Zielhuis and Nolet, 1994; Marquering and Snieder,
1996). Also, many more local tomography studies exist (see Chapter 4 or Piromallo and
Morelli (2003) for a review).
The main purpose of this study is to retrieve a detailed modelof the uppermost mantle below
Europe that bridges the gap between global and local models using regional P and S travel
times. Particularly for regional S-waves, only few detailed models exist for Europe (e.g. Bij-
waard, 1999). To obtain a better model, regional travel times for this study are taken from an
updated version of the relocated earthquake data set of Engdahlet al. (1998), which is based
on the ISC and NEIC bulletins.
Moreover, improvements are made in the methodology. Because of the data selection and
the ray path distribution, our technique is comparable to Pntomography. However, the usual
approximations of Pn tomography (see e.g. Ritzwolleret al., 2002a) are not required here
as a tomographic method is applied that is also used for global tomography (Bijwaardet al.,
1998). This method uses, for instance, an irregular grid parameterization (Spakman and Bij-
waard, 2001), which enables a finer discretization in regions of high ray coverage. To further
improve the model, a 3-D reference model is used to take varying Moho depths and regional
changes of velocity properties into account (e.g. oceanic or continental crust).

3.2 Data

Travel times are taken from the updated relocated earthquake data set of Engdahlet al. (1998)
of the years 1964 to 2000 (E.R. Engdahl, pers. comm., hereafter referred to as EHB data).
This new version was extended with data from 1995 to 2000 and includes particularly more
regional data (i.e. with an epicentral distance< 28◦) than the original data set as a result of
less restrictive selection criteria. While for the original data set events were selected, which
had an open azimuth (= largest azimuthal sector without a seismic station)≤ 180◦ using
only teleseismic stations, now events are selected, which have a secondary azimuthal gap (=
largest open azimuth filled by a single station)≤ 180◦ not only using stations at teleseismic
but also at regional distances. While the original data set contained in total 7 million P phases
and 1 million S phases, the new data set contains 14 million P phases and 3 million S phases.
Besides the European mainland we have included Iceland and Spitzbergen and limited the
epicenter and station locations to50◦W − 60◦E in longitude and20◦N − 80◦N in latitude.
From this data set, the P and S phases are chosen which have an epicentral distance of less
than 14◦. The travel time residuals corrected for station elevationand Earth’s ellipticity and
computed with respect to the 1-D velocity model ak135 (Kennett et al., 1995), are restricted
to ±7.5 s and the maximum source depth is set to 200 km. The resulting subset contains
1.5 million P-wave travel times from 60,000 events registered at 1,500 stations and 500,000
S-wave travel times from 55,000 events recorded at 1,400 stations.
In Figure 3.1, an overview of the epicenter locations is presented. The majority of earth-

quakes is concentrated along plate boundaries and fault zones, particularly in the Mediter-
ranean region (e.g. Greece and Turkey). The phase distribution of the selected data set is
displayed in Figure 3.2. Most of the phases have epicentral distances of less than 3° in the
new data set while the distribution is almost constant in theoriginal data set. The total num-
ber of selected phases increased approximately by a factor of 15 for P and 100 for S phases.
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Figure 3.1: Map of the epicenter locations (gray dots) contained in the data selection. The gray shading
indicates the topography, plate boundaries are displayed according to Bird (2003). Abbreviations: Adr
– Adriatic Sea, Balt - Baltic shield, Bet – Betics, BS – Black Sea, Car – Carpathians, Casp – Caspian
Sea, Di – Dinarides, EEP – East European platform, Eif – Eifel, E-Med – Eastern Mediterranean, He
– Hellenides, HellA – Hellenic Arc, Py – Pyrenees, Tyr – Tyrrhenian Sea, W-Med – Western Mediter-
ranean.

The standard deviation of the residuals varies between 1.21s and 1.92 s for P phases and
between 1.63 s and 3.15 s for S phases. Figure 3.3 shows the standard deviation as a function
of epicentral distance.

3.3 Method

In travel time tomography, observed travel times of waves are compared to theoretical travel
times that are calculated with a reference velocity model. The residuals with respect to the
reference travel times are used to compute a 3-D velocity model for the analyzed region. Pn
tomography usually assumes that P-waves travel as head waves just below the Moho and only
the 2-D (horizontal) distribution of the Pn velocities in that layer is calculated. The variations
in crustal structure are not included in the model, so terms must be incorporated that correct
for the crustal legs at the station and the event site (e.g. Hearn and Ni, 1994; Ritzwolleret al.,
2002a). The method used here, which is also suited for globaltomography studies, does not
require these approximations because the rays are traced along their entire path.
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Figure 3.2: Phase distribution of P (light gray) and S (dark gray) phaseswith respect to the epicentral
distance for the original (left) and the updated (right) EHBdata 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 respect to the epicentral distance.

3.3.1 Tomography with a 1-D reference/starting model

First, we carry out the tomographic inversion with a 1-D reference model to see the influence
of the new regional travel time data alone and to compare the tomography model to other
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studies which use the original EHB data set (e.g. Bijwaardet al., 1998). The theoretical
travel times are computed with the method of Buland and Chapman (1983) using the 1-
D reference model ak135 and the according ray paths are determined with a ray shooting
method. The obtained travel time residuals and ray paths arethen used to set up the data
vector and the inversion matrix respectively (see Chapter 2for details). We perform the
tomographic inversion iteratively with the LSQR algorithmof Paige and Saunders (1982)
using ak135 as reference model and regularizing the solution with 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 strongly variable in thickness, it is im-
portant in nonlinear tomography to use a starting model thattakes the 3-D heterogeneities
of the crust in account. Therefore, a 3-D reference model is set up which uses CRUST2.0
(http://mahi.uscd.edu/Gabi/rem.html), a refined versionof CRUST 5.1 (Mooneyet al., 1998),
in the crust and in the uppermost mantle, between the Moho and200 km depth, laterally vary-
ing, depth-averaged velocities of CUB1.1 (Shapiro and Ritzwoller, 2002; Ritzwolleret al.,
2002b) are employed. CRUST2.0 is based on regionalization,i.e. it assigns average profiles
for various types of crustal structures to2.0◦ × 2.0◦ cells for the whole globe. CUB1.1 is
based on surface wave tomography using phase and group velocities of Love and Rayleigh
waves.
A 3-D ray tracing through this 3-D model is performed for the selected event-station pairs of
the EHB data set with the 3-D raytracer of Bijwaard and Spakman (1999a). This algorithm
is based on the perturbation theory developed by Snieder andSambridge (1992) and Pulliam
and Snieder (1996). It takes an initial ray (computed in a 1-Dmodel) and searches nearby
paths which have minimum travel times in the 3-D velocity field.
The travel time residuals are then calculated as the difference between the observed travel
times of the new EHB data set and the theoretical 3-D travel times. A relocation of the events
in the 3-D model is not done as we only use a subset (∆ < 14◦) of the data for each event.
Therefore, the earthquake locations are assumed to be fixed.The matrix-vector equation
(containing the 3-D ray paths and travel time residuals) is inverted with the same method as
before but now with the combination of CRUST2.0 and CUB1.1 asreference model.

3.3.3 Parameterization

Various methods exist to parameterize the investigated medium. Here, a method developed by
Spakman and Bijwaard (2001) is applied, where the medium is parameterized by a grid with
cells of irregular sizes. First, regular grids of several sizes (here0.4◦, 0.8◦ and1.2◦) are set up
and the hitcount of each cell (i.e. the number of rays crossing a cell) is computed. The regular
grid cells have equal surface areas and their thickness is chosen according to the layering of
ak135. The hitcount is then used as a constraint to determinethe cell sizes in the irregular
grid in a way that the variation of the hitcount between neighbouring cells is minimal. Using
an irregular grid has the advantage that each unknown is sampled by approximately the same
number of data in regions of sufficient ray coverage. Therefore, less damping is needed to
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Figure 3.4: Hitcount map for the P- (left) and S-wave coverage (right) at45 km depth overlaid by the
irregular grid.

regularize the inversion. Furthermore, the computation time is significantly decreased. For
the P model, for example, there are 650,000 unknowns on the0.4◦ × 0.4◦ grid while there
are only 60,000 on the irregular grid. For the S model, the number of unknowns decreases to
50,000. In Figure 3.4, the hitcount of P- and S-waves overlaid by the 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 over the investigated region, the resolution
of the velocity model varies spatially. The non-uniform illumination is clearly indicated in
the hitcount maps. For example, there is a very low ray coverage in the Atlantic 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 earthquakes and seismic stations.
Resolution can only be estimated since formal computation of the resolution matrix is too
time consuming due to the large number of parameters. Instead, tests are performed with
synthetic models (Spakman and Nolet, 1988) to find the minimum size of anomalies that
can be reconstructed and to detect lack of resolution (see Chapter 2 for details). These tests
are also useful to find the appropriate basic cell sizes. The synthetic model for these tests
contains spikes of 5% amplitude with respect to the 1-D reference model and alternating sign
of the anomaly. The spikes are well separated with a distanceof at least twice the spike
size in longitudinal direction, once the spike size in latitudinal direction and one layer in
depth between them. Theoretical travel times are then calculated and Gaussian distributed
noise on the order of 0.5 s is added to the data to perform an inversion comparable to the
real data inversion. The geometry of the 1-D rays is used and the resulting matrix-vector
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equation inverted. In Figure 3.5, an example of such a spike test is shown at 45 km depth
with spikes of0.8◦ × 0.8◦. The best ray coverage, independent of the wave type, is found
in the layer between 35 km and 55 km, which is the layer directly below the Moho in the
1-D model ak135. Because of the data selection that containsmainly Pn/Sn phases, this layer
is expected to be the best sampled. A sufficient ray coverage is also found for the layers
between 20 km – 35 km and 55 km – 75 km. For the P model, spikes of0.4◦ × 0.4◦ can be
reconstructed while for the S model, only spikes of a minimumsize of0.8◦ × 0.8◦.

Figure 3.5: Spike tests for the P model (left) and the S model (right) at 45km depth with spikes of
0.8

◦

× 0.8
◦. The grayscales give the amplitude of the velocity anomalies.

To estimate the uncertainty of the velocity model caused by errors in the observed arrival
times, the data vector is permuted randomly while keeping the order of the matrix rows (rays)
as for the original data vector (Spakman and Nolet, 1988). Inthis case, the inversion model
is expected to show random anomaly patterns of low amplitudeif there are no correlations
between delay times and ray paths. An example of such a test isgiven in Figure 3.6. In
general, a random model is found in regions of good ray coverage with low amplitudes. Only
poorly sampled regions, as for example north of Iceland in the S model, 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 random noise (e.g. Gaussian dis-
tributed noise) as data vector and perform the inversion forthis vector. Since the standard
deviation of all selected residuals of the observed P data set is 1.84 s, the width of the
Gauss function is chosen accordingly. The resulting model shows low amplitude anoma-
lies (. 0.5%) and is random for the P model, which means that the noise is uncorrelated and
of low level. Unlike the permuted-data test, using Gaussiannoise does, however, not test for
the effects of systematic data noise.
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Figure 3.6: Test with a randomly permuted data vector for the P model (left) and 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 are presented in Figure 3.7. Many
tectonic regions can be identified in the P-wave and S-wave velocity models. Generally, the
S model shows more positive velocity anomalies (with respect to ak135) than the P model.
This shift towards higher velocities is caused by the fact that ak135 is too slow for S-waves
in the crust/uppermost mantle. Therefore, in Figure 3.7 theS model is displayed with respect
to ak135 increased by 1% of its velocity.
At 28 km depth (which is the lower crust in ak135), low-velocity anomalies dominate the P
model. The anomalies associated with mountain ranges (Alps, Pyrenees, Apennines, Dinar-
ides) are narrow and of large amplitudes. Other low-velocity anomalies are found beneath
the Eifel, the Tyrrhenian basin and the Turkish-Iranian plateau, which are broader and have
in absolute terms a lower amplitude at this depth than the anomalies found under mountain
ranges.
At 45 km depths also both types of low-velocity anomalies arepresent due to crustal and
mantle features but the mantle anomalies are now broader than before and have higher am-
plitudes. Furthermore, high-velocity anomalies can be associated with cratons as the East
European platform or stable parts of Iberia and France. High-velocity anomalies are also
found beneath basins such as the Eastern Mediterranean or the South Caspian basin.
Even though ak135 is too slow in the uppermost mantle for S waves, many features described
above for the P model could be imaged as well with the S model but with a lower resolution
as there are less S residuals. Velocities that were left unchanged in the inversion and there-
fore contain the velocities of ak135 (3.85 km/s at 28 km and 4.48 km/s at 45 km depth) as
below parts of the East European craton appear in Figure 3.7 as weak low velocity anomalies
as an effect of the increased reference velocity chosen for display (3.89 km/s and 4.53 km/s
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respectively).
Taking into account the results of the permuted data tests, the average error of model am-
plitudes amounts to less than 10% and 15% respectively for the P and S velocity anomalies.

P tomo

28km 6.50km/s

-3 % 0 % 3 %

S tomo

28km 3.89km/s

-3 % 0 % 3 %

P tomo

45km 8.04km/s

-3 % 0 % 3 %

S tomo

45km 4.53km/s

-3 % 0 % 3 %

Figure 3.7: Results of the tomographic inversion for the P model (left) and the S model (right) at
28 km depth (top) and 45 km depth (bottom). The velocity anomalies are given with respect to the 1-D
velocity model ak135 for P as indicated by the number on the lower right of each figure and with respect
to 1.01× vs(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 used as reference model for the
inversion. The results of the inversion with reference to this model are clearly different from
the results of the inversion with ak135 as reference model. They are shown in Figure 3.8
and 3.9 with respect to the average velocity of the appropriate layer and with respect to the
3-D reference model. Generally, the inversion of the S residuals shows less deviations from
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3 Travel time tomography of the uppermost mantle beneath Europe

the reference model than the P inversion as there are less S travel times and therefore less
resolving power in the data but also since the 3-D S referencemodel provides a better repre-
sentation of shear velocities in some regions.
The velocities of the P model (see Fig. 3.8) are in the middle and lower crust significantly
higher than ak135. For instance, the P-wave velocity between 20 km and 35 km in ak135
is only 6.50 km/s, while the average velocity of that layer is7.07 km/s in the 3-D inversion
model. Similar to the results of the inversion with ak135 as reference model, the obtained
anomalies can be related to tectonic units. Low velocity anomalies are observed along moun-
tain ranges (e.g. Betics, Alps, Dinarides) best seen in the difference between the inversion and
reference model resulting, for example, in a finer outline ofthe western edge of the Alps. Fur-
thermore, reduced velocities are obtained beneath the Western Mediterranean, in particular
beneath Corsica and Sardinia. But also in the Eastern Mediterranean velocities are reduced
indicating that they are not as high as would have been expected from the reference model.
Velocities beneath the Turkish-Iranian plateau are almostunchanged as the reference model
already explains travel time deviations well in that region. Also beneath the East European
platform few differences exist between reference and inversion model due to either a good
representation of velocities in the reference model or due to a lack of resolving power of the
travel time residuals in that area.
Mostly lower velocities than in ak135 are found for the layerbetween 35 km and 55 km (on
averagevp = 7.81 km/s while in ak135vp = 8.04 km/s). In this layer the reference model
is a combination of the long wavelength structures in CUB1.1(e.g. Atlantic) and CRUST2.0
(East European platform). Furthermore, the observed features of the inversion model at this
depth show many similarities to the model obtained with ak135 as reference. The velocities
beneath Iceland and further along the Mid-Atlantic ridge are greatly decreased compared to
the reference model. The Western Mediterranean Sea shows also lower than average veloc-
ities while they are higher than average for the Eastern Mediterranean (as in the inversion
model using ak135 as starting model). Orogenic belts as the Alps, Pyrenees or Dinarides are
well reconstructed in this model. At 45 km depth, low velocities are found in the P and S
model as in the inversion model using ak135 as starting model. The Adriatic plate is imaged
by high velocities. Velocities beneath the East European platform are slightly increased in
the inversion model indicating that even though this regionstill contains crustal material at
this depth it is faster than would be expected from the reference model.

The S inversion model shows features which are very similar to those obtained in the P inver-
sion. However, fewer regions display changes from the reference model. Deviations are in
particular the reduced velocities of the western edge of theAlps, the Hellenic Arc and Iceland.
Furthermore, higher velocities than in the reference modelare observed beneath the Adriatic
basin and beneath Spain. These differences are also observed at 45 km depth but now with
stronger amplitudes. Besides that, low velocities are alsoobserved north of Iceland and in the
Western Mediterranean basin enhancing the difference between western and eastern basin as
in the P inversion models.

32



3.6 Discussion and Conclusions

3.6 Discussion and Conclusions

The main purpose of this study was to create a high-resolution image of the uppermost mantle
and the crust. To obtain such an image, a tomographic inversion for P-wave and S-wave travel
times of regional earthquakes was applied. In the following, the most important features of
the new model are described and briefly discussed.
Negative velocity perturbations are found for the Mid-Atlantic ridge, where they reflect the
spreading of the Atlantic. However, the low velocities beneath Iceland in the P and S model
are not only caused by the opening of the Atlantic, but also bya plume (e.g. Wolfeet al.,
1997; Shenet al., 1998; Bijwaard and Spakman, 1999b; Allenet al., 2002).
Furthermore, the whole Turkish-Iranian plateau is imaged by low velocities that have also
been stated by other researchers who applied Pn tomography (Hearn and Ni, 1994; Ritz-
woller et al., 2002a) and in other earlier mantle tomography studies (e.g. Spakmanet al.,
1993). The anomaly can be interpreted as hot or partially molten material (Hearn and Ni,
1994; Ritzwolleret al., 2002a) as the high temperatures can be explained by the backarc
extensional setting of the region during the collision of the Arabian and the Eurasian plate
(Dercourt et al., 1986). Alternatively, recent studies by Sengöret al. (2003) and Keskin
(2003) show that the high temperatures and therefore low velocities can be ascribed to steep-
ening and detachment of the Neo-Tethys slab beneath EasternTurkey followed by rising of
hot asthenosphere material.
Orogenic regions (e.g. Alps, Carpathians, Hellenides and Pyrenees) and back-arc basins
(Tyrrhenian basin, Aegean) are also characterized by low velocities.
A comparison of the low-velocity anomalies at 45 km depth in our model to those in the sur-
face wave tomography model of Boschiet al. (2004) shows a good agreement of anomalies
on a larger scale in the Alpine-Carpathian belt, the Tyrrhenian basin and the Aegean even
though features in our model have sharper outlines.
In regions with oceanic lithosphere (Black Sea, South Caspian basin and Eastern Mediter-
ranean basin), positive velocity perturbations are obtained in this study. But while the East-
ern Mediterranean basin is imaged by high-velocity anomalies in our model, low velocities
are found in the surface wave tomography model of Boschiet al. (2004) and only turn into
positive perturbations at greater depths. The differencesare most likely caused by the fact
that the travel time tomography is better resolved at 45 km depth. Also, high velocities are
obtained for both, travel time tomography and surface wave tomography models, beneath
stable parts of Spain and France and beneath cratonic regions (Baltic shield, East European
platform, only for the use of a 1-D reference model for traveltime tomography as in the 3-D
reference model this region is still considered as crust). However, the Trans-European Suture
Zone, which separates the East European platform from the younger parts of Central Europe
is imaged in less detail in the surface wave tomography than in our model.
The use of a 3-D reference model instead of a 1-D reference model results, independently
of the applied reference model, in P and S tomography models that show the main tectonic
features as observed for use of a 1-D reference model. Yet, inregions of low resolution mainly
the reference model is re-obtained, besides regions where the reference model already gives
a good representation of the velocity heterogeneities.
On the whole, we have obtained high-resolution P and S velocity models for the crust and the
uppermost mantle showing new details of the tectonic structures beneath Europe. The higher
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resolution is due to the use of a larger, reprocessed data set. Also, unlike in earlier Pn tomog-
raphy studies, we traced the rays along their entire path as they can undergo rapid velocity
changes in the crust. Nevertheless, since we used only regional data, 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 from CRUST2.0 and CUB1.1 and
in the middle the results of the P-inversion. The velocity anomalies are given with respect to the average
velocity of each layer (see number at the bottom right of the figures). Illustrated on the bottom is the
difference between the reference and the inversion model. All models are shown at 28 km depth (left)
and 45 km depth (right).

35



S ref.mod.

28km 3.98km/s

-5 % 0 % 5 %

S ref.mod.

45km 4.42km/s

-5 % 0 % 5 %

S tomo

28km 3.98km/s

-5 % 0 % 5 %

S tomo

45km 4.42km/s

-5 % 0 % 5 %

diff

28km

-5 % 0 % 5 %

diff

45km

-5 % 0 % 5 %

Figure 3.9: Displayed is on the top the 3-D reference model derived from CRUST2.0 and CUB1.1 and
in the middle the results of the S-inversion. The velocity anomalies are given with respect to the average
velocity of each layer (see number at the bottom right of the figures). Illustrated on the bottom is the
difference between the reference and the inversion model. All models are shown at 28 km depth (left)
and 45 km depth (right).
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