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Preface

The European Geotraverse (EGT) project has been a scientific undertaking on an
unprecedented scale in the Earth Sciences. Its whole ethos has been founded on the idea that
the scale of trying to understand the workings of a continent and its evolution through
geological time demanded the combined efforts of a very large number of people with
expertise from a wide range of disciplines. Not only would they have to understand each
other’s point of view and work together in a series of integrated experiments, they would have
to produce their findings in such a way that could be understood by all. EGT completed its
experimental work in 1990, the culmination of nearly ten years effort. But the work of EGT
could not end there. The concluding paragraph of the EGT Final Report to its prime supporter
and benefactor, the European Science Foundation (ESF), made clear that ‘In many ways,
EGT has only just begun’. The wealth of data collected during the EGT experimental
programme, together with geological and geophysical data obtained over many years, were
reduced to a common reference frame and mapped on to a common scale and projection in
order to compare them directly so that the connections between them might become clear.
The result of this compilation is the sequence of maps and plates, together with explanatory
textand comprehensive reference lists, that form the EGT Atlas which is the complement and
companion to this book. To enhance the use of this database, much of the Atlas data is
contained on a CD-ROM.

The concept of this book has been to draw all this work together into a coherent account
of the tectonic evolution of Europe and the geodynamic processes that have fashioned it. It
is, in a sense, the epitome of EGT, having been written in the belief that the whole is greater
than the sum of its individual parts. It has also been written with a view to the future, in the
knowledge that there is much more still to be gained from further analysis and interpretation
of the information gathered during EGT and the hope that the book can serve as a springboard
for new research advances. The book is very much a team effort, involving fifteen authors.
Whilst each has been identified with particular sections of the book, it might have been added
after their names ‘with a little help from their friends’ because the writing and the ideas have
been shared and have benefited from joint efforts. We have attempted to present the book
in a unified way. As a vital ingredient, all the diagrams have been computer draughted to a
consistently high standard by Sue Button at the University of Leicester, to whom we are
immensely grateful.

The EGT project involved too many people for us to mention here and we apologise for
the injustice in our not recognising their individual efforts. The length of the list of references
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at the end of this book is testimony to the great number who have contributed.

EGT was made possible because of the recognition and support that was given so
generously by the ESF throughout the eight years formal existence of the project and, indeed,
both before and since. There are no words to express adequately the gratitude we owe to ESF.
We would like to thank, in particular, Eugen Seibold, the ESF President for much of the
period of EGT, and the two officers of ESF who, in turn, gave practical expression to the help
that we received, Bernard Munsch and Michele Fratta. Peter Fricker deserves our special
thanks. As chairman of the European Science Research Councils Working Group for the
European Geotraverse he gave unstinting support and did much to secure the funding for the
coordination of EGT from the Research Councils. The management of EGT came through
the Scientific Coordinating Committee, chaired by Stephan Mueller, including E. Banda, A.
Berthelsen, D. Blundell, P. Giese, A. Hirn, C. Morelli and H. Zwart, whose deliberations were
put into practice by the Scientific Secretary, E. Banda, and the Adjunct Secretary, first D.
Galson and then R. Freeman. To them fell the major part of the hard work involved in the
whole project. For practical purposes the EGT swathe was divided into three segments.
Responsibility for the northern segment fell to A. Berthelsen as chairman with first N.
Springer and then M. Marker as scientific assistant; for the central segment to P. Giese as
chairman with M. Huch as scientific assistant, and for the southern segment to C. Morelli as
chairman and D. Polizzi as scientific assistant. Much of the coordination of EGT was
devolved to the three segments, particularly the organisation of workshops and study centres.
These proved to be especially fruitful in bringing people and ideas together and were greatly
enhanced by the willingness of ESF to enable rapid publication of extended abstracts and to
disseminate them widely. Financial support and encouragement for this from the Commission
ofthe European Communities was especially valued, through the good offices and continuing
interest of K. Louwrier and E. Staroste.

Amongst the 13 experiments making up the Joint Programme of EGT, some involved field
campaigns to obtain new observational data whilst others required coordinated efforts to
recompile existing data into uniform formats. All required substantial organisational effort.
Five major seismic experiments were executed specifically for EGT. EUGENO-S was
undertaken by a working group chaired by A. Berthelsen and owed much to the efforts of E.
Fliih, S. Gregersen and C.-E. Lund. EUGEMI was coordinated by C. Prodehl and B.
Aichroth, EGT-S83 and EGT-S85 were directed by J. Ansorge and C. Morelli and ILIHA
was organised through a working group led by A. Udias, A. Lopez-Arroyo and L. Mendes-
Victor. Data compilation has been effected primarily by A. Berthelsen, P. Burollet, D. Dal
Piaz, W. Franke and R. Triimpy (tectonics), J. Ansorge (seismics), A. Hahn, T. Wonik, A.
Galdéano and P. Mouge (magnetics), V. Haak and S.-E. Hjelt (electromagnetics), N. Pavoni,
T. Ahjos, S. Gregersen, H. Langer, G. Leydecker, P. Suhadolc and M. Uski (seismicity, focal
mechanisms), V. Cermdk, N. Balling, R. Schulz and B. Della Vedova (geothermics), E.
Klingelé (gravity), D. Lelgeman (geoid), P. Giese (Moho depths), L. Pesonen and M.
Westphal (palacomagnetics), E. Gubler, S. Arca, J. Kakkuri, K. Mélzer and K. Zippelt (recent
crustal movements) and D. Gebauer (geochronology).

Primary publication of many of the scientific results from EGT experiments benefited
greatly from the agreement by Elsevier Science Publishers BV to publish special issues of
Tectonophysics devoted to EGT. In all, eight special issues have appeared between 1986 and
1992, identified by the EGT logo. The main editorial effort by D. Galson (Parts 1-2) and R,
Freeman (Parts 3—-8) was supported by A. Berthelsen, P. Giese, M. Huch, M. von Knorring,
H. Korhonen, C.-E. Lund and St. Mueller.

In all such publications, the generosity of time and effort and the judgement of reviewers
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iscritical. This has been particularly so for this book. We are especially grateful to C. Drake,
S. Gregersen, R. Hatcher, C. Morelli, G. Panza, R. Triimpy, P. Ziegler and H. Zwart who
carefully reviewed an early draft of the complete book and from their detailed suggestions
we have been able to make significant improvements. All are very busy and we have greatly
appreciated the time and attention that they gave to our work. Individual chapters have also
benefited enormously from detailed comments by V. Cermék, C. Doglioni, H. Downes, E.
Fliih, A. Hahn, M. Helman, H. Henkel, S.-E. Hjelt, H. Kern, P. Matte, C. Prodehl, S. Schamel,
G. Serri and P. Suhadolc. With so much effort by others having gone into this book we hope
that it has done them justice.

D. B.,R. F. and St. M.
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Why a traverse through Europe?

D. BLUNDELL AND R. FREEMAN

1.1  TECTONIC EVOLUTION OF A CONTINENT

Piecing together the geological evolution of a continent is rather like a detective
investigation. Various pieces of evidence provide clues as to what might have happened. but
these can be assembled in a variety of ways. Various theories, based on certain geological
mechanisms, are put forward to test the evidence. Europe has a history of geological activity
and continental evolution spanning over 3500 million years (Ma) to the present day and is one
of the best places in the world to discover how a continent evolves. The geology of Europe
has been studied intensively for well over a century by examining outcrops of rocks at the
surface, so that the surface geology is probably better known than anywhere else in the world.
In contrast, knowledge of what the geology is like beneath the surface is limited to
information from boreholes and indirect evidence, principally from geophysical measure-
ments.

Since the theory of plate tectonics came to prominence in the mid 1960s, a mechanism has
become understood which explains how global tectonic processes take place at the present
day. Itis known that, on a global scale, the outer region of the Earth called the lithosphere,
which includes both crust and upper mantle, acts as a more rigid layer above a more plastic
layer of the upper mantle, called the asthenosphere. The lithosphere is divided into a dozen
or so major plates which move relative to each other, interacting and deforming, mostly
around their perimeters. Direct evidence of plate movements has been recorded in oceanic
crust for the past 200 Ma but beyond that time no oceanic crust exists intact to tell the tale.
As aconsequence of the success of plate tectonics, the structure of the present oceanic regions
appears to have become better understood and attention can now move from these relatively
youthful features to focus on the continental regions, which contain what remains of the main
time span of the Earth’s history. Continental evolution within the last 200 Ma is firmly
established within the framework of lithospheric plate interactions. The geodynamics of
continental evolution therefore take place on a lithospheric scale, extending several hundred
km below the surface, so that to understand the processes of continental evolution requires
aknowledge of the geology of the whole lithosphere and, indeed, the underlying asthenosphere.
But the evolutionary history of the continental lithosphere has been long and complex, with
successive thermal and deformational episodes superimposed, and our knowledge of the
processes involved has remained obscure. Furthermore, it is fundamental to discover
whether plate tectonics have operated not just during the past 200 Ma but over the full 3500
Ma (3.5 Ga) timespan of continental evolution, so that the geology can be interpreted within
the context of plate tectonics theory.
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Rigidity depends on a number of factors, the most important of which include the
composition of the rock and its temperature. New lithosphere, created through upwelling of
magma from the mantle to the surface at the mid-ocean ridges, cools and thickens with time
as heat escapes, forming an outer boundary layer to the Earth. A temperature gradient exists
through the lithosphere to its base, where the temperature equals that of the asthenosphere.
Because of its reduced rigidity, the asthenosphere mixes by convection currents to keep it
uniform in temperature at around 1330°C. The thickness of the lithosphere can be estimated
through knowledge of the surface heat flow and the thermal conductivity of the rocks to find
the tempcrature gradient, from which the depth at which a temperature ol 1330°C is reached
can be calculated. Certain other factors, such as the amount of heat produced within the
lithosphere from the decay of naturally radioactive elements within the rocks, have to be
taken into account in making the calculations. Lithosphere determined in this way is
sometimes called the ‘thermal lithosphere’ .

Rigidity is one of the factors that controls the speed of propagation of seismic waves
through the Earth. A reduction in rigidity, other things being equal, results in a reduction in
seismic wave velocities. This is particularly noticeable for S-waves and surface waves. The
base of the lithosphere can therefore be determined by locating the top of alow velocity zone
within the upper mantle which can be identified as the asthenosphere. Lithosphere
determined in this way is sometimes called the ‘seismic lithosphere’. In Chapter 4 we shall
also introduce the term ‘mechanically strong lithosphere’ (MSL) as a measure of the
thickness of that part of the lithosphere which is mechanically strong.

Although these measurements may seem simple enough, and are reasonably easy to
determine in the relatively uniform composition and structure of the oceanic regime, they are
far more difficult and complex for the continental lithosphere, and uncertainties in estimating
lithosphere thickness are in the order of tens of kilometres. The highly variable composition,
structure and thickness of continental crust ensures that the behaviour of continental
lithosphere is far from uniform, and makes it difficult to determine the properties of the
underlying mantle. To comprehend these complexities there is a fundamental need to find
a better understanding of the tectonic evolution of the continental regions of the Earth.

Having worked on the geology and deep structure of the Alps and central Europe for a
number of years, Stephan Mueller at Ziirich recognised that the best place to study the tectonic
evolution of a continent is Europe, because it is made up of a number of tectonic provinces
ranging in geographical succession from the oldest Precambrian areas of Scandinavia to the
currently active area of the Mediterranean. In 1979, he and his colleague Giuliano Panza
published a contour map of the thickness of the lithosphere across Europe, based on an
analysis of seismic surface waves. It showed considerable variability, but could it be related
to surface geology? Mueller set about appraising the state of knowledge about the
lithosphere of Europe. It was apparent that whilst surface geology might be relatively well
known, evidence at depth was, to say the least, fragmentary. A number of geophysical
experiments had been carried out, but data quality was variable and survey data from
neighbouring countries were incompatible, having been reduced to different datums.
Information was patchy and parochial, and a tradition had evolved in which there was
virtually no communication between geologists and geophysicists. There was no way that
the clues could be fitted together. But what an extraordinary opportunity there would be if
a concerted effort could only be made across Europe to bring the right people together and
create a coherent knowledge of the lithosphere across a whole continent and a 3.5 Ga
timespan. The scale of the effort needed to bring this to fruition, however, was truly daunting.
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1.2 THE EUROPEAN GEOTRAVERSE

Mueller turned for help to one of the foremost Alpine geologists, Rudolf Triimpy, who
was at the time President of the International Union of Geological Sciences (IUGS). During
the 26th International Geological Congress at Paris in 1980, Triimpy and Mueller discussed
the problem informally with Eugen Seibold, then President of the German Research
Association (Deutsche Forschungsgemeinschaft), and Peter Fricker, Secretary General of
the Swiss National Science Foundation. They needed to find a mechanism that could bring
together a large group of Earth scientists from a wide variety of disciplines from every
country in Europe and persuade them of the value of working together to a common purpose.
More than that, this international group would need to be sufficiently motivated and credible
to convince their various national scientific funding agencies, the Research Councils, to
provide the money to support the range of experiments that would be needed.

These wise men recognised that the European Science Foundation (ESF) could provide
the ideal way forward. Centred in Strasbourg, the ESF is an internationally recognised
organisation supported by most of the national research councils of European countries.
They suggested that Mueller should initiate a proposal for a coordinated research programme
and obtain the willingness of the ESFto provide initial help to launch the idea. Under the aegis
of the ESF, Mueller called together a Working Group of national representatives of European
Science Research Councils (ESRC) which met in Ziirich in February 1981 to discuss how
best to set up and manage an interdisciplinary scientific programme to investigate the
lithosphere of Europe. The goal of the project was to develop a three-dimensional picture of
the structure, properties, and composition of the continental lithosphere of Europe as a basis
for understanding its nature, evolution and dynamics.

From this meeting emerged the concept of a continental geotraverse of lithosphere
proportions along which coordinated experiments could provide consistent information
across each of the tectonic provinces to link them together. Recognising the need to examine
geological structures in three dimensions, the geotraverse was conceived as a swathe, rather
than a line, 4600 km in length, 200-300 km in width, and 450 km in depth, from northern
Scandinavia to central Tunisia. It was designed to encompass the succession of tectonic
provinces from the oldest known Archaean (3.5 Ga) to those active today. The merit of the
EGT swathe is that it includes one of the widest possible ranges, along a single continuous
path, of processes in which continental crust is built up, maintained, and destroyed.
Importantly, because the provinces occur in succession geographically as well as in time,
there is the opportunity to follow the progression of tectonic activity through time.

Extending from the northern tip of Scandinavia southwards to North Africa (Figure 1-1),
the European Geotraverse is located to encompass the Archaean nucleus in the northernmost
part of the Baltic shield, the Proterozoic, Paleozoic and Cenozoic provinces of northern and
central Europe that have been added on to this nucleus, and the active transition zone between
the Eurasian and African plates in the Mediterranean region. The broad aim of the
Geotraverse is thus to secure an understanding of how the continental lithosphere of Europe
formed and reacted to changing physical and geometric conditions through successive
Precambrian, Caledonian, Variscan and Alpine tectonic episodes. It was clear that an
understanding of these processes would require detailed knowledge of the structure and
dynamics of the whole lithosphere, including not only the crust, but also the underlying
mantle which is intimately bound up with it. The large scale of the geotraverse was required
both to provide lateral continuity of information across the major structural elements of
Europe and to achieve a deeper view of variations within the lithosphere. It was intended that
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the results of the investigations should be integrated to produce a north—south section through
the crust and upper mantle of Europe, providing the basis for a reconstruction of the
evolutionary development of the various tectonic provinces and their mutual interaction, and
leading on to a better understanding of the dynamics of the lithosphere—asthenosphere
system.

The guiding principle behind the project was that progress in understanding the continen-
tal lithosphere evolution and dynamics could only be achieved through a well defined
programme of linked experiments involving international collaborative effort and drawing
on a large number of Earth scientists with the widest possible extent of experience and
knowledge. To be effective it was essential to integrate a broad range of techniques in a
number of disciplines, in which geophysics would feature on the experimental side to gain
information on the deep structures and on dynamic and kinematic problems, but geological
and geochemical expertise would be very important at the stage of interpretation. Although
certain techniques were proposed for the full length of the Geotraverse to provide continuity
and depth of information, most of them were to be applied selectively so that the combination
of methods utilised would be that most appropriate to the particular problem under
investigation. Vital to the concept of the Geotraverse was that it should be carefully directed
and managed.

1.3 COORDINATING THE EUROPEAN GEOTRAVERSE

Atthe ESRC Working Group meeting in February 1981, it was agreed to draw up a project
proposal to the ESF. Later that year, the Working Group invited ideas from all of the countries
represented for specific projects which could make up the programme of experiments for the
EGT Project.

The Working Group set up a Scientific Coordinating Committee (SCC), chaired by
Mueller, to be responsible for the direction, organisation and coordination of EGT. The SCC
provided the scientific management to EGT and became the driving force for the Project. The
SCC received various ideas generated by the Working Group and from them formulated an
integrated programme, requiring international collaboration. This 'Joint Programme' of 13
experiments formed the backbone of the EGT Project. These are set out in Figure 1-1 and
Table 1-1. They include field experiments involving the collection of new data, laboratory
experiments and analysis, and compilation of data from existing surveys in compatible form.

For practical purposes the Geotraverse was divided into three segments each managed by
a Segment Chairman, who was a member of the SCC. These were chosen to cover the
following regions:

(a) The Precambrian Baltic Shield of Fennoscandia (age ca. 3100-600 Ma) with its
border regions, including the Caledonides (age ca. 600-400 Ma). Segment Chair-
man: Asger Berthelsen.

(b) The Variscan realm of Central and Western Europe (age ca. 400-230 Ma). Segment
Chairman: Peter Giese.

(c) The Alpine—Mediterranean region (age 230 Ma to present). Segment Chairman:
Carlo Morelli.

Indesigning the Joint Programme, particular attention was given to the border zones between
the segments.

With the agreement of the Working Group this programme was put forward as a formal
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proposal to ESF for approval. It was adopted as an ‘Additional Activity’ by the ESF
Assembly in November 1982 to begin on 1 January 1983 and to last up to seven years. This
support proved vital. ESF provided the necessary standing and environment to facilitate
international collaboration, and in giving support and encouragement in the capacity that its
name implies. It provided the key funding to coordinate the entire project, through
subscriptions from ESRC members, which enabled the SCC to appoint a Scientific Secretary
and an Adjunct Scientific Secretary committed to the project and three part-time Scientific
Assistants, one for each segment, as well as the means to hold regular meetings. It also
provided the secretariat support for the ESRC Working Group and the SCC, and produced
the Workshop Proceedings. Throughout the Project the encouragement given by ESF was
of enormous benefit.

The SCC devised a strategy for carrying out the EGT experiments, concentrating on each
of the segments in turn according to the experimental time schedule. Each major experiment
was preceded by a workshop and followed by a *Study Centre’ from which stemmed
publication of the work. This proved remarkably effective.

EGT workshops

Workshops were instigated to assemble, categorise, present and review all the available
data relevant to the particular problem prior to each of the major international experiments.
Publication and distribution of Workshop Proceedings within six months, under the auspices
of ESF and financial support from the Commission of the European Communities, has been
a particularly valuable feature.

Experimental programme

Large-scale seismic refraction experiments involved multinational teams working to-
gether in the field, coordinating their efforts to predetermined time schedules, recording
uniformly to give their data to agreed centres for processing and analysis. Other experiments
and the compilations usually involved dedicated specialist groups coordinating their efforts
especially for EGT.

The network of Earth Science Study Centres
To assemble scientists and data ready to undertake the interpretation, use was made of the
ESF Scientific Network Scheme set up in 1985 to hold a series of Earth Science Study
Centres. Each was located where 60 or so scientists could live and work together without
distraction for a 2-week period of intensive analysis, interpretation, synthesis, debate and
preparation of initial drafts for publication. Their great strength has been the international,
multidisciplinary mix of younger and more experienced scientists. To those fortunate
enough to take part in one it was an enthralling and exhilarating experience which cemented
many a lasting friendship.
To get the best out of the Study Centres, the most effective scheme entailed:
(a) Preparatory meetings to get data assembled in standard form:
(b) The main Study Centre:
(c) Follow-up meetings of small groups to finalise geological models a write up
the results.
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Table 1-1 The EGT 'Joint Programme’ and Data Compilations (nos. refer to Figure 1-1)

No.

Programme

Multidisciplinary studies of the
evolution of the Baltic Shield

Multidisciplinary studies along a
south Scandinavian east-west
traverse

Multidisciplinary study of the
contact zone between Precambrian
and Hercynian Europe

Deep seismic sounding of the
lithosphere, Central Segment of the
EGT

Synoptic geological and geophysical
studies of border regions between
different tectonic units of Hercynian
age, Central Segment

Multidisciplinary studies as well as
synoptic geophysical surveys in the
Southern Alps, Po Plain, and
Northern Apennines

Deep seismic sounding of the
lithosphere in the Southern Segment
of the EGT

NARS: Network of Autonomously
Recording Seismographs

ILIHA: Iberian Lithosphere Heteroge-
neity and Anisotropy project
(an EC *Stimulation Action’)

EGT-Wide Programmes:

Mapping of the lithosphere-
asthenosphere system along the EGT
by seismological techniques

Mapping of the resistosphere and
conductosphere along the EGT

Geomagnetic observations along the
EGT

Integrated geothermal studies along
the EGT

Data Compilations

Tectonics

Seismicity

Focal Mechanisms

Recent vertical crustal movment

Geoid undulations

Bouguer gravity

Palaeomagnetic results

Field Experiment

FENNOLORA: Fennoscandian
Long-Range Project [1979], POLAR
Project [1987]

Heat-flow, magnetotelluric, seismic
reflection surveys across the Protogine
and Mylonite Zones [1985-9]

EUGENO-S Network (EGT
Northern Segment - Southern Part)
[1984]

EUGEMI: EGT Central Segment
Profile [1986] (Baltic Sea to the Alps)

EUGEMI Profile
DEKOREF Profiles
Various magnetotelluric studies

EUGEMI Profile, EGT-S83 and
EGT-586: Central Alps-Po Basin-
Northern Apennines Profile [1983,
1986

EGT-S83: Western Alps, Northern
Apennines, Ligurian Sea to Sardinia

Channel Profile, EGT-S85: Sardinia
-Tunisia Profile

Broadband seismology experiment
along a transect from southern
Sweden to the Alboran Sea [1983-4]

Broadband Seismology Subproject
Deep Seismic Sounding Subproject
[1988-91]

E.g. dispersion of surface waves and
tomography (P-wave delay) studies
[1983-90]

Magnetotelluric studies in Fenno-
scandia, Germany, Switzerland and
Sardinia

Compilation of national surveys

Compilation of national surveys

Compilation of geological fieldwork

Compilation of national catalogues

Compilation of national catalogues

Compilation of national surveys

Compilation of international data
sets

Compilation of national surveys

Compilation of catalogues

Study Centres, Workshops

First Workshop [1983], Second
[1986] and Fifth [1990] Study
Centres: Integrated interpretation of
geophysical and geological data

Data and interpretations presented
and discussed at the First Workshop
and Fifth Study Centre

First Study Centre[ 1985]: Synoptic
interpretation of the EUGENO-S
network of seismic lines

Interpretation combined with results
from DEKORP 2-§ and 2-N at the
Fourth [1989] and Fifth Study Centres

Third Workshop [1986] and Fourth
Study Centre: crustal-scale balanced
cross sections applied to the
DEKORP 2-N profile

Results combined with the Swiss
NFP20, French ECORS, and Italian
CROP seismic reflection traverses at
the Second Study Centre [1985]

Gross crustal structure defined at the
Second Workshop [1985] and Third
Study Centre [1988], further
developed at the Fifth Study Centre
Results presented at the Third,
Fourth [1988] and Fifth [1988]
Workshops

ILIHA Working Group meetings,
Fifth Workshop

Results first presented at the Third
Workshop, major theme at the
Fourth Workshop;

Adtlas Map 2: Moho depths

Results presented and discussed at
the Sixth Workshop [1989] and the
Fourth and Fifth Study Centres;
Atlas Maps 11 & 12: Magneto-
telluric and magnetovariational data

Atlas Map 10: Magnetic anomalies

Atlas Map 13: Heat-flow density

Atlas Map 1: Tectonics

Atlas Map 3 & 4: Historical and
instrumental seismicity

Atlas Map 5: Focal mechanisms

Atlas Map 6: Recent vertical crustal
movement

Atlas Maps 7 & 8: Geoid undula-
tions and gravity disturbance vector

Atlas Map 9: Bouguer gravity
anomalies

Atlas Map 14: Drift of Fennoscandia
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Figure 1-1. Location map of "Joint Programme’ EGT Experiments. Numbers refer to experi-
ments listed in Table 1.

Symposia and presentation of results and ideas
The SCC has arranged for results to be presented in symposia dedicated to EGT at most

of the relevant international meetings in recent years. Through the good offices of the
publishers, Elsevier (Amsterdam), it arranged for original publications, internationally
refereed to ensure scientific quality, to be gathered together in eight Special Issues of
Tectonophysics and has encouraged publication of approved work under the EGT logo in
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other appropriate scientific journals. SCC has also made EGT known to a wider public
whenever occasion allowed through short articles in magazines, newspapers, TV interviews
and so on. New Scientist even published a cartoon (Figure 1-2) at the time that EUGEMI
(Figure 1-1) was being carried out.

1.4 ACHIEVEMENTS OF THE EUROPEAN GEOTRAVERSE

During the seven years of the formal life of the EGT Project the full Joint Programme of
13 experiments was successfully completed. Todothis, a workforce of several hundred Earth
scientists from over 14 countries was mobilised and their efforts coordinated. Six workshops
were held and their proceedings published. Five study centres were held from which
publications ensued, many in the eight special EGT issues of Tectonophysics produced be-
tween 1986 and 1992. Primary publications stemming from EGT work are continuing to
appear in a variety of journals. Over 20 Diploma, Masters and PhD theses containing EGT
material as their primary data have been completed. A large part of the information gained
from the EGT Project has been prepared in the form of an Atlas, published as a companion
to this book, which includes 14 maps and 5 plates covering the EGT swathe. It contains
explanatory text and a comprehensive list of references to the primary data sources and
related work. Included with the Atlas is a CD-ROM containing much of the data in digital
format for reading into a computer (a PC will do) for further analysis.

The total cost of coordinating the seven-year programme, including the Atlas preparation,
came to about FF7 million (around $1.2 million). But EGT attracted Research Council
funding from many countries some ten to a hundred times greater in value which actually
enabled the experiments to be undertaken. EGT also contributed towards stimulating other
allied research programmes, such as the DEKORP deep seismic reflection profiling programme
across Germany and the Swiss NFP20 deep seismic programme across the Alps, one profile
of which was deliberately aligned along the EGT. In eastern Europe a comparable
geotraverse, known as EU-3, was set up from Czechoslovakia through USSR to the Barents
Sea. The earlier experience of working together in EGT assisted in the formation of the

YES'H-!EﬁEsM‘CVWES
EXALOSIONS WERE MON
US'IUW'!FEW

Figure 1-2. Cartoon by Bill Tidy published in New Scientist (No 1539, 18 December 1986),
reproduced with permission. The ‘genius behind the European Geotraverse’ was, in this case,
the EUGEMI Working Group led by C. Prodehl and B. Aichroth who organised the experiment.
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BABEL Working Group, composed of British, Danish, Finnish, German and Swedish
scientists who jointly succeeded in getting funded and carrying out in 1989 a combined
normal incidence and wide-angle deep seismic reflection survey across the Baltic Shield. A
similar experiment in the Mediterranean region called STREAMERS has similar origins in
EGT. Perhaps the most lasting value of the EGT Project lies in the inheritance it leaves for
others, resulting from the interdisciplinary collaboration of so many scientists from many
countries. A way of working together has been established which has set the pattern for the
future.

But for all the activity and goodwill that has been generated, all the experiments and the
publications,what of the scientific achievement of the EGT? Has it achieved its goals? Has
it provided the key evidence in the detective investigation of the evolution of a continent? Do
the clues make much better sense now that they can be brought together? Have genuine new
discoveries been made? It is the main purpose of this book to answer these questions and to
persuade you, the reader, that useful scientific advances have been made. The authors have
worked together as a team to explain the various facets of the science, reviewing the work of
their colleagues, as far as they can, to create a coherent story of the EGT so far. We are well
aware that there are many deficiencies in this story but we hope that these will simply serve
to stimulate you to put them right. The Atlas and data on CD-ROM provide you with the
means to do so.

Chapter 2 sets the scene with a brief review of the major provinces of Europe and their
tectonic evolution, broadly based on palaecomagnetic evidence. The key element is their
mobility. Chapter 3 discusses the structural framework of the lithosphere of Europe
determined largely from various lines of seismic evidence. It begins to show something of
the physical properties of the lithosphere. This aspect is taken further in Chapter 4 which
reviews geophysical evidence of various kinds about the physical characteristics of the rocks
and the physical conditions pertaining within various regions of the lithosphere. Comple-
mentary to the geophysical information is the direct evidence obtainable from samples from
deep in the crust and upper mantle brought up to the surface by volcanic activity as xenoliths
inigneous rocks. Combining the geophysical and geological information leads to a synthesis
of the European Geotraverse in the form of a cross section of the geology of the whole
lithosphere, across the whole continent, as it is at present. Chapter 5 reminds us that the
geology of Europe is very active at present, including earthquakes and volcanoes, uplift and
subsidence. The analysis of present-day processes gives valuable insight into how they may
have acted in the past. Chapter 6 makes use of the information assembled in the previous
chapters to interpret the evolution of Europe through successive orogenic periods. This
provides the story of an evolving continent, while Chapter 7 attempts to reveal the underlying
geodynamic mechanisms and the forces that control the way that continental geology works.

It is now for you to judge for yourself how far we have succeeded in our aims and to
continue the story for yoursclf.




Mobile Europe

A. BERTHELSEN

Present day Europe forms part of the large Eurasian plate which is surrounded by 12 large
and at least as many small plates. This plate configuration, where curving Alpine fold belts
and island arcs wind along the convergent borders, is relatively young, of Late Mesozoic—
Cenozoic origin. In earlier geological times quite different plate configurations existed.
Some of the former plate borders can still be recognised as deep scars, called sutures, in the
continental crust, other plate borders have been obliterated. Because all the pre-Mesozoic
oceans that once surrounded Europe have also been lost (consumed by subduction), the
answers as to how Europe was formed and assembled must be sought in the continental
lithosphere. To look for these answers was a prime aim of the European Geotraverse Project.

In this introductory review of Europe’s tectonic evolution, we focus on when, where, and
how the crystalline basement and folded cover sequences of Europe’s Precambrian and
Phanerozoic fold belt were formed and assembled. Europe’s growth started about 3.5 Gaago,
in Archaean time, in the northeastern part of the Baltic Shield, and since then the growth
continued episodically. Along the Geotraverse, the European crust becomes younger and
younger, roughly speaking, in a southwards direction up to the present plate border at the
Sardinian channel in the Mediterranean.

2.1 HOW FAR BACK DOES PLATE TECTONICS GO?

During the 1980s there was a growing recognition among geoscientists of the intimate
relationship between plate tectonics and continental growth since early geological time.
Seafloor spreading, subduction of oceanic lithosphere, formation of accretionary wedges at
leading edges, ascent of calc-alkaline melts in magmatic arcs, development of fore-arc and
back-arc basins, telescoping and docking of arc terranes to form continental nuclei, conti-
nental collision, escape tectonics and wrenching, formation of successor basins, rifting and
break-up of continents, renewed sea floor spreading and so on, are processes that appear to
have been functioning since the formation of the first Archaean continents (Friend et al. 1988,
Hoffman 1989, Kroner 1991, Park 1991, Windley Chapter 6.1). We have been further
encouraged to take this view by recent evidence (BABEL Working Group 1990) of deep
seismic reflection images of an Early Proterozoic (1.9 Ga) collision zone which looks so

11
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similar to modern ones that it appears to have resulted from the same processes that occur in
plate tectonics at the present.

Notwithstanding this uniformitarian view of plate tectonics, we must admit that the Earth’s
physical conditions, not least its thermal regime, have changed markedly since the Early
Archaean. Even though the mechanisms and kinematics of the earliest plate tectonics might
have been similar to modern ones, the compositions of their rock products must have changed
with time. When the first Archaean lithosphere formed, the Earth’s heat production was 2—
3 times greater than that at present (McKenzie and Weiss 1975). This allowed ultramafic
komatiitic (Mg-rich) melts to ascend at the mid-oceanic ridges instead of modern mid-ocean
ridge basalts (Arndt 1983). Therefore the bulk composition of the subduction-derived calk-
alkaline rocks of primitive arc terranes was also slightly more basic than that of younger
igneous rocks. This, naturally, does not preclude the likelihood that, with regard to their
chemical composition, trace element content and their calc-alkaline associations, supposedly
mantle-derived granitoid members of Archaean age are very similar to younger granitoids.
One important difference, however, is the lower potassium content of Archaean crustal rocks
and this probably explains why early formed continental crust became less heat-productive
than subsequently accreted crust. The high Archaean geothermal gradient did not preclude
the development of a thick continental lithosphere (Haggerty 1986, Groves et al. 1987). Surplus
heat possibly escaped by increased transient heat flow towards neighbouring komatiitic
ocean areas. The early plate tectonics that governed Archaean crustal evolution were
responsible for the formation of extensive greenstone and granite-gneiss terranes. By 2.0 Ga,
the thermal regime of the Earth had cooled so much that more modern-looking plate tectonics
took over. But only truly modern plate tectonics are blessed with a complete oceanic record.

Understanding petrological and geochemical processes, and how rock products have
changed with time, is essential for an initial understanding of Archaean and Early Proterozoic
plate tectonics, but this only allows us to propose idealised or generalised plate tectonic
models. It does not provide a picture of the actual kinematics of the ancient plates involved.
With no knowledge about the kinematics, plate tectonic interpretations of Archaean and
Proterozoic crustal domains are bound to be as speculative as less mobile alternative models,
such as the ensialic orogeny model (Kroner 1981, Martin and Elder 1983). But recent
advances in palaecomagnetism have changed all this (Kroner 1991).

2.2 APALAEOMAGNETIC KINEMATIC PERSPECTIVE

Thanks to modern advances in palaeomagnetism, a breakthrough has occurred in plate
tectonics during the 1980s. By now, a much clearer picture of the last 600 Ma’s plate
kinematics is emerging, casting new light on the successive assemblage of Europe’s
Caledonian, Variscan and Alpine crustal domains. Throughout this book we use ‘“Variscan’
todescribe the Late Palacozoic orogeny in Europe and for the resultant structures, irrespective
of their trend. We reserve the term ‘Hercynian’ to describe the coeval worldwide orogenic
events.

The pre-600 Ma assemblage history is still difficult to resolve with the same amount of
detail as for the last 600 Ma, but important progress has been achieved all the same. In the
crystalline basement most palaco-poles of extra-European origin have been obliterated by
metamorphism accompanying docking or plate collision. Palaeo-poles formed during and
after the arrival and amalgation of foreign terranes to Precambrian Europe are, however, well
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Figure 2-1. Precambrian drift history for the Baltic Shield portrayed in a Gall's projec-
tion. The time scale is arbitrary as E-W drift components cannot be shown. Ages are in Ma.
This figure was kindly prepared by Trond Torsvik and is based on the work of Elming et al.
(1992) and Torsvik et al. (1992).

preserved in the Baltic Shield and the shields of other continents. They show that both
Archaean and Proterozoic Europe continental blocks were drifting around the globe,
following a drift path different from those established for other continents. Admittedly the
story is not complete, but all the same it provides substantial support for Archaean and
Proterozoic plate tectonics. This progress would not have been achieved without the
assistance of modern radiometric dating methods which make it possible to determine the age
of a given palaeo-pole with sufficient precision.

Figure 2-1 shows a palacomagnetic reconstruction of the Archaean and Proterozoic
Europe’s plate movements. In this type of diagram which, to non-palacomagnetists, is more
digestible than apparent polar wander paths, the palacomagnetic latitude is plotted against an
arbitrary time scale, and rotation (angle between palaco-North and present North) is
indicated. Not shown are the palacomagnetically unresolvable longitudinal components in
the drift movement.

Where unmetamorphosed cover rocks of pre-docking or collision age have their palaeo-
poles preserved, the resolution becomes greatly increased. Paying due respect to constraints
supplied by palaeoclimatic relations and distribution of fossil fauna and flora provinces, it is
sometimes possible to trace the origin of a terrane back to its ‘birth place’ and to follow its
later track and drift experiences, including its docking and post-docking history. Figure 2-
2 shows an attempted reconstruction of the Late Cambrian to End Silurian drift of the terranes
and continents which were assembled to form Caledonian Europe. Note how Baltica rotated
anticlockwise through 180° during its northward wandering. The longitudinal positions
shown are hypothetical.
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Equal area projection

LAURENTIA

GONDWANA

Figure 2-2. Drift of Baltica, Laurentia, and Eastern Avalonia (EA) during the Early
Palaeozoic. Ages are in Ma. Note Baltica's anticlockwise rotation after 520 Ma. Gondwana-
derived terranes arriving during the succeeding Variscan evolution are not shown. This figure
was kindly prepared by Trond Torsvik and is based on the work of Torsvik and Trench (1991),
Trench and Torsvik (1991 ) Torsvik et al. (1990a.b, 1991 and 1992).

2.2.1 MODERN ART - A EUROPEAN COLLAGE

So what is the present state of the art in terrane tracking? Admittedly, we are unable to apply
strictly the principles laid out by Coney (1980) to distinguish and delineate all suspect
terranes. For this, our data are not sufficiently detailed. In some cases they only relate to
basement rocks, in others only to cover rocks. But we know that the crystalline crust of some
terranes has undergone a prolonged and complex evolution comprising a number of
amalgamation and separation stages before eventually they were permanently welded to
Europe. Considering the very long time span encompassed by the EGT, errors in tracking
may eventually cancel out overall, so that the collage patterns established for the major
orogenic divisions can be regarded as reasonably representative. Figure 2-3 shows our
present conception of Europe’s division into terranes and crustal domains. The boundaries
between the individual terranes and domains are shown where they outcrop at surface or
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subcrop under younger cover.

Because of the marked contrastin surface and subsurface geology between the geologically
old and young regions in Europe (as will become apparent in Chapter 3), a division into
terranes and domains of comparable origin and crustal significance must be interpretative.
It depends largely on the availability of geophysical data, or rather a range of geophysical
information, that has now been produced along the EGT. Inthe high-grade metamorphosed
Precambrian crust of the Baltic Shield, a terrane boundary can be located by means of a
prominent geoelectric anomaly, whilst in the southern segment of EGT, deep seismic
profiling and tomography serve to outline the young to recent plate boundaries at comparable
crustal and lithospheric levels in the Mediteranean region.

2.2.2 HOMEMADE AND SUSPECT TERRANES

Only limited parts of Europe’s continental crust bear the imprint ‘Made in Europe’. Much
was formed elsewhere and was imported from *abroad’ as suspect (or displaced) terranes. On
their way to Europe, these terranes travelled long distances as single or composite terranes,
micro-continents or as part of a large continent, changing from high to low, or from northern
to southern latitudes and back again, before eventually joining up with Europe. Not all crustal
terranes that came to harbour in Europe remained there. Major break-up events at the
Archaean—Proterozoic transition, during the Late Proterozoic to Early Palaeozoic, and the
Mesozoic caused crustal losses, but in the long run Europe gained in size with time.

A striking feature in Figure 2-3 is the similarity of the overall terrane structure between
the so-called old and stable Precambrian crust of NE-Europe, and the Phanerozoic crust of
western and southern Europe. This, we think, is a consequence of the similar mechanics and
kinematics of the ancient, early and modern plate tectonics. Differences between these two
parts of Europe we relate to a change with time in the petrological products, as well as to
different degrees of consolidation and levels of erosion exposed at surface.

Itshould be recalled that no simple relation between crustal age and depth of erosion exists.
Large areas of the Baltic Shield have only been denuded to 5—10 km depth since the Early
Proterozoic whereas otherareas formed at the same time, but indifferent tectonic environments,
suffered much more advanced exhumation, to depths of about 25 km or more. In the Variscan
domain, deeply eroded terranes are also found side by side with flysch basins which almost
escaped erosion.

2.3 DECLINE AND FALL OF AN OROGEN

From their surface and subsurface geological expression, the Caledonian, Variscan and
Alpine domains crossed by the EGT form an almost ideal evolutionary series to illustrate the
decline and fall in time of an orogen.

The North German—Polish Caledonides, the oldest Phanerozoic orogen crossed by the
EGT, have long since collapsed and are now buried under a thick cover of Late Palaeozoic
and younger sediments. The conclusive evidence for the former existence of a Caledonian
fold belt from England across the North Sea to northern Germany and Poland (Figure 2-3)
was not produced until anumber of deep boreholes drilled in search for oil and gas were found
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(including Variscan-reworked parts)
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Figure 2-3. The ‘terrane collage’ of Precambrian and Phanerozoic Europe, a simplified
sketch. Sutures and orogenic fronts are shown as bold lines, internal borders as thin or thin

broken lines. Note that the size and shape of the terranes do not change significantly with time
(approximate direction of younging is from north to south).

to terminate in Caledonian basement (Frost ef al. 1981, Ziegler 1982).

In the Variscan domain, surficial to mid-crustal orogenic structures and a number of deep-
reaching sutures can still be traced from one Variscan massif to another, and have been drilled
to moderate depths beneath intervening younger basins. Based on surface geological studies,
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Kossmat (1927) provided the first valid tectonic zonation of the Variscan crustal domains. It
emphasised first of all the post-collisional setting. Recent reviews of Variscan geology are
presented by Franke (1989a, Chapter 6.3), Matte (1991) and Ziegler (1988, 1990). In the
Alpine domain, seismicity demonstrates that plate convergence is still going on, young flysch
and molasse basins are widespread, the nappe roots and the crystalline rocks are hardly
exposed as yet, and the crustal structure has become further complicated by the development
of local oceanic basins of Tertiary to Recent age in the Mediterranean which are probably
about to close as a consequence of further plate covergence between Europe and Africa. The
pioneering studies and syntheses of the structure of the Alps date back to the last half of the
19th century and the dawn of the 20th (Escher, von der Linth, Heim, Schardt, Lugeon, Argand,
Termier, etc). Recent reviews are provided by Triimpy (1990), Laubscher (1989), Ziegler
(1990) and Pfiffner (see Chapter 6.4).

In this comparison between the states of degradation of orogens of different ages, the
Precambrian has so far not been mentioned. This is because the post-orogenic evolution of
the Baltic Shield followed a different line, or rather several different lines. There are various
reasons for this which will be discussed in the following chapters. One important circum-
stance has been the almost constant freeboard of the shield since the Mid Proterozoic, a
feature that is probably related to the particular three-layered crustal structure in most of the
shield’s Archaean and Early to Mid Proterozoic orogens, with a lowermost, high velocity
layer (Vp >7.0kms-! see Figure 3-4) of dense mafic material which has functioned as a ballast
load, stabilising the shield’s thick crust.

2.4 HOW EUROPE’S CRUST EVOLVED

We will now briefly review how Europe’s continental crust was formed and assembled,
beginning with the Precambrian. For ease of reading, we have hyphenated composite terms
such as Sveco-Fennian and Rheno-Hercynian, even though this is not the common practice.

2.4.1 A DIFFICULT START: ARCHAEAN EUROPE

Europe’s crustal evolution started ca. 3.5 Ga ago in present Russian Karelia, north of Lake
Onega. Throughout the middle and most of Late Archaean time, accretion of greenstone and
granite gneiss terranes was maintained (Windley, Chapter 6.1). Towards the close of the
Archaean, a continental nucleus of Archaean Europe had evolved, probably of considerable
size. However, this nucleus no longer exists as such. It became rifted and broke apart at the
Archaean—Proterozoic transition (2.5 Ga) and the fragmented terranes separated.

2.4.2 REASSEMBLAGE AND GROWTH OF PROTEROZOIC EUROPE

During the Early Proterozoic (2.0-1.9 Ga) some or all of the dispersed Archaean terranes
were reassembled, and a collisional fold and thrust belt was formed, trending between NW—
SE and E-W, through the Kola Peninsula in the far north. Thus the Kola—Karelian orogenic
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domain originated, comprising a number of reworked Archaean crustal terranes stacked
together with belts of newly formed Early Proterozoic sedimentary and magmatic material.
The tectonics of this ca. 1.9 Ga old thrust belt are very similar to modern collision belts.
Between 2.0 and 1.5 Ga, juvenile Early to Mid Proterozoic crustal terranes consisting of 2.2—
1.5 Gaold arc-type crust were telescoped on to the formerly passive margin southwest of the
reassembled Archaean; first the Sveco-Fennian orogenic domain, then the Old and Young
Gothian domains. Proterozoic Europe was growing. This lateral crustal growth off the SW
margin of the Karelian was characterised by accretion of juvenile terranes.

Interpreting the FENNOLORA refraction and wide-angle seismic profile, Guggisberg
and Berthelsen (1987) argued that the deep crustal and sub-crustal seismic structure of the
Baltic Shield probably still images these Proterozoic events, and recently the BABEL
Working Group (1990) published a deep reflection seismic section which convincingly
depicted a 1.9-1.86 Ga collisional suture (see Figure 3-6). The seismic memory of the
lithosphere of the Baltic Shield appears to be like that of old people: it recalls best what
happened during childhood and youth. It is interesting to note that the present heat flow in
the Baltic Shield is 40-50 mWm-2 in its northeastern part where Archaean crust predomi-
nates, but it increases southwestwards to 60-70 mWm™ in the Proterozoic crustal domains
(Balling 1989, Chapter 4.1). Despite the influence of the thicker lithosphere in the north, it
is tempting to explain part of this change in heat flow as being due to a lower potassium and
rare-earth element (REE) content in the Archaean than in the Proterozoic crust, the memory
of which lingers on.

During the Early Proterozoic, the North America—Greenland continent was Europe’s
close neighbour. Side by side, the two continents shared a common active margin,
developing similar age zonations (Hoffman 1989). Around 1.5 Ga ago, Proterozoic Europe
had probably reached its maximum size. Intrusions of local dyke swarms and rapakivi
massifs then testified that it had cooled and stiffened, and had been converted into a craton.
When the Grenville orogeny was about to start in adjacent North America, ca. 1.35 Ga ago,
Proterozoic Europe left its neighbour and drifted away for a while (cf. the change in Baltica’s
drift in Figure 2-1). Clockwise rotation during the drift gave rise to rifting and downfaulting
of Jotnian redbeds, and the Central Scandinavian Dolerite Group was intruded (Gorbatschev
et al. 1987).

2.4.3 THE SVECO-NORWEGIAN DETOUR

When Europe again approached North America, this time from a different angle and in
southern latitudes, the Sveco-Norwegian orogeny (1.1-0.95 Ga) began in present southwestern
Scandinavia. It culminated when the two continents collided, and continued plate conver-
gence caused peeling and thrust stacking of pre-existing (1.8—1.5 Ga old) crust in adjacent
parts of the craton. With the close of the Sveco-Norwegian orogeny, Mid Proterozoic Europe
had probabaly decreased in size, but it was fringed to the west by a lofty Sveco-Norwegian
mountain belt which formed a worthy counterpart to the Grenville thrust belt of North
America (Berthelsen 1987, 1990, Gower 1990).

Before long, the drift path took a sharp turn towards equatorial latitudes and the thickened
crust of the Sveco-Norwegian orogen suffered gravitational collapse. In this way, 0.92 Ga
old granulite facies rocks were probably brought close to the surface and dyke swarms were
emplaced along the eastern margin of the orogen. Erosional leveling progressed rapidly and
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a post-Sveco-Norwegian peneplane was formed as an extension of the Mid Proterozoic
erosional surfaces that had been preserved in other parts of the craton. No Sveco-Norwegian
molasse has been preserved but, apart from this, the Sveco-Norwegian tectonic evolution
bears great ressemblance to that of the younger Phanerozoic orogens.

Interestingly enough, the crustal structure of the Sveco-Norwegian orogen resembles
Phanerozoic Europe’s rather than those of the Early to Mid Proterozoic laterally accreted
crustal domains. No high-velocity lower crustal layer is found, except under the orogen’s
easternmost part, where 3-layered Sveco-Fennian Gothian crust appears to underlie a west-
dipping shear zone ( Green et al. 1988).

With the decline of the Sveco-Norwegian orogen, the European Proterozoic craton drifted
towards equatorial latitudes. Associated rifting caused the Vittern graben system to form in
southern Sweden where up to 1 km of 0.85-0.7 Ga old fluviatile to marine clastic sediments
are downfaulted close tothe eastern border of the Sveco-Norwegian orogen and unconformably
overlying the marginal shear zone.

2.44 BREAK-UP OF PROTEROZOIC EUROPE AND FORMATION OF BALTICA

Around 0.75 Ga ago, Proterozoic Europe began to drift again towards high southern
latitudes where the Gondwana continent was being assembled during the Pan-African and
Cadomian orogenies (0.65-0.55 Ga). Africa, South America, Australia and India all
belonged then to Gondwana. Proterozoic Europe remained at high southern latitudes during
Cambrian time but at the turn of the Early Ordovician those parts which now constitute the
Baltic Shield and the basement of the East European Platform broke off and drifted away as
an independent plate, ‘Baltica’, predestined to become the backbone of future Caledonian
Europe. What we here call Baltica was named Fennosarmatia by Stille (1929), and could also
be called Ancient Europe or the Russio-Baltic Platform. Baltica is preferred for the sake of
brevity, and for consistency with the palacomagnetic reconstructions.

Other parts, maybe as much as half of the original Proterozoic Europe, had become welded
on to Gondwana, strongly influenced by the Cadomian orogeny. They were left behind, at
least for the time being. Originally they may have comprised crustal domains formed
between 1.5-1.35 and 1.1-0.9 Ga when Proterozoic Europe was situated next to North
America, and when the two continents shared a continuous active margin.

After the Cadomian orogeny, deep rifted sedimentary basins developed across those parts
of Proterozoic Europe which by then had become a part of Gondwana. During the Late
Ordovician, they experienced, like neighbouring regions of Gondwana, a major glaciation,
the ‘Saharan’ glaciation. Meanwhile, a wide ocean, the so-called ‘Tornquist Sea’, was
opening between the ice-covered relics and the northward drifting and anticlockwise rotating
Baltica, Figure 2-2.

2.4.5 BALTICA'S DIVERSIFICATION

Most of Baltica was covered by shallow epicontinental seas during the Cambrian and
Ordovician and today, shelf-type Cambrian and Ordovician sediments still fringe the Baltic
Shield. In those parts of Baltica that are now known as the East European Platform,
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sedimentation continued with little interruption throughout the Palaeozoic, persisting in
placeseven into Mesozoic times. Beneath the East European Platform, Baltica's Precambrian
basement now generally lies at depths of 1-3 km except in the Ukranian massif where it is
exposed at surface and in the Voronech uplift where the cover is so shallow that large-scale
open-pit mining of Archean and Proterozoic banded iron formations can be performed.
The eastern border of the East European Platform is defined by the Urals which formed
in Carboniferous—Permian time when the eastern platform margin collided with newly
formed island arcs and the Kazakstan plate. Only the western part of the ensuing collisional
belt, the Uralides, is now exposed in the Urals; the eastern portions are hidden under the
(hydrocarbon-producing) sedimentary basins of western Siberia.

2.4.6 BALTICA COLLIDES WITH LAURENTIA

In contrast with the East European Platform, the northwestern part of Baltica underwent
adifferent geological evolution. During the Early Palaeozoic whilst Baltica’s eastern margin
(prior to the developement of the Uralides) was situated on the tectonic trailing edge of
Baltica, the northwestern margin was acting as the leading edge.

The margin was originally passive when Late Proterozoic Europe separated from North
America, Greenland, and NW-Scotland, which were at that time united as a single continent,
‘Laurentia’. It remained a passive margin during the latest Precambrian and Cambrian when
Baltica (as part of Proterozoic Europe) paid a visit to Gondwana. Upon its departure,
however, its anticlockwise rotation 520-500 Ma ago made it face and approach Laurentia
(formed from the union of Scotland, Greenland and North America). The ocean in between,
the so-called ‘Iapetus Ocean’, was closing whilst Baltica drifted towards milder climates.
This resulted in the formation of island arc terranes sheltering backarc basins along the
mutually approaching continental marigins.

After initial obduction of ophiolitic sequences and the collision of arc terranes, Baltica
collided with Laurentia and the two continents soon united into one super-continent,
‘Laurussia’. The timing of the collision is still a matter of debate. Some researchers
emphasise the occurrence of marine Silurian sediments in the Scandinavian Caledonides and
claim that collision did not take place until during the Late Silurain ‘Scandian orogeny’ (see
alsoFigure 2-2). Others explain this orogeny by continued post-collisional plate convergence
and consider the collision (and ensuing peak of eclogite facies metamorphism) to be of Late
Ordovician age, allowing marine conditions to survive in places. Because palacomagnetic
data cannot constrain the E-W component of movements, it is possible to put forward
kinematic models, with quite different drift paths, for both an early and a late collision
between Laurentia and Baltica. According to the early collision model, which we prefer, a
much thickened crust was being formed around 430 Ma ago in the Scandinavian collision belt
(Bucher-Nurminen 1991). This promoted uplift with gravitational nappes spreading on to the
adjacent foreland of Baltica. In the Early Devonian, strike-slip escape and extensional
collapse took over. Coeval with the Devonian collapse in the Scandinavian Caledonides, the
crust of the Baltic Shield was forced into a gentle dome-like peripheral bulge that became the
core of the so-called ‘Old Red Continent’ of Devonian Europe.

The present-day relief of the Scandinavian and Scottish Caledonides stems from a Late
Tertiary uplift in response to coeval rifting in the North Sea and the Atlantic (Ziegler 1988).
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2.4.7 ENTER AVALONIA: THE CALEDONIAN TRIPLE JUNCTION

During the Early Silurian, a third partner joined the Caledonian scene in Northwest
Europe. A Gondwana-derived terrane, Eastern Avalonia (from here on just called Avalonia)
was approaching the united continents of Laurentia and Baltica which had already collided,
docking sidewise along the south-facing Laurussian margin. Significant strike-slip and
transpressional movement along the Avalonia—Laurussia suture persisted to the end of the
Silurian and, together with post-docking plate convergence absorbed within Avalonia, it
caused the rise of yet another Caledonian mountain belt, here called the English—North
German—Polish Caledonides to distinguish it from the term used previously, ‘Mid-European
Caledonides’, which also included the Caledonian-deformed parts of Variscan Europe (cf.
Ziegler 1988, 1990).

The northwest European Caledonian triple junction had been established with its centre
lying in the northern part of the present North Sea (Figure 2-4). Its western leg, the Avalonia—
Laurentia suture, corresponds to the Solway line (marked 1 in Figure 2-4) across the British
Isles (Matthews and the BIRPS Group 1990, Klemperer and Hurich 1990); whilst the eastern
leg, the Avalonia—Baltica suture, is presumably indicated by the Trans-European fault,
shown as 2 in Figure 2-4 (EUGENO-S Working Group 1988). These two legs, which together
form the Avalonia—Laurussia suture, are still detectable as deep seismic reflection images in
the lower crust. The northern and oldest leg of the triple junction, the Laurentia—Baltica
suture, is more difficult to trace because not only has there been large-scale post-collisional
shortening, but also later strike-slip movements, and finally crustal extension and rifting,
have been superimposed.

2.4.8 THE ENGLISH-NORTH GERMAN-POLISH CALEDONIDES

The English-North German—Polish Caledonides stretched from southern Ireland, Wales
and England across the central and southern part of the North Sea to northern France,
Belgium, Holland, Northern Germany and Poland (Figure 2-4). Their overall structure is
outlined by deformed Caledonian, low to medium-grade metamorphosed accretionary belts
that surround at least two Cadomian (and older) basement massifs with a barely disturbed
Early Palaeozoic cover. One is the Midlands massif of southern England (Pharaoh et al. 1987)
and the other is the Liineburg massif (Figure 2-4) which is situated to the south of the Elbe
Lineament in northern Germany and southern Poland.

The former existence of a Caledonian mountain belt in North Germany and Poland during
the Late Silurian is also documented by the large quantities of detritus that were shed
northwards over adjacent parts of Baltica where a deep foreland basin developed during the
Late Silurian (EUGENO-S Working Group 1988). The southernmost part of this foreland
basin was probably cannibalised when the north-verging Caledonian thrust front encroached
on Baltica. The deep crustal Avalonia—Baltica suture, we believe, was not outlined by the
Caledonian front (Figure 2-3). Presumably it is to be found more to the south at the Trans-
European fault close to the Baltic coast of Germany (EUGENO-S Working Group 1988), as
indicated in Figure 2-4. Together with the Solway line across the British Isles, the Trans-
European fault appears to cut the overall structure of the English-North German—Polish
Caledonides discordantly, which would suggest that important strike-slip movement along
the suture has occurred since Avalonia’s first contact with Laurussia.
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Figure 2-4. Caledonian triple junction of northwestern Europe. The Laurentia—Baltica Suture
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overlapping Variscan front. AF: Alpine front. H: Locality in Harz where late-Variscan gabbro
intrusion has brought Cadomian gneiss to surface.

In this connection it is interesting to find that whilst most metamorphic ages determined
from drill core samples fall into the range 450-440 Ma (Late Ordovician), others are as old
as 530490 Ma (Late Cambrian—Early Ordovician), and some are as young as 420400 Ma
(Late Silurian — corresponding to the final emplacement and rise of the North German—
Polish mountain belt and the development of the northern deformation front). When leaving
Gondwana and drifting towards the colliding Laurussia, an active margin was apparently
developed in front of the Avalonian terranes, while an extensional passive margin was
developed at Avalonia’srear. In other words, the English-North German—Polish Caledonides
were brought to their present position in Europe as a ‘ready-made’ terrane collage, whose
overall structure became but little modified by later Caledonian overprints. On faunal
evidence, it has been argued that Baltica and Avalonia could not have been widely separated
and then again brought into juxtaposition by long-range drift or strike-slip displacements
because they share a common Early Cambrian ‘Baltic’ trilobite fauna (Bergstrom 1984).
However, inthe light of the recently established drift paths for Baltica, these relations become
more of a support to ‘strike-slip’ speculators than an obstruction.

The existence in the central North Sea of a curved, N-S to NW-SE trending shear zone
called the Loke shear has recently been postulated by Berthelsen This shear appears to cause
a dextral offset of the suture of, perhaps, 150-200 km, and of the Caledonides to the south.
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The Loke shear is believed to have been initiated in Early Devonian time. To the west of it,
Caledonian deformation was active throughout the Early Devonian (Soper and Woodcock
1990), whilst to the east it ceased at the very end of the Silurian. The Loke shear apparently
influenced the Mid-Devonian palacogeography of the North Sea region (cf. Ziegler 1982, pl.
7) and it probably predestined the later development of the Central-Viking Graben rift
system. The crustal extension accompanying this later development may account for a
considerable part of the otherwise exceptional width of the shear.

2.4.9 WHOLESALE LITHOSPHERIC TERRANES OR AN OROGENIC FLOAT?

The greater part of the English—North German—Polish Caledonides is now covered by the
thick sedimentary sequences of the Variscan foreland basin, the Southern Permian basin, the
Mesozoic North German—Polish basins and the Tertiary North Sea basin. Outcrops are only
found in the British Isles, in the Brabant massif (BM in Figure 2-4), in the Ardennes of France
and Belgium and in the Holy Cross Mountains of Poland. In between, geophysical and
scattered borehole information is all that is available. Caledonian granites are known to occur
locally in the basement (Lee et al. 1990) but there is no evidence of the presence of any major
subduction-related calc-alkaline batholiths — neither due south, nor due north of the
presumed Avalonia—Laurussia suture as might be expected if large quantities of oceanic
lithosphere had been subducted prior to the suturing. Considering how far Avalonia had
travelled before docking, this obviously calls for an explanation.

One way to explain it would be to assume that the convergent boundary between the
Avalonian plate and the Laurentia—Baltica plate system was located not too far off Avalonia,
adjacent to the wide Tornquist Sea. Subduction of oceanic lithosphere under the leading edge
of the Avalonian plate would then have caused the construction of accretionary wedges and
primitive arc terranes. With time, as Avalonia drifted, and the site of subduction shifted to
new positions, the arc terranes would have been telescoped on to Avalonia. Such a model
would explain the ready-made structure of Avalonia prior to its docking, and because the
wide Tornquist Sea would have been consumed in time shifting, short-lived subduction
zones, no major magmatic arcs or batholiths would have formed. An alternative explanation
could be that the Avalonian massifs and separating accretionary slate-schist belts actually
formed an ‘orogenic float,” made up of subcrustally detached terranes. In this case, the
subduction zone would have dipped towards the Laurussian continent, but as additional
terranes were added to the *float’ the subduction zone would have been situated successively
further and further away from the continent, as in the model suggested by Oldow et al. (1989)
for parts of the North American Cordillera.

Whilst the first of these models results in the production of a wholesale lithospheric
collage, where upper lithospheric structures concur with those of the lower lithosphere, the
‘orogenic float” model produces disharmonic upper and lower lithospheric structures. In
Chapter 6, we will return to this issue, which may also be relevant to Variscan crustal
evolution.
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2.4.10 VARISCAN SEQUEL: THE PRE-COLLISIONAL SETTING

The docking of Avalonia at the southern border of Laurussia both concluded the
Caledonian and heralded the Variscan development, which came to an end with the
assemblage of a Late Palacozoic supercontinent, which the inventor of the continental drift
theory, Alfred Wegener, named ‘Pangaea’.

During the Early and Mid Devonian, when the North German—Polish Caledonides had
collapsed, thick clastic sequences derived from the Old Red Continent in the north spread
southwards over the rifted and attenuated crust ol Avalonia’s Gondwana-facing margin.
Today the clastics and overlying carbonates, together with younger flysch, form part of
Kossmat's Rheno-Hercynian zone. In this zone, weakly metamorphosed Rheno-Hercynian
sequences are detached from their original basement and have been thrust over the more or
less imbricated units of the post-Cadomian cover of the southern part of the Liineburg massif.
Let us turn back to the pre-collisional set-up, although, in doing so, we move into the field
of speculation. Strong post-collisional tectonic events have overprinted and obliterated most
of the early features or buried them deep down in the crust. Sparce palacomagnetic data
available from the vicinity of the EGT, a tenuous biostratigraphy, DECORP deep seismic
profiles, and geochemical hints as to the geotectonic origins of the more or less metamor-
phosed magmatic rocks of either known or unknown age can all be used in support of quite
different models, from the more fanciful (e.g. Frank et al. 1977) to the more prosaic. A mobile
model such as the one presented in Figure 2-5 presumes that the proto-Rheno-Hercynian
southern margin of Avalonia was originally separated by a fairly wide ocean from the proto-
Saxo-Thuringian terrane which remained adjacent to Gondwana up to the close of the
Ordovician. Most of this ocean is assumed to have been consumed during the Silurian at an
intra-oceanic, north dipping subduction zone, at the leading edge of which a volcanic arc was
being formed in pre-Devonian time. Atthe beginning of the Devonian (Figure 2-5a—b), back-
arc spreading was initiated north of this subduction zone, behind the pre-Devonian arc.
Towards the close of the Early Devonian, the proto-Saxo-Thuringian terrane, which travelled
northwards along with the subducting plate, finally collided with the arc and overrode it
(Figure 2-5b). Later upthrusting of parts of this arc may account for the presence of Silurian
high-grade metamorphic rocks within the Saxo-Thuringian. The cessation of northward
subduction enabled olistostromes with Ordovian and Silurian sediments from the front of the
overriding terrane to move into adjacent parts of the young back-arc basin. However,
subduction was soon resumed, but with an opposite polarity (Figure 2-5c). Back-arc
generated oceanic crust was subducted under the proto-Saxo-Thuringian terrane, converting
its northern part into an Andean-type magmatic arc, the co-called mid-German Crystalline
high (Figure 2-5d). Meanwhile Middle Devonian pelagic shales and radiolarian cherts were
deposited in the remainder of the back-arc ocean north of the subduction zone. In turn, they
were overlain by Upper Devonian to Lower Carboniferous greywacke turbidites, supplicd
into the closing back arc basin by the rising magmatic arc in the south. With the closure of
the back-arc basin and the Saxo-Thuringian terrane’s collision with Avalonia (Figure 2-5e),
slices of Devonian oceanic crust and sediments scraped off it were telescoped on to
Avalonia’s margin as the Lizard—-Giessen—Harz nappes (ca. 330 Ma ago). Following this,
upthrust and retrogressed rocks from the accretionary wedge north of the ‘mid-German
Crystalline high’ formed the ‘Northern Phyllite zone’ in front of the then deeply eroded
volcanic arc with abundant Devonian—Early Carboniferous calc-alkaline plutonics. The
present southern part of the Saxo-Thuringian domain corresponds to the rifted passive margin
of this originally Gondwana-derived terrane. On this margin at the rear of the terrrane,
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Figure 2-5. Fanciful tectonic cartoon model for the pre-collisional Variscan evolution. Pre-
Devonian oceanic crust in black, Devonian in white. LM: Liineburg massif. 1: Late Early
Devonian olistostromes. 2: Clastic influx from north. 3: Pelagic shales and chert. 4: Advancing
flysch turbidites. See also an alternative model in Figure 6-14.

sedimentation continued through Devonian to Early Carboniferous time, until other so-called
Armorican terranes arrived from the south (see below). Admittedly, evidence for such a
mobilistic model is meagre, much of it stored away at deep crustal levels. The occurrence
in the southern Saxo-Thuringian zone of glacio-marine deposits related to the Saharan
glaciation of Gondwana is dubious evidence which could also be accounted for by letting
icebergs, and not micro-continental terranes, drift northwards. Therefore, several research-
ers (see also Chapter 6.3) prefer a model where the basement of the Saxo-Thuringian zone
is considered to be a part of Avalonia that was split off when Ordovician—Silurian rifting gave
way to seafloor speading and a narrow Devonian ocean started to form between the split off
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part and the remainder of Avalonia (cf. Figure 6-11). In this model, pre-Devonian magmatic
rocks are considered to have originated in continental rift environments, and pre-Devonian
metamorphism is ascribed to crustal extension. The formation of the Devonian to Early
Caboniferous calc-alkaline rocks of the mid-German Crystalline high is not only explained
by southwards B-type subduction of the (narrow) Devonian ocean but additional A-type
subduction of continental lithosphere is also assumed.

Whichever way that it might have happened, we venture to go back again in time. With
the end of the Late Ordovician Saharan glaciation, other Cadomian-influenced Gondwana
terranes, here collectively called ‘Armorica’, rifted away from Gondwana. The bulk of their
crust was of Cadomian origin, carrying remnants of 2.45-2.1 Ga old rocks. Post-Cadomian
cover sequences included typical Saharan-type tillites and contained clastic zircons derived
from Cadomian and older crystalline rocks, some even as old as 3.8 Ga (Gebauer et al. 1989).

Northward drift during the Silurian and Devonian caused growth of an accretionary wedge
with high-pressure metamorphism in front of the Armorican terranes before these eventually
collided with the growing Variscan Europe. Close to the EGT, in the Bohemian massif,
collision was preceded by subduction of ca. 500 Ma oceanic crust and by obduction of 430
Ma old eclogitic rock (Figure 2-5¢—d). Collision was followed 330-320 Ma ago by
northwestward tectonic transport of a pile of nappes with inverted stratigraphic and
metamorphic sequences. They now rest on Early Carboniferous flysch and older sediments
of the Saxo-Thuringian zone. Remnants of such ‘exotic’ nappes with eclogite in their upper
part are also preserved in the Miinchberg Klippe situated ca. 100 km north of the collision
suture (Figure 2-5¢). Armorican derived crust also forms part of the Black Forest and the
Vosges, the northern Central massif and the Armorican massif but syn- and post-collisional
strike-slip faults render correlations with these western terranes less clear.

2.4.11 ASSEMBLAGE OF PANGEA: THE VARISCAN OROGENY

Having despatched the suspect Armorican arc terranes as forerunners, the remaining entity
of Gondwana itself started to drift northwards towards Laurussia, heralding the Late
Paleozoic assemblage of Pangaea. Gondwana’s collision with the forerunners occurred
during the Devonian between 380 and 360 Ma ago. It was accompanied by high pressure
metamorphism, and it welded further newly deformed crustal terranes to Europe; those of
the Iberian Indentor, southernmost France and some of the Variscan massifs that were later
on caught up in the Alpine orogeny. South of these terranes, an African foreland bordered the
evolving Varsican belt. Plate convergence continued for almost another 100 Ma, turning the
Variscan belt into a very wide Alpine-type orogen. The post-collisional convergence
produced large-scale crustal stacking down to present lower crustal levels, overprinted by
‘Hercynian-type’ low pressure metamorphism, syntectonic flysch deposition, and prolonged
emplacement of S-type granites, whereby the tectonic zonation became accentuated. In-
dentation of “African’ promontaries in Iberia and the Bohemian massif caused the formation
of two major syntaxial bends as well as large-scale lateral strike-slip escape, parallel or
oblique to the tectonic zonation. This post-collisional orogenic activity migrated with time
from the centre towards the marginal parts of the belt, the final thrusting and folding affecting
the Late Carboniferous coal-bearing molasse basins which extend from southern Wales
(Britain) to Silesia (east of Bohemian massif). These foreland basins were partly overridden
by allochthonous Rheno-Hercynian units. Through this prolonged evolution, the 700-800
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km wide Variscan belt finally acquired its present characteristic bilateral symmetry in cross
section, with thrusts and fold structures verging towards the two forelands, as already
visualised by Kossmat (1927).

This extremely mobile evolutionary picture, with a large amount of crustal shortening,
forces us to presume that a deep crustal root, if not several roots, must have been developed.
How can this be reconciled with the fact that the Moho has been mapped under the European
Variscan crust along a number of deep reflection and refraction seismic profiles at a constant
depth of 30 km (see Figure 3-9). This apparent paradox will be discussed by Mengel in
Chapter 4.3 and again in Chapter 7.3. Degradation of the Variscan fold belt, including
extensional collapse along low-angle detachments, faulting and fragmentation into resistant
massifs and other parts that became buried under younger sedimentary basins have been
continuing since Permo-Carboniferous time, when subsequent bimodal volcanicity dominated
inthe orogen. But this degradation could hardly, on its own, account for the removal of adeep
crustal root.

2.4.12 EAST-WEST CONNECTIONS: ORIGIN OF THE TORNQUIST ZONE

When post-collisional N-S convergence in the Variscan belt of central, western and
southern Europe had ceased in the Carboniferous, Gondwana no longer acted as a firm vice
in the south. A system of large dextral strike-slip faults with connecting pull-apart structures
developed to accommodate the continuing convergence and collision of the Uralides in the
cast and the Appalachians in the west. The distribution of subsequent widespread Permo-
Carboniferous magmatism was largely controlled by this faulting (Ziegler 1982).

Deep seated dextral strike-slip faulting giving rise to magmatism also influenced the
Caledonian-assembled foreland north of the Variscan orogen, and it even affected the
adjacent southwestern part of Baltica. Here, in the Danish—Scanian area and around the
southern Baltic Sea, Upper Silurian clastics derived mainly from the North German—Polish
Caledonides had been deposited on top of the older, Early Palaeozoic sediments of platform
facies that covered the Precambrian basement of Baltica. This Late Silurian foreland basin
and its substrate were cut up in fault-limited segments when a WNW-widening splay of deep
faults branched off the Avalonia—Laurussia suture at the Trans-European fault in northwestern
Poland. Out of this splay, and the suture southeast of it, grew the Tornquist fault zone.

After this, the more westerly part of the Caledonian suture at the Trans-European fault in
northernmost Germany and the eastern North Sea partly lost its tectonic integrity. Permo-
Carboniferous and later tectonic activity now became diverted into the southwestern part of
Baltica. The Permo-Carboniferous activity followed a branch across Scania in southern
Sweden that continued due west of the Swedish west coast, joining up to the north with the
Skagerrak—Oslo rift system. In Scania, a dense swarm of dolerite dykes was intruded more
or less parallel with the fault zone. Mesozoic rifting, however, changed the trend and made
it cross northern Jutland and enter the northern North Sea. Finally, Cretaceous—Tertiary
inversion reshaped the Sorgenfrei Tornquist zone (STZ in Figure 2-4) into what we know
today (EUGENO-S Working Group 1988). The Sorgenfrei Tornquist part of the Tornquist
zone can therefore rightly be considered a tectonic ‘parvenu’ that does not outline Baltica’s
former boundary. Its development, where trespassing the already weakened southwestern
part of Baltica, was caused by intraplate tectonics emanating from the squeezed and much
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tightened Variscan belt, the distal effect of the Mesozoic breakup of Pangaea, and the
subsequent Alpine collision.

On the other hand, the Teisseyre Tornquist part of the Tornquist zone between the Baltic
coast of Poland and the Carpathians is coincident with the Trans-European fault and
Avalonia—Laurussia suture. This part, therefore, is of more noble and ancient origin. None
the less, the crustal structure of the Polish Teisseyre Tornquist zone (Guterch et al. 1986) and
that of the Sorgenfrei Tornquist zone due south of Scania (BABEL Working Group 1991)
appear to show a great many similarities.

2.4.13 FINAL BREAKUP OF PANGEA: THE TETHYAN EVOLUTION

With the entire assemblage of Gondwana and Laurussia locked together into the single
continent of Pangaea, its massive continental entity extended, in Early Jurassic times,
virtually from one pole to the other, giving the world a very different configuration of
continent and ocean from the present. It could not last. During the Jurassic the southern half
of Pangea began to shear eastwards relative to the north and a huge sinistral strike-slip system
developed as the two halves wrenched and rifted apart. A new ocean, the Tethys, opened in
the east and grew in size. In the west, early Jurassic transtension produced rifting between
Africaand America and, as the continents split apart, led to the opening of the central Atlantic
by the Late Jurassic. Ziegler’s (1990) reconstruction of the continents for the Late Jurassic,
Figure 2-6a, clearly shows these events. Within the strike-slip zone between the major
continents new rifted margins developed and extensional and pull-apart basins abounded. In
this dominantly transtensional regime small continental blocks fragmented and broke away
from the two major ones, forming a collage of microplates, and new seas opened between
them which connected through to the Tethys.

In Mid to Late Jurassic times, western Europe had been feeling the influence of stresses
from the opening of the central Atlantic, which resulted in an updoming of the central North
Seaand thenrifting. These stresses predominated over the transtensional stresses to the south
where the region between Europe and Africa was fringed with passive margins and carbonate
dominated shelf seas. The Piemont ocean representing the main gap between the two
continents, had grown to somewhere between 100 and 500 km by the Late Jurassic, more of
which in Chapter 6.4.

2.4.14 ARRIVAL OF THE ADRIATIC PLATE: EO-ALPINE COLLISION

Inevitably, within this sinistral strike-slip system, microplates rotated anticlockwise and
collided with each other as well as growing and moving apart. At the beginning of the
Cretaceous, the Adriatic microplate translating eastwards with Gondwana, broke away and,
rotating anticlockwise, collided with Variscan Europe and the southwestern margin of the
East European Platform, thus initiating the Alpine orogeny.

As this part of the Piemont ocean was consumed, a south-dipping subduction zone was
active during the Early Cretaceous along the northern margin of the Adriatic microplate.
With collision, during the Mid Cretaceous (Figure 2-6b), an eo-Alpine chain developed along
the Eastern and Western Alps and the Carpathians, marked by a change in sedimentation from
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Figure 2-6. Plate tectonic reconstructions by Ziegler (1990), reproduced with permission, for
(a) the Late Jurassic, (b) the Mid Cretaceous, (c) the Palaeocene and (d) the Oligocene.

carbonates to the accumulation of clastic wedges. The mountain chain was characterised by
west to northwest-verging thrusting, and concomitant E-W strike-slip movements which
allowed eastward tectonic escape. High-pressure metamorphic overprints accompanied the
co-Alpine events.

Meanwhile, to the west of Europe during the Early Cretaceous. Atlantic rifting had
migrated northwards as far as Labrador and Greenland, generating E-W tensional stresses
across western and central Europe. Within this north Atlantic regime the Iberian continental
block had separated from North America and, perhaps influenced by the sinistral strike-slip
regime to the south, rotated anticlockwise and translated southeast.

However, the eo-Alpine continental collision created a fundamental change in stresses
affecting central and western Europe which from then on were largely compressional, first
N-S and later NNW-SSE. These were strengthened towards the end of the Cretaceous by
the onset of convergence between Africa and Europe, probably brought on by the increasing
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rate of opening of the central and southern Atlantic. By the end of the Cretaceous the Adriatic
microplate had rotated anticlockwise through about 35°, creating dextral strike-slip as well
as compression along its northern front in collision with Variscan Europe. Collision created
a progressive imbrication and stacking of crystalline-cored Penninic-Austroalpine nappes.
The collision front spread both east and west. The Carpathians produced a response along
the Tornquist zone and its various splays, where stresses were transmitted more than 1000
km northwards to invert Mesozoic Basins in the Norwegian—Danish Basin and the North Sea.
The Helvetic Shelf along the southern margin of Variscan Europe was uplifted during the
Palaeocene and converted into a foreland basin. Collision, translation and rotation of
individual blocks within this overall orogenic regime created a complexity of structure that
is difficult to unravel. It was responsible for the present large-scale ‘wedge-structure’ in the
deep crust of the Alps where forceful protrusion of the Adriatic plate at mid-crustal levels has
peeled the upper crust with its sedimentary cover off the lower crust in the descending
European plate. This is a major part of the detective story to be taken up in later chapters,
when the revelation of the deep structure of the lithosphere of Europe begins to make sense
of the geological activities that have been observed at surface.

To the west, Iberia had continued its eastward migration and anticlockwise rotation, but
the Late Cretaceous onset of convergence between Africa and Europe resulted in a
convergence of Iberia with the southern passive margin of France. The timing of collision
and the onset of the Pyrenean orogeny matched that of the Alps (Figure 2-6¢).

2.4.15 THE FINAL ROUND: ALPINE BELTS AND THE MEDITERRANEAN

The final round began effectively 40 Ma ago after North America had finally parted from
Europe with the growth of the Atlantic Ocean between Greenland and Norway. With that
influence gone, Europe from then on has been dominated by the stress regime created from
its interaction with Africa. At around this time, the convergence between Africa and Europe
set off a new Eocene—Miocene phase of Alpine collision and major mountain uplift, nappe
emplacement and development of the Molasse foreland basin through crustal flexure,
recently modelled by Sinclair ez al. (1991). At around this time, the eastward translation of
Africa relative to Europe ceased and began to reverse so that dextral strike-slip began to
develop, resulting in a concentration of compression and crustal shortening in the Western
Alps and the onset of transtension and subsidence of the Pannonian Basin to the east (Figure
2-6d). Dextral transpressive movement within the Pyrenees slid Spain west relative to France
and rotated it slightly clockwise in the final stage of the orogeny. Transtensional stresses in
western Europe permitted the development of the Rhone—Rhine—Eger rift system from Late
Eocene to Oligocene time.

Within the Mediterranean region, the collage of microplates that had evolved through the
Jurassic and Cretaceous had created a complexly looped chain of arcuate structures. Where
the western arc of the Alps meets the Mediterranean, it switches polarity and continues,
facing eastward, in the Apennine along the Italian peninsula, and, in an east-facing loop,
across the straits of Messina and Tunis. In Maghrebide North Africa, the south-facing orogen
continues with the Tell and the Sahara Atlas. This chain contains no more ophiolites, and the
red desert sandstones in its African foothills show that it was formed in the shoaling west end
of the Tethyan embayment. Finally, in the High Atlas, it reaches stable Africa where, for lack
of sediment, its sole thrusts are within, not above the basement. From the Rif of Morocco
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Figure 2-7. Sketch map reconstructing the position of the Adriatic microplate in the Late
Messinian (5.2 Ma), the anticlockwise rotation of Corsica and Sardinia and the opening and
closing of oceanic basins, after Patacca and Scandone (1990).

across the Straits of Gibraltar and into the Betic Cordillera of Andalusia, the orogenic chain
loops once more around the Alboran sea, again with ophiolites and Alpine-looking units of
sedimentary carbonate. On the fringe of this loop, the Mediterranean orogen has dumped the
chaotic terrane of the pre-Rifian and pre-Betic thrust sheets out into the Atlantic. Along the
Iberian south coast, the north-facing Betic Cordillera can be followed into the Balearic
islands, and may possibly loop through Corsica back into the Alps.

It is not surprising that such a complex of tectonic units should act as a system which is
internally more or less independent of its surroundings. Caught between Africa and Europe,
Eocene—Oligocene N-S convergence resulted in the closure of the Ligurian-Alboran Sea and
movement between the SW margin of Iberia and the Corsica—Sardinia block. When in the
Miocene this convergence became directed NW-SE and dextral movement increased, crustal
shortening became concentrated on the Appenines and the western and Southern Alps. The
Corsica—Sardinia block rotated anticlockwise, crustal shortening occurred in the Betic
Cordilleraof SE Spain and arapid opening of small oceanic basins ensued. including the West
Mediterranean and Tyrrhennian basins. This is seen in Figure 2-7 in relation to the situation
for the Adriatic microplate in the Late Messinian. Movement of Africa and Arabia relative
to Europe continues to the present day, exemplified by dextral movement along the Anatolian
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fault system in Turkey, rifting of the Red Sea and of grabens transecting the Calabrian arc to
the south and east of Sicily. Indeed, as discussed in later chapters, strike-slip faulting may
well be currently active in the Sardinia Channel.

Extensional basins in the stage of initial subsidence are a key element of Mediterranean
tectonics. They occur nested within the orogenic loops as oblong or circular sites of backarc
spreading. In the Alpine—Zagros chain, we count the Pannonian, Aegean, and Menderes
extensional sites. In the Apennine—Betic chain, there are the Provencal-Balearic and the
Tyrrhenian sites. Extensional basins in the stage of thermal subsidence occur on the pre-
Alpine cratons of Africa and Europe, essentially outside of the Mediterrancan province. They
also surround the early Mesozoic oceanic crust of the East-Mediterranean basin. The
Provencal-Balearic site of backarc spreading contains an undisturbed and deep layer of
Messinian salt which signals that the site had reached extensional stability by late Miocene
time.

The interplay of plate convergence, indentation, backarc spreading, and tightening of
orogenic loops is kinematically possible only by involving the asthenosphere. It mushrooms
above subducted slabs of lithosphere, and, at shallow depth, the forces of its contrasting
rheology and density are capable of powering the movements of mountains. We examine
these implications further in Chapter 7. This tectonic style may also have been alive when
some of the older provinces of Europe consolidated, but here in the Mediterranean, as we
show in Chapters 4 and 5, we can measure these movements and estimate the stress fields.
With this insight, perhaps the Mediterranean may give us the key to understanding
lithosophere dynamics.



Europe’s lithosphere — seismic structure

J. ANSORGE, D. BLUNDELL AND ST. MUELLER

3.1 SEISMIC METHODS FOR EXPLORING THE CRUST AND UPPER MANTLE OF
EUROPE

Methods for exploring the Earth’s interior which follow the passage of seismic waves
through the ground are adapted according to the scale on which the Earth is viewed. The
resolution of the seismic method utilised governs the clarity of the image of the Earth’s
structure and the extent of information on physical properties. In general, the deeper the
investigation, the lower the resolution and the more blurred is the image. Normal incidence
seismic reflection techniques provide the best resolution, particularly in a vertical sense, and
deep seismic reflection profiles have yielded spectacular views of the detailed structure of the
crust and upper mantle to depths of 60 km in recent years. EGT has been able to take
advantage of the work of a number of deep seismic reflection profiling programmes,
particularly BIRPS (UK), CROP (Italy), DEKORP (Germany), ECORS (France) and NFP
20 (Switzerland). However, this method gives poor information on seismic velocities, for
which wide-angle reflection and refraction experiments are much better suited (Giese et al.
1976). These too, provide good resolution and strong control on the properties of the crust
and upper mantle but to reach depths of 200 km needed to explore the full thickness of the
lithosphere, quite elaborate and large-scale experiments have to be conducted along profiles
at least 1500 km in length, firing several tens of explosions with dynamite charges measured
in tons into large arrays of seismometers spaced 2—3 km apart along the entire length of the
profile. The cost and organisational effort involved limits the number of such experiments
but along EGT six major experiments of this kind were carried out: POLAR Profile (P),
FENNOLORA (F), EUGENO-S (E), EUGEMI (C), EGT-S86 (A) and EGT-South (S)
(Figure 3-1). Of these, only FENNOLORA was sufficiently long and comprehensive to
allow the lower part of the lithosphere to be mapped out in any detail. In fact, FENNOLORA
was able to map the upper mantle to a depth of 450 km.

Toexplore the upper mantle on a broader scale, other seismic techniques are needed which
sacrifice something in resolution but, by making use of earthquakes as natural sources of
seismic energy, can gain in coverage by recording large numbers of seismic wave paths. The
development of digital recording and data processing has allowed detailed analysis to be
undertaken in recent years of P-waves, S-waves and surface waves (usually the Rayleigh
waves) which can also yield S-wave velocities. The large number of seismic observatories
spread across Europe has meant that seismic waves from earthquakes have been recorded

33
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Figure 3-1. Location map of EGT seismic experiments POLAR Profile (P), FENNOLORA (F),
EUGENO-S (E), EUGEMI (C), EGT-586 (A) and EGT-South (S). Stars: shotpoints. Thin lines:
refraction profiles. Thick lines: deep reflection profiles; BABEL line 4 (B4), BABEL line A (BA),
DEKORP-2N (D2), North German basin (H2), NFP-20/CROP eastern and southern traverses
(NE-NEI/CP). Lithosphere Heterogeneity and Anisotropy Project (ILIHA). NARS array stations
shown as filled circles. References are in the text.

along a huge number of intersecting pathways through the crust and upper mantle beneath
Europe. With such a high density of sampling, it is possible to use the same technique as
applied inmedicine to scan the human body by ultrasound or X-rays, and invert the travel time
information mathematically to create a three-dimensional image of the interior. The
technique is known as seismic tomography and has been advanced to a highly sophisticated
level for P-waves and applied to Europe and the EGT by Spakman (1988).

Surface waves travel with different velocities for different frequencies dependent on the
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distribution of elastic properties and density within the Earth and therefore arrive at a
recording seismometer station as an extended wavetrain in time. The purpose of the analysis
is to make use of the complete signature of that wavetrain, both in amplitude and phase, to
determine the Earth structure that had modified the initial impulse at the source (the
earthquake) into the wavetrain observed and recorded at the seismometer. Waveform
inversion, as the technique is known, requires the analysis of many wavetrains recorded from
a dense network of seismic wave pathways through the same volume of the Earth and, in
consequence, computer analysis of a large dataset. In practice, limitations are imposed on
the analysis either to make it more tractable or to cope with limitations in the dataset that result
from earthquakes which may not have been located optimally for the purpose of the analysis.
Making use of the large number of long period seismometers recording in observatories all
over Europe, Panza er al. (1980b) created by triangulation a network of Rayleigh wave
pathways which were inverted to map the lithosphere—asthenosphere system to depths of
about 240 km. Over the past decade, Panza, Mueller, Calcagnile and Suhadolc have
elaborated on this work to great effect (Suhadolc er al. 1990). The EGT project was also
fortunate to be able to take advantage of the development by Nolet and his colleagues at
Utrechtofthe NARS (Network of Autonomously Recording Stations) portable, 3-component
seismic stations capable of recording digitally across a wide range of frequencies, so-called
broadband instruments (Nolet er al. 1986), that record P-waves, S-waves and surface waves
equally well. These were initially deployed in an array of 18 stations set out along a great
circle across Europe from Goteborg to Malaga (Figure 3-1), approximately in line with, and
atsuitable ranges from, earthquakes in the island arcs of the northwestern Pacific. In this way,
travel paths for most of the distance through the Earth’s interior were the same for all the
stations but the differences between them were just those beneath the stations across the array.
Thus the analysis yielded information about the nature of the crust and upper mantle beneath
the array, across Europe just to the west of the main swathe of EGT. Later, the NARS stations
were moved to record for a year across Spain and Portugal as part of the ILIHA project, the
full results from which have yet to emerge.

3.2 SEISMIC EXPLORATION OF THE CRUST ALONG EGT

Seismic normal incidence, wide-angle reflection and refraction surveys are the techniques
best suited to probe the detailed structure of the Earth’s crust and lower lithosphere. Energy
sources for deep penetration are explosives on land or offshore, vibrators on land or offshore,
and large airgun systems at sea. All the data are processed digitally and displayed originally
in the form of record sections as shown in the example of Figure 3-2 by Behrens et al. (1986)
for wide-angle reflection and refraction data and on Figure 3-8 after Dohr ez al. (1983) from
the northwest German Basin for normal incidence reflections. Normally the time scale for
wide-angle reflection and refraction record sections is reduced with a velocity which is
appropriate for the depth range investigated, e.g. 6.0 kms™! for the crust. Figure 3-2 shows
as example an airgun survey in the Kattegat Sea close to the Swedish coast recorded at offsets
giving a range of reflections from near-vertical to wide-angle. A single instrument at a
location with a rather low noise level recorded a sequence of airgun shots while the ship was
travelling southwards. A number of wave trains can be seen on the record section. Py denotes
P-waves refracted at the top of the crystalline basement with a velocity of 6.0-6.1 kms™! A
second phase, P;, is observed from 65 km distance onwards with a velocity between 6.6 and
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Figure 3-2. Reduced seismogram section from a profile shot offshore and recorded on land in southern Sweden to illustrate different seismic phases propagating
through the crust and the data quality obtainable from an airgun source.
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6.8 kms™! which has propagated through the middle or lower crust. This, and others like it,
helps to identify boundaries within the crust. Phase PyP is reflected from the Moho, taken
to be the crust—mantle boundary, and is identified by its curved shape on the record section.
The S, label indicates shear waves through the crystalline basement and PyS is most likely
a P-to-S conversion at the Moho. These phases provide the basic information for the
interpretation and modelling which leads eventually to the velocity—depth distributions
shown in the following paragraphs. Their travel times and amplitudes are interpreted by
creating model cross sections of the crust and upper mantle divided into regions with
characteristic seismic velocities. Seismic wave paths are calculated, for example by ray
tracing, to match the observed travel times for sets of record sections from shots where the
waves traverse the same regions in opposite directions. Synthetic seismograms are calcu-
lated to match the amplitudes as well as the travel times of the observed signals.

Although the seismic experiments along the EGT were not carried out sequentially from
north to south but were completed according to financial and organizational conditions, the
description that follows of the seismic exploration of the crust proceeds from north to south,
so that it covers progressively younger tectonic regions. Only representative crustal sections
are described, but full details can be found in the references here and in the EGT Atlas.

3.2.1 NORTHERN SEGMENT

POLAR Profile

In 1985 a 440 km long NE-SW oriented deep seismic refraction survey was organised as
part of a multidisciplinary research project, the so-called POLAR profile (P in Figure 3-1),
with the aim of determining the Archean to Early Proterozoic crustal structure in northern
Norway and Finland (Windley Chapter 6.1, Freeman et al. 1989: for experimental details and
results see Luosto ef al. 1989). Densely spaced recordings of explosions at 9 shotpoints
provided ample datato derive adetailed cross section of the velocity—depth distribution under
this profile. The seismic refraction and wide-angle reflection data were compiled by Luosto
and Lindblom (1990).

Figure 3-3a shows the crustal cross section derived from these data. The velocity
distribution becomes increasingly complex along the profile from northeast to southwest.
Over a distance range of about 80 km around shotpoints PF and PE the crust is composed of
four layers with average P-wave velocities of 6.1 kms™! for the upper crust, 6.4 kms™! for the
middle crust, 6.6 kms™! and 7.1 kms! for the mid-lower and lower crust, respectively, and
with thicknesses of about 10 km for each of the upper three layers and 15-20 km for the
lowermost layer. The Moho depth decreases significantly southwestwards from 47 to 40 km.
Further south the upper crust in particular becomes internally more structured. A high-
velocity (6.4 kms™!) layer dips NE from the surface as part of the Lapland Granulite belt to
a depth of 10 km at about 50 km north of shotpoint PD in the Inari Terrane. A similar high-
velocity body with 6.5-6.6 kms™! is found further southwest in the Archean basement of the
Karelian Province between shotpoints PB and PA surrounded by material with normal near-
surface velocities of 6.0 kms™! found elsewhere on the profile. This southwestern section of
the profile across the Lapland Granulite belt and the Karelian Province is underlain by a low-
velocity zone with 6.15 kms™! velocity between 8 and 14 km depth.

The two layers in the middle crust are separated by only a small velocity increase. They
have an almost constant thickness along the entire profile except for the last 70 km in the
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Figure 3-3. Seismic structure cross sections of the northern Baltic Shield derived from the
POLAR Profile data (for location see Figure 3-1)

(a) Cross section of main profile

(b) Cross section based on a line drawing of a deep reflection profile of part of POLAR Profile

(Figure 3-3a) and integrated gravity and magnetic modelling.

extreme southwest, where both layers come closer to the surface with the lower one
decreasing in thickness to only 5 km. Strong lateral variations occur in the lower crust
beneath the 180 km long central part of the profile. The sections further northeast and
southwest are more representative of a normal shield structure with a crustal thickness of 47
km and P-wave velocities of 6.9—7.3 kms™! between the top and bottom of the lower crust.
In the centre of the profile, velocities in the lower crust are reduced to only 6.8-7.0 kms™!,
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accompanied by a clear reduction to 10-14 km thickness, i.e. an updoming of the Moho to
40 km. Strong undulations of the crust-mantle boundary of the order of 4 km over a distance
range of only 30 km are observed near the northeastern end of this anomalous lower crust,
which are unusual in areas of Archean age. Underneath this same area of the lower crust the
P-wave velocity in the upper mantle immediately below the Moho has a significantly lower
value of 8.0 kms™! than the ones of 8.2-8.5 kms™! on either side.

According to Marker et al. (1990) the Tanaelv belt and Lapland Granulite belt form the
most prominent Early Proterozoic thrust belt in the northern Baltic Shield. Therefore this part
of the POLAR profile was the target of a deep reflection survey which was carried out
simultaneously with the main crustal seismic experiment in 1985 (Behrens er al. 1989). The
area surveyed lies between shotpoint PC and 20 km NE of shotpoint PD, as shown on Figure
3-3a, and has a total length of 82 km. Figure 3-3b shows a line drawing of the significant
reflectors over a depth range of 43 km, that covers the entire crust. The reflectors from the
upper crust are dipping NE to a depth of more than 15 km. This made it possible to trace the
southwestern base of the Lapland Granulite belt deeper into the crust towards the northeast.
Initial problems to determine the detailed shallow transition to the Inari Terrane because of
the scarce reflection data were later solved by Marker er al. (1990) using a combined gravity
and magnetic model that is consistent with an electromagnetic model produced by Korja ef
al. (1989). The deeper reflectors in Figure 3-3b at 34 km depth can be related to the top of
the lower crust and a band of reflections between 40 and 43 km to the crust-mantle transition.
This result represents an excellent example of solving a tectonic problem by integrated
modelling of several independent sets of data.

FENNOLORA

Although carried out in 1979 as a collaborative European research project within the
International Geodynamics Project, the experience of the Fennoscandian Long-Range
seismic experiment (FENNOLORA) was one of the main cornerstones on which the EGT
was based when it began in 1981. It was the aim of FENNOLORA (Guggisberg and
Berthelsen 1987) to obtain much fuller information about the velocity—depth distribution in
the lithosphere and asthenosphere down to a depth of 400 km than was available hitherto from
other methods. This required multiple reversed coverage of the profile with closely spaced
observations (3 km for the crustal survey) of a large number of dynamite explosions at
appropriate intervals over a distance of 2000 km. These conditions could only be met in
Scandinavia where most of the explosions could be fired offshore. In addition, the traverse
(Figure 3-1) was located almost entirely on tectonic units of Precambrian age (Windley
Chapter 6.1) with the assumption that the velocity structure of the lithosphere would not
change too much along the profile. A spacing of about 300 km for the explosions was chosen
so that the structure of the crust could be determined sufficiently well in order to ascertain
its influence on those seismic phases which penetrated the upper mantle. All seismic wide-
angle reflection and refraction data were compiled by Hauser er al. (1990).

The main profile (F in Figure 3-1) lies between the North Cape in Norway, with the most
northerly shotpoints FI and FH offshore in the Barents Sea, and southern Sweden, with the
southernmost shotpoints FB off the coast and FW onshore in eastern Germany to bridge the
Baltic Sea. The experiment and data processing have been described in detail by Lund (1983)
and Guggisberg (1986). The northernmost part (Figure 3-1) of the profile is located on the
Caledonian nappes which are thrust over the Archean terranes. About 200 km south of
shotpoint FG the profile crosses from the Archean to the Proterozoic Sveco-Fennian units and
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Figure 3-4. Seismic structure cross sections of the Baltic Shield derived from interpretation of FENNOLORA (for location see Figure 3-1).
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about half way between shotpoints FC and FB it traverses the Gothian granites. Still further
south the Teisseyre Tornquist zone is crossed north of shotpoint FW which is located on the
Caledonian orogen of eastern Germany. Detailed two-dimensional interpretations of the
crustal P-wave data giving similar results were presented by Guggisberg (1986), Lund
(1990), Stangl (1990) and Guggisberg et al. (1991) for the complete profile, while Clowes
etal.(1987), Hauser (1989) and Hossain (1989) have worked on the southern and central part.
Kullinger and Lund (1986), Hauser (1989), Hossain (1989), and Stangl (1990) have also
presented interpretations of S-wave data. The structure discussed here is based on the
interpretation by Guggisberg (1986) and Guggisberg et al. (1991). The cross section is
displayed in Figure 3-4.

Overall the crust is divided into an upper and a lower crust with only one major continuous
interface along the entire profile. Superimposed on this basically two-layered crust are
substantial lateral variations of the velocity distribution and layer thickness (see Figure 3-4).
Because of the large distance between the shotpoints the observations are only reversed for
depths greater than about 15 km. Therefore the apparent uniformity of the uppermost crust
is rather questionable and information from surface geology was used to extrapolate between
the distance ranges covered by seismic observations. The upper crust has an average
thickness of 20 km in which the P-wave velocity rises from about 6.0 kms' to 6.4 kms'. Close
to the surface in the upper 5 to 10 km, sedimentary basin areas have a lower velocity of only
5.75 kms'. This holds especially south of shotpoint FH, where the profile crosses the
Caledonides. This area has an overall low-velocity upper crust down to 20 km depth with
only thin intercalated high-velocity layers of 6.25 and 6.4 kms™'. The boundary between the
exposed Archean province and the Caledonian nappes lies about halfway between shotpoints
FH and FG. It seems as if the Caledonian orogeny has influenced the Archean upper crust.
In the area around shotpoint FG the profile traverses the Baltic—-Bothnian megashear zone
which is expressed by a highly inhomogeneous upper crust that incorporates interleaved
high- and low-velocity layers. Further south towards the transition to the Proterozoic regime
near shotpoint FF the upper crust becomes quite homogeneous with a smooth increase of the
velocity from 6.0 to 6.4 kms™'. Further south between shotpoints FF and FE the upper crust
consists of two layers with lower average velocities of 5. 8 kms ™' and 6.1-6.35 kms™'. Along
the section from FE to FC two zones of lower velocity are dipping southwards from the
surface into the upper crust with surface velocities of 5.75 kms™' and 5.9-6.0 kms™' at their
deepest location with thicknesses between 5 and 8 km. The velocity at the base of the upper
crustremains 6.45 kms'. South of FC towards FB the upper crust shows no internal structure.
The velocity increases smoothly from 6.05 to 6.45 kms"'. South of FB nothing can be said
about the structure of the upper crust because no data are available from this experiment.

The lower crust is quite uniform along the profile. After a sharp velocity increase from
6.3-6.4 kms'! to 6.55-6.7 kms! at its upper boundary it increases gradually to 6.9-7.3
kms! near the base of the crust. Beneath the Caledonian orogen the velocity jumps from 6.2
to 6.7 kms! at the transition to the lower crust. Only under the Gothian orogen in the south
and beneath the adjacent Baltic Sea does the lower crust develop an internal layering with a
high-velocity layer of 6.9 kms! on top of a zone with only 6.48-6.65 kms™! just above the
Moho. The average thickness of the lower crust decreases from 20 km north of the Gothian
orogen to 16 km beneath the Gothian part of the shield and to only 11 km further south beneath
the Baltic Sea.

Changes in the velocity contrast at the Moho are more pronounced. In areas with a flat
lying Moho north of FE the P-wave velocity rises from about 6.9 kms! in the lower crust to
8.1 kms™! in the uppermost mantle. South of FE the difference is slightly smaller. There are
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Figure 3-5. Deep seismic reflection section of part of BABEL line 4 across the Gulf of Bothnia (B4 in Figure 3-1).
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two areas where the crustal thickness appears to increase sharply by 10-12 km accompanied
by a more gentle rise of the Moho towards the north. In the areas between shotpoints FE and
FD and beneath the transition from the Gothian to the Sveco-Fennian orogen from FC to FB,
the velocity in the lowermost crust gradually increases downwards to 7.4-7.5 kms-! followed
by a jump to 8.25 kms! below the Moho The maximum Moho depth of 55 km is reached 50
km south of shotpoint FC. Outside these anomalous areas the average crustal thickness is 38
km south of the sharp increase between FC and FB and 45-47 km north of shotpoint FE.

These pronounced sharp changes in the crustal thickness have raised considerable
controversy because they cannot be seen in the Bouguer gravity anomaly (see Chapters 4.1.2
and 4.4) and they are in sharp contrast with the other crustal interfaces. Guggisberg (1986)
and Clowes et al. (1987) have found independently the same sharp lateral transition using a
ray-tracing interpretation. It was also found in an earlier preliminary one-dimensional
interpretation by Prodehl and Kaminski (1984). Interpreting the gravity data to be consistent
with the seismic model, Henkel et al. (1990) have concluded that this lowermost crust would
have to have such a high density that there is effectively no contrast at the Moho, in which
case it is probably of eclogitic composition. The cause of the sharp changes proposed in the
Moho topography still remains to be resolved.

The structure within the crust under the FENNOLORA profile discussed here has no
pronounced sharp discontinuities. The transition to lower crustal units occurs less sharply
than in Central Europe. Low-velocity zones were only found in the uppermost crust. In the
Archean section north of FF, which is undisturbed by the Caledonian overthrust, the average
velocity in the upper crust is higher than in Proterozoic crust further south. The depth and
transition from the upper to the middle or lower crust is similar to that found under the
POLAR profile. But Luosto e al. (1989) found a further interface in the lower crust which
led to a three-layer crust. Stangl (1990) also proposes in his interpretation one more interface
in the lower crust under FENNOLORA on the basis of amplitude calculations for P- and S-
waves although the velocity contrast in both models is not very big (0. 2 and 0. 1 kms in the
POLAR and FENNOLORA profiles, respectively).

The FENNOLORA project was aimed more at the principal features of the entire
lithosphere and not so much at the fine details of the crust. Hence questions regarding the
mechanisms of convergent plates of Archean to Proterozoic age cannot be answered from
these data. However, normal incidence reflection profiling can help to solve this problem.
The BABEL Working Group (1990) has run a detailed marine seismic reflection survey in
the Baltic Sea and the Gulf of Bothnia parallel to the FENNOLORA line using BIRPS’
techniques and data processing for deep crustal reflection profiles (Warner 1986). Figures
3-5 and 3-7 show two sections from this survey located as indicated in Figure 3-1.

Figure 3-5 shows a migrated seismic section across a presumed collison zone in the
Skellefte Field of the Sveco-Fennian orogen over a distance of 150 km, about 100 km south
of FENNOLORA shotpoint FTF and 170 km to the southeast of it. Main features to be noted
are the bivergent crustal reflectors dominantly dipping southwest in the NE half and dipping
northeast in the SW half of the section with the deepest high-amplitude reflections identified
asthe Moho. This can be interpreted as the still very clearly recognizable image of a collision
zone in which a Proterozoic plate has been subducted under the crust and Moho to the
northeast, of which the latter can be resolved on the FENNOLORA data (Figure 3-4, south
of FF). The pattern of reflectors resembles very closely that of the Phanerozoic and recent
active continental subduction zones, such as the Alps, that is described in Section 3.2. Figure
3-5 should be compared with the mirror image of Figure 3-11, allowing that the subduction
is in the opposite sense. There is undoubtedly much more to come from the interpretation of
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the BABEL data, particularly from the observations of wide-angle reflections recorded on
fixed land stations, which is still at an early stage.

EUGENO-S

The important stretch of the FENNOLORA profile (Figure 3-1) from southern Sweden
across the southern Baltic Sea and the Caledonian front to eastern Germany crosses the highly
complicated area of the Sorgenfrei Tornquist zone. The deep structure and lateral variations
of this area were impossible to reveal from these few data. So, an EGT seismic research
project was conceived and carried out in 1984 to determine the structure of the transition zone
by means of a grid of seismic lines from which a more complete picture and better
understanding of the deep seismic structure in three dimensions could be constructed, the
EUropean GEotraverse NOrthern Segment, Southern part, i.e. the EUGENO-S Project (E in
Figure 3-1). A complete description of the experiment and basic results were published by
the EUGENO-S Working Group (1988). This first publication was followed by a series of
individual papers which are dedicated to specific aspects of the area. Only those can be cited
here which bear directly on the north—south profile extending the EGT southwards to the
EUGEMI project on the central segment (EUGEMI Working Group 1990). Most of the
seismic wide-angle reflection and refraction data were compiled by Gregersen et al. (1987).

Profile 1 of the EUGENO-S project (Figure 3-6) provides the shortest and most direct
connection between FENNOLORA and EUGEMI along the EGT central segment. It starts
on the Precambrian Sveco-Norwegian basement in southern Sweden (shotpoint ES22),
crosses the Kattegat platform, the Sorgenfrei Tornquist zone (STZ), the Danish basin, the
Ringkgbing-Fyn high (RFH), the Caledonian front, and the Trans-European fault (TEF) near
shotpoint ES I, which coincides with shotpoint CK of EUGEMI (see Figure 6-7). The section
then runs due south as part of EUGEMI to the southern end of the North German basin. Thybo
et al. (1990) have presented the latest interpretation of the available seismic data on that
profile, incorporating as much information as possible from the other profiles as well, and
Thybo (1990) has subsequently extended the cross section to the south by adding all the
information derived from the EUGEMI project on the central segment (Aichroth ez al. 1992,
Prodehl and Aichroth 1992) to the southern end of the North German basin. The summary
given in Figure 3-6 follows this work.

There are two major sedimentary basins along the profile. From north to south, the Danish
basin and the North German basin, separated by the Ringkgbing-Fyn basement high, have
sediment thicknesses of at least 10 km. Details of the sediments in the North German basin
are presented by Pratsch (1979). Brink et al. (1990, 1992) have summarised the most im-
portant features of the late and post-Variscan development of this basin. Average seismic
velocities for the basin structure shown in Figure 3-6 were derived from the EUGENO-S and
EUGEMI data.

Very roughly the crustal structure along the profile can be divided into three main blocks.
In the north we see the relatively uniform homogeneous crustal structure already known from
FENNOLORA with a thin' low-velocity layer in the upper crust and a continuous velocity
increase in the lower crust from 6.5 to at least 6.9 kms-! to reach the Moho at 45 km depth.
Next to the south, in the Sorgenfrei Tornquist zone, the low-velocity layer disappears and the
vertical velocity gradient in the upper crust increases towards the Danish basin, and the crust
is two-layered (excluding the sediments with 4.4-5.7 kms' in the basin), characterised by
velocities of 6.2-6.7 kms™! in the upper crust, and 6.9-7.1 kms! in the lower crust. The Moho
rises southwards in steps to 32 km under the Sorgenfrei Tornquist zone and to only 29 km
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Figure 3-6. Seismic structure cross section from the southern part of the Baltic Shield to the

North German basin derived from refraction and wide-angle reflection recordings along
EUGENO-S line I (for location see Figures 3-1 and 6-7).

depth under the basin. Beneath the third block to the south, the Ringkgbing-Fyn high has only
a very thin sedimentary cover above a crystalline crust consisting of three layers with
velocities ranging from 5.9-6.2 kms! in the upper crust, 6.4-6.6 kms-! in the middle to 6.9—
7.1 kms™! in the lower crust. A sharp drop of the Moho down to 34 km accompanies the
basement high, whereas the subsequent rise towards shotpoint ES1/CK is less well con-
strained. This transitional zone is the suggested location of the Caledonian front (see Chapter
2.4.8).

Brink er al. (1992) have discovered a further deepening of the basement to 13 km about
40 km south of shotpoint ES1/CK in the northern part of the North German basin, coinciding
with another regional rise of the Moho with a block type structure to 26 km. The crustchanges
here to two layers beneath the basin and the velocities are decreasing towards the south with
values 0of 2.2-5.9 kms! in the basin, 6.0-6.1 kms! in the upper crust and laterally decreasing
from 6.9 to 6.3—6.4 kms! in the lower crust. At the southern end the section ties well into the
crustal model presented in the following paragraph (Prodehl and Aichroth 1992).

Figure 3-7 shows the results of a deep seismic reflection profile from the BABEL survey
across the complicated fracture zone of the Tornquist Teisseyre zone southeast of the
EUGENO-S research area (BABEL Working Group 1991). The traverse lies between
southernmost Sweden and the Island of Bornholm (BA in Figure 3-1), about 50 km to the
northwest of the trace of the FENNOLORA profile across the southern Baltic Sea between
shotpoints FB and FW (Figure 3-1). Figure 3-7a displays the seismic section migrated so that
the locations of the reflectors better reflect the actual geometry. The structure of sedimentary
basins within the Tornquist Teisseyre zone is highly fractured and broken up into a series of
horsts and grabens with the basement apparently coming close to the surface. The upper crust
contains a series of distinct northeast dipping reflectors. These are followed by a band of
subhorizontal reflections which represent the lower crust and are comparable to observations
in other areas of central Europe, such as those seen in Figure 3-10 from the Rhenish massif.
This band is clearly uplifted in the centre under the Tornquist Teisseyre zone with aslight shift
to the northeast from where it deepens to the Baltic Shield in accordance with the general
crustal structure found there by Clowes et al. (1987) and with the very detailed simultaneous
recordings of airgun shots by onshore fixed stations over long offsets as shown in Figure 3-
2. Figure 3-7 also shows reflections from below the Moho which confirm the fine-scale
inhomogeneity of the upper mantle as derived from the FENNOLORA data and described
in Section 3.3. Geometrical relationships between the sediments and faulting within and
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Figure 3-7. (a) Deep seismic reflection section of part of BABEL line A across the Sorgenfrei Tornquist zone near Bornholm, southern Baltic sea (for location
see Figures 3-1). (b) Interpretation of record section showing transfer of faults at mid-crust to a region of distributed shear in the lower crust, and in turn to a
dipping shear zone in the upper mantle (Blundell and BABEL Working Group 1992).
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adjacent to the Tornquist Teisseyre zone indicate strike-slip movements and inversion
structures. These have been used by Blundell and BABEL Working Group (1992) to interpret
the fault patterns at depth as detaching at mid-crust and Moho levels, where strength is least
(see Chapter 4.2.1), and transferring down into the mantle as shown in Figure 3-7b.
Preliminary models of the wide-angle reflection data indicate a lowermost crust with high
seismic velocity (>7.0 kms™!) continuing across the Tornquist Teisseyre zone to the south as
far as the Ringk@bing-Fyn high, consistent with the view expressed in Chapter 2.4.12 that the
Sorgenfrei Tornquist is not the edge of the Baltic Shield and is a feature that developed only
in post-Caledonian times.

To supplement the structural picture, Figure 3-8 presents an example of a crustal reflection
survey by Dohr et al. (1983) from the North German basin at the southern end of the section
shown in Figure 3-6 just north of shotpoint CJ and subparallel to the EGT. The main
reflecting features shown in Figure 3-8 are:

(1) the base of the Zechstein between (0.5 and 1.0 s TWT,

(ii) the almost completely transparent upper crust,

(iii) the sharp boundary to the lower crust at 6 s TWT,

(iv) the missing band of reflections, which is often observed in Central Europe and is

replaced here by several strongly layered reflectors which vary laterally in depth and

extent,

(v) and the clear band of reflections-at the Moho.

Note how similar the strong subhorizontal reflection banding in the lower crust is to that
near the southern end of the BABEL section of Figure 3-7. This reflectivity pattern is also
typical of the offshore areas around Britain (e.g. BIRPS and ECORS 1986). In contrast, note
how strongly this character of the reflectivity north of the Variscan deformation front differs
from that shown in Figure 3-10 which traverses the Variscan Rhenish massif. The reflection
patterns can also change over much shorter distances within the same area as shown by Wever
et al. (1990).

3.2.2 CENTRAL SEGMENT

EUGEMI

The central segment of the EGT the EUropean GEotraverse MlIddle segment (EUGEMI)
extends over a distance of 825 km from the Baltic Sea near Kiel to the northern margin of the
Alps south of Lake Constance (shotpoints ES1/CK to CD/AD in Figure 3-1). It traverses the
Caledonian and Variscan tectonic units of western Germany which are covered in the north
by the sediments of the North German basin and in the south by those of the Tertiary Molasse
basin. The seismic refraction and wide-angle reflection survey of 1986 was described in
detail by the EUGEMI Working Group (1990) and all the data were compiled by Aichroth
etal. (1990). A detailed description of the modelling is given by Aichroth er al. (1992) and
by Prodehl and Aichroth (1992). The northern part of this section across the North German
basin has been described in the previous section.

The crustal section presented here covers the area between the southern end of the North
German basin and the northern front of the Alps (Figure 3-9). Only a very schematic picture
of the upper crust with the sedimentary cover is given in this short presentation. The base of
the sediments appears clearly in the velocity—depth distribution as the level at which a P-wave
velocity of 6.0 kms! is reached. Beneath the North German basin this is at a depth of 10 km.
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Figure 3-8. Seismic reflection section in the north German basin showing a region of strong, sub-horizontal reflectors in the lower crust marked by the
Conrad as its upper limit and the Moho as its base (for location see H2 in Figure 3-1), after Dohr et al.(1983), reprinted by permission.
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Figure 3-9. Seismic structure cross section of the Variscan units of Germany derived from
interpretation of EUGEMI (for location see Figure 3-1).

Under the mid-German crystalline rise it lies at 3 km depth, from where it deepens to 12 km
under the northern margin of the Alps.

The middle crust is characterised by a zone which varies both in thickness and velocity
along the profile, with a significant reduction of the velocity in the centre from 6.2 kms™' to
5.8 kms™'. No such reduction could be identified under the northern and southern ends of the
profile. Beneath the North German basin this may be due to the poorer quality of the data.
The average thickness of the low-velocity zone of 4 to 5 km in the south increases
significantly to about 10 km in the central part of the profile. This area coincides with the
NNE-SSW trending aborted branch of the central European rift system which extends from
the Odenwald across the volcanics of the Rhon mountains, and dies out further north under
the Hessian depression (Figure 3-9).

The internal structure of the lower crust also varies considerably. In the northern third of
the section the velocity increases continuously from 6.3 kms! to 6.9 kms-! at the Moho over
adepthrange of 12 to 14 km. The thickness of this layer decreases continuously towards the
south to reach a value of 5 km at the northern margin of the Alps. Concurrent with that
thinning, the velocity increases southwards to reach an average value of 6.8 kms™' under the
northern end of the Molasse basin. The transition to the thin high-velocity layer above the
Moho occurs at about 23 km depth. Southward from there the crust does not exhibit any
significant internal differentiation and the average velocity becomes as low as 6.2 kms™! in
the lower crust. Thus it is impossible to trace a clear continuous mid-crustal Conrad
discontinuity. There is little or no crust with P-wave velocity above 7.0 kms'.

The Moho lies at adepth between 29 and 30 km under the northern two thirds of the profile.
Its depth increases to 34 km at the northern margin of the Alps. The velocities in the
uppermost mantle change significantly from a minimum value of 7.8 kms' in the north to as
much as 8.4 kms! under the southern end of the mid-German crystalline rise, from where it
decreases again to a more normal value of 8.1 kms-!.

This two-dimensional crustal cross section is documented in three dimensions by a wealth
of both older and more recent high-resolution wide-angle reflection and refraction data (for
a complete reference list see Prodehl and Aichroth 1992) as well as a number of densely
observed normal-incidence deep reflection surveys of the German DEKORP Project. A
petrological interpretation of this section was described by Franke er al. (1990b): see also
Chapter 6.3, Figures 6-18 and 6-20.

As is clear from Figure 2-3, the central segment of the EGT traverses obliquely across the
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Figure 3-10. Deep seismic reflection section of part of DEKORP line 2N across the northwestern Variscan units of Germany (for location see D2 in figure 3-1):
from DEKORP-Atlas (Meissner and Bortfeld 1990) Section 19, reprinted with permission from Springer Verlag, Heidelberg, Germany.



LEUROPE'S LITHOSPHERE — SEISMIC STRUCTURE 51 I

strike of the main tectonic units. The NNW-SSE oriented deep seismic reflection profiles
of DEKORP-2S and DEKORP-2N (DEKORP Research Group 1985, Franke et al. 1990a),
however, cross the tectonic units at right angles and thus reveal a more representative picture
of the main characteristics of the crustal structure. Figure 3-1 (D2) shows the location of the
main portion of the DEKORP-2N reflection line relative to the EGT and Figure 3-10
reproduces the reflection profile DEKORP-2N across the Rhenish massif (Meissner and
Bortfeld 1990). The upper crust to a TWT of 3 s is characterised by reflections which can
be related to tectonic and stratigraphic features visible at the surface (Franke et al., 1990a).
It is accompanied by a general increase of the velocity with depth as derived by Giese et al.
(1990) from wide-angle observations along the same profile. The TWT interval between 3
sand 5 s is relatively clear of reflections. It coincides with a zone of reduced velocity shown
by the same authors and the mid-crustal electrical conductor compiled by Volbers et al. (1990)
from magnetotelluric studies along the same line (see Figure 4-6). Reflectivity in the lower
crust increases to a broader band between 5 s and 7.5 s followed by another less reflective,
low-velocity zone. Immediately above the Moho the reflectivity becomes more pronounced
again and is represented in the velocity structure schematically by a 3 km thick zone with thin
high-velocity lamellae. The Moho itself as determined by seismic refraction measurements
coincides very well with the base of the reflecting crust.

3.2.3 SOUTHERN SEGMENT

The Alps

The whole of the southern segment of EGT from the northern margin of the Alps to
Tunisia, referred to as EGT-South, was covered in three major seismic experiments, EGT-
S83(S), EGT-S85 (S) and EGT-S86 (A), located in Figure 3-1. We continue to describe the
results from north to south, and begin with the Alps. This survey of the crustal structure
covers geographically the north—south section between the Molasse basin and the Po Plain
across the Central Alps of Switzerland (A in Figure 3-1). Two major long-term research
programmes have added a wealth of new data from which a fully revised structural picture
of the Earth’s crust under the Alps could be developed. One data set was acquired with the
EGT-S86 survey together with EUGEMI along the EGT central segment between Kiel in
northern Germany and Genova at the Ligurian coast. Aichroth et al. (1990) and Maistrello
etal.(1991) have compiled all the data and technical parameters. The second set of data was
provided by the eastern and southern normal-incidence deep reflection profiles across the
Central Alps of Switzerland as part of the Swiss special research programme NFP-20 (Frei
et al. 1989, Pfiffner er al. 1990, Bernoulli er al. 1990, Valasek et al. 1991)

All the EGT data were obtained along profiles oriented more or less perpendicular to the
tectonic strike of the Alps, which in such a structurally complex area may lead to severe
spatial aliasing problems in the case of the seismic wide-angle data. Therefore, the reliability
of any interpretation of these data depends heavily on the velocity and structural information
obtained from seismic refraction profiles along the tectonic strike. This vital information was
provided by a third set of data, collected over many years and interpreted by several authors
priortothe EGT (see ETH Working Group on Deep Seismic Profiling 1991, and Holliger and
Kissling 1991 for a more complete list of references).

The system of reversed and overlapping profiles from shotpoints CE (northern boundary
of the Molasse basin), CD/AD (northern boundary of the Helvetic zone), AC (Insubric line)
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Figure 3-11. Seismic structure cross sections of the Alps derived from

(a) interpretation of EGT-S86, after Valasek (1992). For location see A in Figure 3-1

(b) depth migrated deep seismic reflection section constructed from the eastern and southern
traverses of NFP-20, extended to the south by CROP lines. For location see NE-NE/CP in Figure
3-1.

and AB (southern boundary of Po basin), together with the structural constraints provided by
the older profiles, has led to the P-wave velocity—depth cross section shown in Figure 3-11a
between the Molasse basin and the Po basin (Ye 1992). In the north the cross section joins
with the crustal structure derived by Aichroth e al. (1992), described in the previous section
for the EGT central segment, and in the south it links with a rather similar extension of the
crustal structure to the Ligurian Sea proposed by Buness and Giese (1990) shown in Figure
3-12. Figure 3-11b shows the migrated line drawing of the composite reflection sections of
the eastern and southern NFP-20 reflection traverses. A smoothed crustal velocity structure
from Figure 3-11a was used for the migration (Valasek 1992). The most uniform crustal
structure is found beneath the southern Molasse Basin and the northern part of the Helvetic
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Figure 3-12. Seismic structure cross section from the Southern Alps to the northern Appenines
derived from interpretation of EGT-586 and EGT-South data (for location see Figure 3-1).

zone. The section between shotpoint AD at the northern margin of the Alps and shotpoint
AC at the Insubric line shows pronounced lateral structural variation. Major elements in the
upper crust are the relatively low velocity in the Aar massif compared with the well-
documented higher velocities in the metamorphic crystalline nappes of the Penninic zone
derived from the observations of shots at AM,, AM, and AC. The upper and middle crust
beneath the Aar massif seems to be devoid of significant reflections. It separates the highly
differentiated uppermost crust consisting of the Helvetic nappes with well constrained
structural geometry in the north (Pfiffner ez al. 1990) from the Penninic units in the south. The
horizon dipping southward from the Aar massif derived from wide-angle reflection data
(Figure 3-11a) was not observed by Stiduble and Pfiffner (1991) in the normal-incidence
reflection dataand is therefore questionable. A high velocity layer (6.5 kms™') under shotpoints
AM, and AM, can be correlated with an interface within the pile of Penninic nappes found
on the migrated reflection traverse (Pfiffner 1990). Another high-velocity layer with a
velocity of 6.6 kms™! observed at about 20 km depth under the Penninic zone coincides with
the north-dipping broad band of high reflectivity in the same depth range and position seen
on Figure 3-11b. This may be explained as the upper boundary of the Adriatic lower crust
which has been driven northward as a wedge between the European upper and lower crust.
From about 25 km south of shotpoint AD the lower crust is distinguished by a transitional
layer of about 10 km thickness with an average velocity of 6.5 kms™' on top of the south-
dipping Moho. This layer is characterised by an increasing reflectivity with depth which is
most intense in the region between 3 and 6 km above the Moho. To the south the reflectivity
of this lower crustal transition zone ceases abruptly even though from refraction observations
the Moho is continuous. Holliger and Kissling (1991) suggest that this feature is caused by
scattering in the complex upper crustal geology of the Penninic domain. The north-Alpine
reflection character appears again in the deepest part of the crustal root zone north of the
Insubric line. This implies that the European lower crust is a pre-Alpine, possibly Variscan,
feature and extends relatively undisturbed from the northern Molasse basin to about 120 km
south of shotpoint AD where it is subducted beneath the Adriatic microplate.

Shotpoint AC is located almost exactly on the Insubric line. Therefore, nothing can be said
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about the seismic nature of this fault from the refraction data. However, this geological
feature at the surface is perfectly imaged on the normal-incidence seismic section by the
strong north-dipping reflections observed after migration and can be traced clearly to a depth
of 17 km (Figure 3-11b). Further north its counterpart, the Penninic front, is equally well
displayed where it is outcropping at the southern margin of the Aar massif.

The next portion of the profile ranges from the Insubric line well into the Po Plain. The
low velocity layer in the upper crust under the Southern Alps (5.8 kms') had already been
discovered by Deichmann et al. (1986) from an earlier survey. This low velocity layer is
coincident with a band of high reflectivity on the normal incidence profile (Figure 3-11b).
Perhaps itrepresents the stack of a southward oriented thrust complex as suggested by Roeder
(1989a). The transition to the lower crust occurs at about 19 km under the centre of the Po
Plain and dips northward to reach 24 km depth under the Southern Alps. The velocity
increases at this boundary to 6.6 kms-!.

The Moho dips gently to the south from 29 km beneath the northern end of the Molasse
basin (Aichroth et al. 1992) to 35 km under shotpoint AD at the northern end of the Helvetic
overthrust. The greatest clearly determined depth of 56 km is reached some 105 km south
of AD. A very steep offset in the Moho has to be assumed below shotpoint AC with a vertical
throw of up to 11 km between the lower, S-dipping Moho from the north and the upper, with
a much steeper dip towards the north (Figure 3-13b). The Moho lies at 33 km depth under
the southern margin of the Southern Alps. The northern European Moho is clearly defined
by the sudden termination of the high reflectivity, refracted and wide-angle reflected
observations. In contrast, the base of the Adriatic crust is much less well defined on the
reflection data, whereas the refraction and wide-angle reflection data are just as good as
further north. There is now general agreement that the European plate is subducted under the
Adriatic lithosphere where the Alpine crust is thickest (e.g. Valasek er al. 1991). However,
it is unclear how deep the European Moho can be followed as an interface into the lower
lithosphere and how well the corresponding velocity—depth distribution is controlled by the
presently available data. Buness and Giese (1990) have derived, from later P-wave phases
observed at distances up to 370 km on the recordings of shots AD to the south and AA/SA
from the Ligurian coast to the north, a velocity range between 6.2 and 7.4 kms' for the subducted
lower European crust, shown as 6.5 kms™' in Figure 3-12. Ye (1992) has shown that the same
phases can also be interpreted differently (shown dashed in Figure 3-11a), which leaves open
the question about the detailed sub-Moho velocity structure. Since we are dealing with a
highly complex three-dimensional structure, the reader should be aware that, after proper
projection of tectonic details and after a still more rigorous incorporation of the along-strike
wide-angle profiles, some modifications of the crustal structure may still arise. Nevertheless,
for the first time a continuous two-dimensional velocity—depth distribution derived inde-
pendently from the EGT data can be combined with the properly migrated NFP-20 reflection
data where the migration process itself is based on an independent determination of velocities
from older, along-strike refraction profiles.

Po basin and Northern Apennines

The next section south of the central Alpine profile covers the tectonically complex region
extending from the Insubric line across the Po basin and the northern Apennines to the
Ligurian Sea (see Figures 3-1 and 3-12). It comprises the southernmost part of the seismic
experiment EGT-S86, carried out simultaneously with EUGEMI, between shotpoints CE
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north of the Alps and AA/SA off the Ligurian coast. The data of the main profile are contained
in the compilation by Aichroth et al. (1990) whereas the EGT data obtained in 1983 and 1986
on profiles and fans off the main line were compiled by Buness (1990) and Maistrello et al.
(1991), respectively. These off-line data cover parts of the western and Southern Alps, the
Po basin and the northern Apennines. It was only this large amount of data together with an
already existing wealth of older profiles (see e.g. Giese et al. 1976) which allowed the
derivation of the very detailed crustal structure shown in Figures 3-12 and 3-13.

The main crustal features can be described as follows (Figure 3-12): The crystalline
basement with P-wave velocities between 6.0 kms ! and 6.2 kms ! along the profile is overlain
in the north by the Neogene sedimentary cover of the Southern Alps, in the centre by the
southward deepening sedimentary trough of the Po basin, and in the south by the sedimentary
thrustbelt of the northern Apennines. The middle crust consists of a low-velocity zone with
adecrease to 5.7 kms-! (in places even to 5.4 kms™!) which thickens southward and terminates
under the northern part of the northern Apennines. The adjacent upper crust to the south
apparently contains no such low-velocity zone but is even more differentiated than is shown
in the section of Figure 3-12 derived by Buness and Giese (1990), as can be seen if compared
to Figure 3-15a by Egger (1992). This layer is underlain by a 5 km thick transition zone with
6.3 kms'! velocity, with the same north—south extension as the low-velocity zone above it.
The deepest part of the crust shows the strongest variation along the profile both in thickness
and velocity, with changes from 6.5 kms! in the north to 6.8 kms' in the south. Its thickness
decreases from the Insubric line towards the Po basin as depicted in Figure 3-11 and pinches
out beneath the northern margin of the northern Apennines.

In contrast to the model shown in Figure 3-11a by Ye (1992), where the thickness of the
Adriatic crust decreases continuously from the Insubric line to the Po basin, Buness and Giese
(1990) propose a stepwise shallowing of the Moho under the northern margin of the Po Basin
with the indication of a northward oriented thrust combined with a reduction of the sub-Moho
Pn velocity to 7.8 kms-!. This transitional layer in the upper mantle thins out to the south. The
Moho deepens again to 48 km under the front of the northern Apennines and to nearly 60 km
under the northern coast of the Ligurian Sea. It is overlain by an undifferentiated subducted
slabof the Adriatic crust with a low average velocity of only 6.2 kms™!. Similarto the subduction
structure under the Central Alps, the lithospheric unit of the northern Apennines overthrusts
this subducted Adriatic slab. The crustal thickness of this unit decreases from 26 km at its
northern margin to 22 km under the southernmost shotpoint AA/SA (see also Figure 6-30).

Giese and Buness have attempted to map regionally the different crustal units, which are
presented as depth contours in Figure 3-13a and in a three-dimensional view in Figure 3-13b.
The S- and E-dipping Moho of the European plate can be traced to a depth of 65 km. This
is overlain in the north and northwest by the Adriatic microplate with Moho depths of up to
46 km under the Southern Alps, 30 km under the Po basin, 20 km at its western edge, and
another downwarping to 50 km under the northern Apennines. The crustal base of the
northern Apennines shallows southward from 24 km in Liguria to 19 km under the central
Ligurian Sea (cf. Figure 3-15).

Ligurian Sea to Sardinia Channel
The Mediterranean part of the Southern Segment covers the area with the most recent and
greatest large-scale tectonic mobility of the entire traverse. Itcrosses continental, transitional
and partly oceanic realms, which also becomes obvious in the lithospheric structure.
Next, the EGT traverses an area of active rifting and oceanization. In 1981 a two-ship
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Figure 3-14. Seismic structure cross section of the Ligurian Sea derived from interpretation of
offshore profiles west of the EGT line, simplified after Le Douran et al. (1984).

seismic survey along expanding spread profiles was carried out independently of EGT in the
nothwestern Mediterranean Sea (Figure 3-14, Le Douaran et al. 1984). Complete crustal
cross sections across the margins and the deep basins helped to elucidate the nature of the
crust at the incipient and ongoing rifting in the Ligurian Sea and to clarify the amount of
crustal thinning beneath the continental margins. Figure 3-14 shows a cross section of this
survey, located to the west of the trace of EGT. Values of 4.5-4.9 kms'! and 5.7-5.8
kms! are observed for the layers of the upper crust, whilst velocities of 6.8-7.0 kms-!
represent the lower crust on either side of the continental margins. Between the margins of
Corsica and Provence a two-layered transitional crust was mapped that appears to be neither
continental nor oceanic. P-wave velocities between 5.2 and 6.0 kms'! for the 5 km thick
crystalline crust and a velocity in the uppermost mantle of 7.9 kms-! are considerably lower
than on the flanks of the rift.

The next part of the EGT to the south (Figure 3-1) extends from the Northern Apennines
across the Ligurian Sea and across the islands of Corsica and Sardinia to the Sardinian
Channel. The cross section (Figure 3-15) shown here is based on a careful revision by Egger
(1992) of various previous structural models derived from refraction seismic data along the
entire section, with large shots fired on land at ALC and offshore at SA, SB, SC, SD and SE.
In addition a limited amount of older shallow reflection data were incorporated. It also
includes pre-EGT information about the shallow sediments and deep structure of the crust by
Morelli et al. (1977), Nicolich (1985), Finetti and Del Ben (1986), and recently published
structural models by Biella er al. (1987). For a complete list of references see Egger (1992).
All refraction and wide-angle reflection data collected as part of the EGT project in 1982 (a
small, test experiment), 1983 and 1985 are contained in the compilation by Egger (1990).
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Northern Apennines—Ligurian Sea

The very detailed survey along the EGT proper by means of ocean-bottom seismometers
(OBS) and adjacent onshore recordings has shown that the active rifting in the Ligurian Sea
reaches further northeast to at least the region north of Cape Corse (Figure 3-15). The
layering derived for the upper crust under the northern Apennines and the northern Ligurian
Sea, with velocities of 5.8-6.25 kms-! suggests basement nappes thrust northwards. The
lower crust is reached in the north at a depth of 10 km. A thick layer with an increasing
velocity from 6.3 to 6.4 kms™! indicates the transitional character of the crust, as normally
found under rift flanks. A velocity of 6.8 kms™! is reached only just above the Moho. Below
the Moho of the northern Ligurian Sea a thick high-velocity zone averaging 8.3 kms™! is found
beneath a rather thin transition layer with 7.7 kms-!. A strong lateral variation from north to
south, with layers of significantly higher velocities beneath the southern half of the Ligurian
Sea, characterises the middle and lower crust.

The high-velocity intrusive plug with 6.7 kms-! velocity in the middle crust of the central
Ligurian Sea is indicative of the progressing rifting process. Note also the high-velocity area
over a depth range of about 5 km in the lower crust under the central basin. The Moho rises
from 24 km beneath the northern Apennines to 18 km in the centre of the Ligurian Sea and
subsides again to 24 km beneath the north coast of Corsica. The measured apparent upper
mantle velocities require a higher value in the north and a low one in the south. Beneath the
southern half of the Ligurian Sea the sub-Moho velocity varies between 7.5 and 7.8 kms™.

Corsica-Sardinia

The islands of Corsica and Sardinia have a rather homogeneous Variscan-type continental
crust (Figure 3-15) without spectacular features and with only minor indications of low-
velocity zones. Since Corsica has no sedimentary cover the velocity in the upper crust
increases in the centre of the island from the relatively high near-surface value of 6.1
—6.3 kms-! at 12 km depth, followed by a small decrease to 6.1 kms'!. The lower crust is
reached at 19 km depth where the velocity changes abruptly to 6.6 kms-!. The base of the crust
deepens steadily from the Ligurian Sea to 32 km beneath the southern half of Corsica.

Relative to Corsica the actual seismic profile on Sardinia is offset to the west by about 50
km (Figure 3-1). The profile traverses Oligocene to Quaternary volcanics in the north and,
in the south, first the Quaternary sediments of the Campidano graben and then Variscan,
Caledonian and Cambrian units. This is expressed in a considerable lateral variation of the
near-surface structure, with locally rather low seismic velocities. Below that the gross
velocity structure is very similar to the one beneath Corsica, with a clear separation into an
upper and lower crust based on the difference of velocities between, respectively, 6.1-6.25
kms ! and 6.6 kms!. The structural results derived from cross lines and parallel profiles to
the main N-S line (Egger 1992) lead to the conclusion that Corsica and Sardinia belong to the
same lithospheric block. The uppermost mantle velocity increases southwards from 7.5
kms-! beneath the Ligurian Sea to 7.7 kms-! below Corsica and 8.0 kms! beneath Sardinia.

Sardinia Channel

The seismic profile across the Sardinia Channel connects the European Corsica-Sardinia
block with the orogenic units of the northernmost part of the African plate. The relative
motion between these two tectonic units has seriously affected the crustal structure (Figure
3-15). The shallow data have indicated a three-layered sequence of sediments which thin
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Figure 3-15. Seismic structure cross section from the Ligurian Sea across Corsica and Sar-
dinia to the Sardinia Channel derived from interpretation of EGT-South data (for location see S in
Figure 3-1).

above a number of basement highs orridges. Associating the velocity of about 6.0 kms-! with
the seismic basement, this interface deepens from 4 km under shotpoint SD to 5.5 km under
the central Sardinian Channel and rises again to 4 km near shotpoint SE with a sharp rise 40
kmnorth of SE. Inthe northern third of the Sardinia Channel the velocity increases with depth
in the upper crust from 6.05 kms-! to 6.3 kms-! atabout 10 km. In the centre around shotpoint
SE a high-velocity layer with 6.95 kms-! had to be introduced into the model to fit the travel
times observed on the OBS similar to the Ligurian Sea. At 13 km depth the velocity changes
sharply from laterally variable values between 6.3 kms ! and 6.4 kms! to values between 6.9
and 7.4 kms'! immediately below this interface. This roughly 8 km thick transitional layer
with an average velocity of 7.5 kms-! probably has the same significance as the one found
under the central Ligurian Sea. It wedges out both to the north and to the south to disappear
beneath the Sardinian and Tunisian coast lines. The Moho has been modelled as a distinct
boundary where the velocity increases to 8.0 kms-!. Its depth decreases from 25 km under
southern Sardinia to 20 km north of shotpoint SE from where it dips towards the Tunisian
coast.

Tunisia
In order to construct a complete section of the European lithosphere the seismic profile of
the EGT was extended across the Sardinia Channel into Tunisia where it traverses the
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Figure 3-16. Seismic structure cross section from the Sardinia Channel to the Saharan plat-
Sform in Tunisia derived from interpretation of EGT-South data (for location see S in Figure 3-1).

Tellian-Numidian and Atlasian thrust zones to reach at its southern end on the Saharan
platform. The seismic data were collected within a network of partially reversed seismic
refraction profiles including the transition to the Pelagian Sea in the east (Figure 3-1). All
the seismic data for Tunisia were compiled by Maistrello et al. (1990).

The main EGT profile lines up along the four shotpoints SE, SF1, SF2 and SG as indicated
in Figure 3-1. SE is identical with the southernmost shotpoint on the previous section. Figure
3-16 shows the crustal cross section derived by the Research Group for the Lithospheric
Structure in Tunisia (1992). Among the main features of the crust are the extremely thick
post-Palaeozoic sediments with strong lateral variations along the profile which decrease in
thickness from 8 km in the north to 3 km in the south. The distance between shotpoints and
the quality of the data did not allow the shallow seismic structure to be determined
independently. Most of the information about the sediments was taken from results of
hydrocarbon exploration (Bobier et al. 1991) and incorporated schematically in the seismic
model (Figure 3-16) which includes the folded Tellian-Numidian and Atlasian terranes. A
velocity of 6.0 kms™ is found everywhere at unusually great depths of 8-14 km. No clear
intracrustal layering could be detected on the main north—south profile. The striking feature
beneath the sediments is its low average velocity of 6.05 kms™' for the entire crust. The
thickness of the crust increases steadily southwards from 21 km under the centre of the
Sardinian Channel to 38 km in the central folded Atlas but then it decreases again slightly to
33 km under the southern end of the traverse. The upper mantle velocity has a normal value
of 8.1 kms' beneath the African continent.

3.3 SEISMIC EXPLORATION OF THE UPPER MANTLE ALONG EGT

3.3.1 EVIDENCE FROM P-WAVES

The Moho is, by definition, the boundary at which P-wave velocity increases to values of
8.0 kms™! or more and is generally a sharp transition. From the very large amount of P-wave
refraction and wide-angle reflection data across Europe, supplemented by normal incidence
reflection data, it is possible to map the Moho depth with an accuracy better than +2 km.
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Figure 3-17 shows a general map of Moho depth across Europe compiled from Meissner et
al. (1987) and Ziegler (1990). A more detailed map of Moho depth contours along the EGT
swathe is presented in EGT Atlas map 2. By linking the Moho with the crust/mantle
boundary, this map can be regarded as showing the base of the crust and the top of the upper
mantle. In considering its general features, the Moho map is usually viewed as the base of
the crust and is compared with surface geology as expressed, for example, in Figure 2-3.
General features worth noting are the crustal roots underlying the Pyrenees, Alps, Dinarides,
Carpathians and their NW prolongation along the Teisseyre Tornquist zone (Figure 2-4).
Equally striking are the contrasts between the thicker (45 km) continental crust of the Baltic
Shield and east European platform, the thinner (30 km) continental crust of western Europe
and the oceanic crust (20 km) of the Mediterranean basins.

Across the Baltic Shield, FENNOLORA and the POLAR Profile have defined the broad
framework of crust and upper mantle structure. The crust is generally 45-50 km thick and
the lithosphere reaches a maximum thickness of over 200 km, reducing to less than 100 km
to the south of the Tornquist zone. Results from FENNOLORA (Guggisberg and Berthelsen
1987) presented in Figure 3-18 reveal a layered structure within the upper mantle with bands
up to 50 km thick that have V| reduced by 0.5 kms'. This profile provides an insight into the
heterogeneity of the lithosphere beneath the crust, sometimes called ‘the lower
lithosphere’,which is beyond the range of normal-incidence reflection profiling and beyond
the limits of resolution of seismic tomography from earthquake sources. It is thus akey piece
of evidence about the nature of continental lithosphere. There are glimmers of similar
heterogeneity developed in the lower lithosphere beneath the Alps, their northern foreland
and Sardinia, but elsewhere along EGT there are insufficient data to reveal the nature of any
consistent heterogeneity that may be present.

A complementary approach to determining upper mantle heterogeneity on a broader scale
has been taken by Spakman (1986, 1988, 1990a,b, 1991) from the inversion of over half a
million observations of P-wave residuals covering western Europe and the Mediterranean.
The residuals represent departures in the P-wave travel-times from a concentrically layered
but otherwise uniform model of the Earth, such as the Jeffreys—Bullen model, which arise
from local heterogeneities in P-wave velocity. Given a sufficiently dense network of
pathways of the P-waves through a volume of the Earth, inversion can map the heterogeneity
of this volume in three dimensions, which is known as seismic tomography. From his seismic
tomography analysis of Europe, using earthquakes in southern and eastern Europe and the
Mediterranean recorded at observatories spread all over Europe, Spakman (1990a,b) has
produced a series of cross sections with contoured values of P-wave velocity to a spatial
resolution of 50-100km. Relatively high values of Vp have been mapped in three dimensions
which coincide with lithosphere thickness variations, including subducted slabs from the
African plate across the western Mediterranean, the Calabrian and the Hellenic arcs. From
his most recent analysis (Spakman 1991) he has derived a cross section along EGT from
central Scandinavia to Tunisia that shows P-wave velocity variations down to 1300 km depth.
Ascan be seen in Figure 3-19, this gives a spectacular view of the variability within the upper
mantle. Of specific interest is the region of relatively high velocity in the upper portion of
the section which marks the lithosphere. This thickens to more than 200 km under the Baltic
Shield, exactly as observed along FENNOLORA (Figure 3-18). It also thickens to 150-200
km beneath the Alps to form a lithospheric root. This lithospheric root beneath the Alps was
discovered by Panza and Mueller (1978) from surface wave analysis and later confirmed by
P-wave residuals, gravity modelling and geothermal considerations (Kissling et al. 1983).
The asymmetrical form of this root, first noted by Panza et al. (1980a), is clearly evident in
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Spakman’s cross section. The high-velocity lithosphere region remains around 100 km thick
beneath Corsica and Sardinia but its position beneath North Africa is unresolved. In contrast,
the central, Variscan part of EGT north of the Alps shows relatively low P-wave velocities
within 100 km of the surface, indicative of thinned lithosphere. Exploring this in three
dimensions, Mueller (1989) has been able to demonstrate that the thinned lithosphere with
low velocities relates to the central European system. Although not clearly visible on the
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Figure 3-18. Seismic structure cross section of the crust and upper mantle of the Baltic Shield,
based on P-wave velocities derived from interpretation of FENNOLORA.

cross section in Figure 3-19, further to the east, parallel cross sections prepared by Spakman
(1990b) clearly indicate a dominant feature beneath the Hellenic arc that is continuous to the
surface, which he has identified there as the down-going subducted lithosphere slab of the
African plate. A similar feature is also visible to the west of the EGT profile beneath the Atlas
mountains. The north-dipping high-velocity region beneath the EGT section may therefore
represent subducted African lithosphere which has detached and is now sinking within the
upper mantle. Further north, beneath the Alps, there is another region of relatively high P-
wave velocity between depths of 300 and 600 km, clearly separated from the lithosphere,
which could possibly represent the residual of former subducted lithosphere. Atthe northern
end of the section the high-velocity thick lithosphere is underlain by a deeper region of
relatively high velocity to about 500 km depth and there appears to be a distinct lateral change
from this to the region immediately to the south.

3.3.2 EVIDENCE FROM S-WAVES

Although most of the major explosion experiments have deployed three-component
seismometer stations with a view to recording S-waves (which should show better on the
horizontal component seismometers) as well as P-waves, most attention has been given to the
latter. This has been due in part to the rather weak S-wave signals generally obtained in such
experiments. Gajewski et al. (1990) have made a point of examining the refraction of S-
waves at the Moho and their propagation through the uppermost 10—15 km of the mantle in
continental lithosphere. Despite observing good S-wave reflections off the Moho, they found
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that wherever the P-wave refracted arrival from the Moho, Pn, was observed, the equivalent
Sn phase was too small in amplitude to be detected, much smaller than would be predicted
using a standard V)p/V ratio of around R(3). Their observations pertained to SW Germany,
France and Scandinavia (FENNOLORA) within the EGT region, and to an area of accreted
terranes in the northeastern United States, and were common to all four areas. Examining
various alternative possibilities by computer modelling, they concluded that the most likely
explanation is that the S-wave velocity increases with depth at a much smaller rate than the
P-wave velocity, so that the Vp/V ratio increases with depth just below the Moho. Consid-
ering various possible causes for this they looked at the effects of temperature and pressure,
compositional changes and associated anisotropy, and the presence of fluids. Of these, the
most likely appears to be a change in composition with depth over a range of 10 km below
the Moho from mafic to ultramafic composition.

Stangl (1990) has re-examined FENNOLORA data to interpret P- and S-wave arrivals
from the upper mantle beneath the Baltic Shield. His models incorporate a layered structure
within the lower lithosphere very similarto that shown in Figure 3-18, although Stangl prefers
thin high-velocity layers relative to broader bands of lower velocity rather than the low-
velocity layers set within higher velocity bands of Figure 3-18. Stangl has also included S-
wave data, which are consistent with the P-wave layering. This is entirely in accord with the
combined model of Calcagnile et al. (1990), discussed in the following section, which
includes S-wave velocities derived independently from surface wave data.

3.3.3 EVIDENCE FROM SURFACE WAVES

Panza et al. (1980b) carried out an inversion analysis of Rayleigh waves from group
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Figure 3-19. Seismic tomography cross section of the crust and upper mantle along the line of
EGT. The darker shading refers to areas of higher P-wave velocity and the lightly shaded areas
to lower P-wave velocity relative to a standard Earth model (Spakman 1991 ).
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velocities and the phase velocities of the fundamental mode observed on long period
seismometers at a relatively dense network of observatories spread across Europe. Their
analysis also provided some measure of the variability of S-wave velocities in three
dimensions beneath Europe as well as estimates of the Vp/V ratio from body waves. Their
approach was to subdivide the Rayleigh wave pathways into segments within each of which
the phase velocity could be determined, so that phase velocity curves could be obtained for
each subdivision of their map. These curves were then inverted to produce models of S-wave
distribution within the crust and upper mantle made up of a number of layers whose thickness
and S-wave velocity values could be varied. The lower lithosphere was shown to be a region
of relatively high S-wave velocity, of variable thickness, overlying the asthenosphere with
relatively low S-wave velocity. Building upon the P-wave velocity model derived from
FENNOLORA, Calcagnile et al. (1990) have analysed the dispersion of Rayleigh wave paths
crossing Scandinavia in the same way, to produce a cross section of the crust and upper mantle
that combines both P-wave and S-wave velocity variations. Their model has been combined
with a cross section of the remainder of EGT derived from Panza (1985) and Calcagnile and
Panza (1990) to give a complete cross section as shown in Figure 3-20. There is a clear
correspondence with Spakman’s P-wave velocity cross section. Figure 3-19, with thick
lithosphere beneath the Baltic Shield and a lithosphere root beneath the Alps. Within the
lower lithosphere of the Baltic Shield, the low-velocity bands are more pronounced in Vp,
reduced by 0.5 km s, than in V which is reduced by around 0.15 km s~!. The distinctive
layering and the reductions in V), and V suggest compositional banding as the cause rather
than the effects of any thermal variations. The cross section also provides an opportunity to
check the Vpp/V ratio within the lower lithosphere, where it equals R(3) within experimental
error (cf. Panza et al. 1980b). A contour map showing the depth to the base of the lithosphere
and the range of S-wave velocities, both in the lower lithosphere and the asthenosphere, is
presented in Figure 3-21, based on the analysis by Panza (1985) and Calcagnile and Panza
(1990). Uncertainty in determining its depth is in the order of 20-30 km. Values of S-wave
velocity in the lower lithosphere range between 4.2 and 4.8 kms™! and are generally around
4.4 10 4.5 kms™! whilst those in the asthenosphere mostly lie between 4.2 and 4.4 kms™!.
Lateral variability of S-wave velocity in the upper mantle has also been addressed by Nolet
(1990) by means of new waveform inversion techniques using both shear and surface wave
information recorded by the NARS array (see Figure 3-1). He has successfully fitted
computed waveforms to those observed for S-wave groups and surface waves (fundamental
mode and overtones) to map the variation of Vg to a resolution of 100 km vertically and 400
km horizontally along a cross section of the mantle beneath the NARS array to a depth of 500
km, presented in Figure 3-22. The most striking feature of this model cross section (known
as WEPLS3) is the upper mantle structure. It indicates the presence of a region of low S-wave
velocity (Vs = 4.3 kms™!) centred at 80 km depth beneath the southern half of the profile
compared with higher values around 4.4 kms-! for the northern half, and a region of relatively
high velocity between 200 and 500 km depth beneath the European part of the section that
contrasts with the Baltic Shield part in the north. The ‘low’ in Vg at 80 km is markedly lower
than would be expected for peridotite at this depth (Vs ~4.5 kms!) but could be explained as
a zone of partial melting where, given dVs/dT = -4 x 10 kms™! °C! at T ~ 1100°C, tem-
peratures are some 300° greater in the southern than in the northern half of the profile.
However, the contrast around 300 km depth between 4.6 kms™!' and 4.8 kms-! appears to be
too great to be explained by temperature alone but indicates a compositional change at this
depth in the region of the Trans-European fault and represents a significant difference in
lithosphere structure between the European platform and the Baltic Shield. Relatively high
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Figure 3-20. S-wave velocity values in kms™ and seismic structure cross section along the line of EGT based on analysis of surface wave data, combining the
interpretation of Calcagnile et al.(1990) for the northern and Suhadloc et al.(1990) for the southern part of the geotraverse. Vertical bars indicate uncertainty.
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Figure 3-21. Contour map of the depth in km to the base of the lithosphere of Europe derived
from an interpretation of the analysis of surface wave data, after Panza (1985). Numbers refer to
S-wave velocities above and below (in italics) the base of the lithosphere. Shaded areas indicate
where there are lithosphere roots.

values of Vg just below the Moho (also observed by Panza et al. 1980b) and again below 220
km beneath the Paris basin also coincide with locations of high P-wave velocity observed by
Spakman (1986).

Lateral heterogeneity within the upper mantle below Europe has also been mapped by
Snieder (1988) from large-scale waveform inversion of surface waves. He averaged in a
vertical sense and produced maps of S-wave velocity variation for two fixed layers, one from
0 to 100 km depth, the other from 100 to 200 km. He found a greater and better defined
variability within the lower of the two layers, containing the upper mantle low-velocity zone
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Figure 3-22. Seismic structure cross section of the upper mantle along the line of the NARS
stations from Giteborg to Malaga based on analysis of surface wave data by Nolet (1990). S-
wave velocity values shown in kms!.

(i.e. the asthenosphere). Variations within the upper layer have averaged out vertically
between crust and uppermost mantle to obscure any lateral variability, although in the lower
layer, regions of high and low S-wave velocity can be related to major crustal features. Low
values are found beneath the Aquitaine, Paris and Pannonian basins, for example, and high
values beneath the Alps, the Pyrenees, the Bohemian massif, the Teisseyre Tornquist zone
and the subduction zone beneath the Calabrian arc.

In the discussion above, inversion of the seismic arrivals at arrays of recording stations has
been described as deducing the patterns of heterogeneity of seismic velocities. There is,
however, the possibility of azimuthal anisotropy which has not so far been considered. From
a dense network of pathways obtained from recording quarry blasts, Bamford (1977)
examined the azimuthal variation of Pn travel times across central and southern Germany.
his analysis indicated that P-wave velocity just below the Moho could vary by about 6%
around 8.05 kms! with maximum values aligned approximately NE-SW. However, he
acknowledged the difficulty in distinguishing anisotropy from the effects of lateral hetero-
geneity. Further studies by Fuchs (1983) and by Yanovskaya ef al. (1990), who analysed
Rayleigh wave phase velocites over eastern France, northern Italy southern Germany and
Switzerland, have also revealed anisotropy of around 2.5 % in S-wave velocity just below the
Moho with maximum values broadly NE-SW. They link this alignment with the direction
of maximum horizontal tension across the region (see Figure 5-1). Although anisotropy may
be present, it would appear not to have too significant an effect on velocity structure in the
upper mantle, which is borne out by the way that the same features are found using analyses
of both P-wave and S-wave velocity variations by such a variety of methods, based on
independent datasets. It is therefore reasonable to draw geological inferences from the
variations as mapping mantle heterogeneity. As a consequence of these findings it was
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decided to set up the ILIHA (Iberian LIthosphere Heterogeneity and Anisotropy) experiment
as part of the EGT project, in order to investigate a region of the European lithosphere with
a stable and relatively uniform crustal block, the Iberian Peninsula, of sufficient size to give
a reasonable chance of investigating both the nature of any heterogeneity within the
underlying mantle and, if possible to examine whether anisotropy might also be present. To
this end, the NARS array was deployed across the region from April 1988 to March 1989 and
a long-range refraction and wide-angle reflection experiment using explosive sources was
conducted in October 1989. Analysis of the results from this difficult and complex set of
experiments has yet to be completed.

The lower bounds to the upper mantle are marked by discontinuities at 400, 520 and 670
km depth, at which P-waves and S-waves increase sharply. Studies by Paulssen (1988) of
converted P- to S-waves, which are sensitive to the nature of the transitions, have demon-
strated that the 670 km transition forms a very sharp discontinuity less than 3 km in width,
with a well-defined velocity increase downwards. This effectively defines the base of the
upper mantle and can be seen on the P-wave tomography image of Figure 3-19. The 400 km
transition is not as distinctive nor as sharp, being less than 10 km thick and laterally more
variable in character, possibly due to lateral heterogeneity in the layer above. A further weak
transition at around 520 km depth has also been recognised, and may feature beneath Europe.
Although some controversy remains, the transitions are generally regarded as due to phase

transitions rather than co