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Abstract v

Abstract

In ocean-continent-transition (OCT) zones of magma-poor rifted margins, low-angle
detachment faults exhume mantle and crustal rocks over tens of kilometers at the
seafloor. The identification and interpretation of these key tectonic structures in seis-
mic reflection data is, however, difficult and ambiguous, because they often coincide
with the top-basement reflection and because shallow intra-basement detachments
commonly produce only weak reflections. Understanding the seismic response of
such detachment faults is essential, because the exploration of present-day margins
is predominantly based on seismic reflection profiling. In order to improve the geo-
logical interpretation of seismic reflection data from magma-poor rifted continental
margins, and of low-angle detachment faults in particular, the seismic expression of
geological equivalents exposed in the Alps has been modeled.

This study demonstrates that the characteristics of the seismic response of ex-
humed detachment faults can be used to distinguish tectonic and non-tectonic
sediment-basement contacts as well as to distinguish between exhumed mantle and
exhumed crustal rocks in OCT zones. I present a catalogue of criteria for correla-
tion of the geological settings, seismic structures, and diagnostic seismic features of
low-angle detachment faults and associated structures, which may serve as guide for
the interpretation of seismic profiles.

For the assessment of the seismic structure across rift-related detachment faults, a
database of acoustic rock properties as well as a statistical characterization of small-
scale fluctuations of these rock properties has been acquired. This data collection
includes the pertinent lithologies occurring in former Tethyan and the present-day
west Iberian margins. It is based on petrophysical laboratory measurements of
samples collected in Alpine outcrops of the former Tethyan margins, on laboratory
data from ODP borehole samples from the Iberian margin, on stochastic analyses of
well-log data from the Iberian margin, on estimates of original porosities and recon-
struction of fracture healing processes of the Alpine samples, and on acoustic rock
property data compiled from literature. This database provides a comprehensive
description of the large-scale deterministic and the small-scale stochastic velocity
and density structures.

The construction of realistic seismic models and full waveform modeling of ma-
rine seismic surveys produced synthetic seismic profiles, which were used to evaluate
the detailed seismic response of detachment faults. The design of the simulated seis-
mic surveys emulates that of real surveys in the Iberia Abyssal Plain, and standard
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seismic data processing was performed on the modeled shot-gathers. This approach
led to realistic synthetic seismic profiles, which are suitable to evaluate certain am-
plitude attributes and non-specular features, which are considered to represent the
seismic fingerprints of the response from the detachment faults. The models of seis-
mic velocity and density structures are based on the petrophysical database and
on a few well constrained geological situations of detachment structures exposed in
the Err and Tasna nappes of SE Switzerland. Particular attention was paid to the
simulation of realistic seismic structures across the cataclastic damage zones asso-
ciated with the detachment faults. It turned out that the diagnostic aspects of the
seismic response from these faults are dominated by effects of small-scale velocity
variations.

The resulting catalogue correlating the geological appearance of detachment
structures with their seismic signatures has been compared to observed seismic data
from a geological equivalent and partly drilled detachment fault in the Iberia Abyssal
Plain, the Hobby High detachment. Indeed, the seismic fingerprints obtained by seis-
mic modeling allowed to reinterpret an un-drilled segment of the Hobby High detach-
ment, which led to the detection and identification of small extensional allochthons
overlying the detachment and of high-angle faults cutting it. In particular, the post-
detachment faults and their geometrical relationship with the overlying sediments
have important geological implications since they document ongoing extension after
continental break-up. This interpretation implies also that most, if not all, of the
sediments overlying the seismic basement in the distal margin are post-rift in age.
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Zusammenfassung

In dieser Arbeit wird die reflexionsseismische Abbildung von flachen ”Abscher-
brüchen” (engl. detachment faults) in nicht- oder wenig-vulkanischen Kontinen-
talrändern untersucht. Um die geologische Interpretation von reflexionsseismischen
Profilen durch solche Kontinentalränder zu verbessern und die Interpretation von
Detachment faults zu erleichtern, wurden synthetische seismische Profile von Frag-
menten fossiler Kontinentalränder modelliert, die in den Alpen aufgeschlossen sind.
Detachment faults sind tektonische Schlüsselstrukturen in Kontinentalrändern, da
sie in dem Kontinent-Ozeanübergang Erdkruste und Erdmantel über mehrere zehner
Kilometer am Meeresboden freilegen. Ihre Identifikation in seismischen Profilen
ist allerdings schwierig, weil sie meistens mit der Reflexion vom Grundgebirgs-
Sedimentkontakt zusammenfallen. Detachment faults, die innerhalb des obersten
Grundgebirges vorkommen, sind ebenfalls schwierig zu erkennen, da sie in der Regel
nur schwachen Reflektoren entsprechen. Da jedoch die Erkundung von heutigen
Kontinentalrändern zum allergrössten Teil auf Reflexionsseismik beruht, ist ein
gutes Verständnis der seismischen Abbildung solcher Detachments essentiell. Diese
Studie zeigt, dass es anhand von charakteristischen Merkmalen der Reflexionen von
exhumierten Detachments möglich ist, diese von gewöhnlichen, nicht-tektonischen
Kontakten von Grundgebirge und Sediment zu unterscheiden, und darüber hinaus
auch exhumierten Erdmantel von exhumierter Erdkruste zu unterscheiden. Diese
Merkmale sind in einem Katalog zusammengefasst, der verschiedene geologische
Konfigurationen solcher Detachments, ihre seismischen Strukturen und ihre ty-
pischen Reflexionsbilder zeigt.

Als Datengrundlage für die seismischen Modelle in dieser Studie, wurden petro-
physikalische Gesteinseigenschaften und ihre Variabilität analysiert. Diese Daten-
sammlung umfasst alle relevanten Lithologien des heutigen west-iberischen Konti-
nentalrandes sowie von zwei Fragmenten ehemaliger Kontinentalränder der alpinen
Tethys. Die Datengrundlage beruht auf petrophysikalischen Labormessungen an
Proben von den fossilen Kontinentalrändern sowie an Bohrlochproben aus dem
iberischen Kontinentalrand. Sie umfasst ferner Analysen von Dichte-, Porositäts-
und Geschwindigkeitslogs aus Bohrlöchern am iberischen Kontinentalrand, Abschätz-
ungen von ursprünglichen Porositäten sowie Diageneseprozessen in den Proben aus
den fossilen Kontinentalrändern sowie aus der Literatur zusammengestellte Daten.
Insgesamt stellt diese Datensammlung eine umfassende Beschreibung der determin-
istischen, grossräumigen seismischen Geschwindigkeits- und Dichtestruktur sowie
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ihrer stochastischen, kleinmassstäblichen Heterogenität dar, so wie sie in einem
Kontinent-Ozenübergang erwartet werden kann.

Das seismische Reflexionsbild von Detachment faults wird anhand von syn-
thetischen seismischen Profilen charakterisiert, die auf hochauflösenden und rea-
listisch komplexen Simulationen seismischer Struktur, auf der Simulation ganzer
mariner reflexionsseismischer Vermessungskampagnen und gewöhnlicher seismischer
Datenverarbeitung beruht. Die Konzeption der simulierten Vermessungskampa-
gnen entspricht der von realen seismischen Profilen am iberischen Kontinental-
rand. Dieser Ansatz führt zu sehr realistischen synthetischen Profilen, die geeignet
sind, die Amplituden reflektierter Wellen sowie das Auftreten von Diffraktionen
zu charakterisieren. Dabei basieren die hier realisierten seismischen Modelle auf
der petrophysikalischen Datenbasis und auf intensiv untersuchten Aufschlüssen von
Detachments in der Err und Tasna Decke in Graubünden. Es stellte sich her-
aus, dass die diagnostischen Aspekte im seismischen Abbild von Detachments im
wesentlichen Effekte der kleinmassstäblichen Heterogenität in der seismischen Struk-
tur der Störungen sind.

Die anhand von synthetischen Daten charakterisierten Merkmale geologischer
Struktur, seismischer Struktur und seismischer Abbildung von Detachments wurden
mit realen seismischen Profilen über das teilweise erbohrte Hobby High Detachment
in dem iberischen Kontinentalrand verglichen. Darüber hinaus konnten die ”seis-
mischen Fingerabdrücke” gebraucht werden, um nicht erbohrte Segmente des Hobby
High Detachments detaillierter zu interpretieren, was zur Identifikation von Resten
des ehemaligen Hangenden des Detachments sowie von späten steilen Brüchen, die
das Detachment versetzen, geführt hat. Speziell diese späten (post-detachment)
Brüche und ihre geometrische Beziehung zu der Sedimentbedeckung sind interes-
sant, da sie einerseits Extension nach der Aktivität der Detachments dokumentieren
und andererseits zeigen, dass Rifting so schnell sein kann, dass quasi keine synrift
Sedimente abgelagert werden.
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Chapter 1

Introduction

1.1 Magma-poor rifted continental margins

Global framework

Earth’s lithosphere is broken into a dozen larger and many smaller plates, which
move on top of a plastic asthenosphere. Based on their relative motion, three kinds
of plate boundaries can be defined: boundaries of divergence, boundaries of lateral
displacement (transform boundaries), and boundaries of convergence. The litho-
sphere within these plates is generally classified as either continental or oceanic.
Boundaries of continental and oceanic lithosphere are known as continental mar-
gins, whereby active and passive margins are distinguished. Active margins are at
the same time plate boundaries, either convergent ones, such as the western mar-
gin of South America, or transform boundaries, such as the San Andreas fault in
California. Passive margins are intra-plate boundaries of continental and oceanic
lithosphere, such as the margins surrounding the Atlantic ocean (Figure 1.1). Pas-
sive margins, also referred to as rifted margins, result from rifting and break-up
of continental crust and lithosphere, leading to the formation of a divergent plate
boundary, i.e. a mid ocean ridge (Label A in Figure 1.1).

Rifted continental margins are not abrupt boundaries of continental and oceanic
lithosphere. Rather they are gradual transitions, which extend over a few hun-
dred kilometers passing from increasingly thinned continental crust to exhumed
subcontinental mantle (often referred to as transitional crust) and finally to oceanic
lithosphere (e.g. Fig. 5 in Manatschal and Bernoulli , 1999). Nevertheless, rifted
margins are among the most distinctive morphological features on earth (Figure
1.1). Some of them are sediment-starved like the west Iberian margin (Label B in
Figure 1.1), others preserve one of the world’s largest accumulations of sediments
like the Norwegian margin (Label C in Figure 1.1). Apart from the volume of the
sedimentary cover, rifted continental margins have also been classified as volcanic
and non-volcanic (or magma-poor) margins, depending on the presence or absence
of syn-rift magmatism.
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Figure 1.1: Submarine relief of the North Atlantic ocean showing the mid-oceanic
ridge (A) separating the North American, Eurasian, and African plates. The conti-
nental margins surrounding the Atlantic ocean show distinctive morphological fea-
tures. Some of them, like the west Iberian margin (B), are sediment-starved, whereas
along others, like the Norwegian margin (C), huge volumes of sediment have been ac-
cumulated. The Alps (D), which result from collision of the micro-continent Adria
with Eurasia, contain fragments of the ancient continental margins of the former
Tethyan ocean(s) which separated these continents during most of the Mesozoic.
From B.C. Heezen and M. Thrap in Nicolas (1995).

According to plate tectonic theory, there must have been ancient oceans on earth,
which have fallen victim to subduction. Dismembered relics of subducted oceans
are preserved along the suture zones of collisional orogens. Examples are the former
Tethyan ocean basins, which once separated the Eurasian, Adriatic, and African
continents (Figure 1.2). The subduction/obduction of these oceans and continental
collision finally led to the formation of the Alpine mountain chain. In most cases,
continental and oceanic lithosphere were decoupled during the orogeny resulting in
the elimination of the Tethyan ocean-continent transitions (OCT). However, at some
locations the former OCTs are preserved. Studying such exposed ancient margins
and their OCTs has obvious advantages, because present-day margins are below
sea-level and their basement structures are buried below a thick pile of sediments.
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Figure 1.2: Paleogeographic maps showing a reconstruction of the former Tethyan
ocean basins, which once separated the Eurasian, Adriatic, and African continents.
The labels IM, AM, and B refer to the Iberian margin, the Adriatic margin, and the
Briançonnais, respectively. From Manatschal and Bernoulli (1999).

Historical Aspects

Continental extension, eventually leading to continental break-up and the formation
of a new ocean, is one of the most fundamental plate tectonic processes. Although
rifted margins are an integral part of the plate tectonic inventory, the architecture of
rifted margins has been poorly understood until recently. The discovery of low-angle
extensional faults, so-called detachment faults, in areas of high intra-continental ex-
tension, such as metamorphic core complexes in the southwestern United States,
provided a viable mechanism of crustal extension (Davis and Coney , 1979; Critten-
den et al., 1980; Wernicke, 1981). Detachment faults are considered to accommodate
very large displacements along subhorizontal fault planes whereby the hanging wall
is detached from the footwall and is broken up into ”extensional allochthons” and
the footwall is exhumed. The process behind the formation of detachment faults
was first described as extensional nappe tectonics (Wernicke, 1981; Wernicke and
Burchfiel , 1982), which led to considerable controversy on the mechanical behavior
of this type of extensional tectonics.

In spite of objections raised by rock-mechanic experts and geophysicists, the con-
cept of low-angle detachment faulting was quickly applied to lithospheric extension
and to the formation of rifted continental margins (e.g. Wernicke, 1985; Lister et al.,
1986). Low-angle detachment models readily explain many features of rifted mar-
gins, such as the asymmetry of conjugate margins, marginal plateaus, outer highs,
detached continental ribbons, and submerged continental fragments, which can not
be explained by the previously prevailing pure shear lithospheric stretching model
(McKenzie, 1978). The most important feature casting doubt on the McKenzie
(1978) model was the remarkable absence of symmetrical rift structures predicted
by this pure shear model (e.g. Bally , 1981). The structural asymmetry of conjugate
rifted margins was recognized as a generic feature of rifted margins, which led to
the concept of lower-plate and upper-plate margins (Lister et al., 1986).

Today, it appears that unique pure shear (McKenzie, 1978) and unique simple
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shear models (Wernicke and Burchfiel , 1982; Wernicke, 1985) must be considered
as end-member mechanisms, which are both unable to explain the entire evolution
of a rifted margin. As a consequence, combinations of pure and simple shear models
were discussed (e.g. Lister et al., 1986; Reston, 1990; Lister et al., 1991; Sibuet ,
1992). Such combined concepts allow for lithosphere-scale simple shear extension
at some point of rifting. Detachment faulting was subsequently recognized in many
rifted margins, e.g. the Armorican, the Iberian, and the Rea Sea margins (Boillot
et al., 1987a; Le Pichon and Barbier , 1987; Boillot et al., 1989; Reston et al., 1996;
Krawczyk et al., 1996; Talbot and Ghebreab, 1997). Additional support for a strong
simple shear component in lithospheric extension came from the discovery of mantle
rocks along the west Iberian margin, which were exhumed to the seafloor during
rifting (Boillot et al., 1987a; Beslier et al., 1993). Similar occurrences of subcon-
tinental mantle rocks cropping out at the seafloor were already known from the
Liguria-Piemonte ophiolites of the Alps and Apennines (e.g. Decandia and Elter ,
1972), where they were initially assumed to have been exhumed along transform
faults (e.g. Gianelli and Principi , 1977; Lemoine, 1980; Cortesogno et al., 1981;
Weissert and Bernoulli , 1985). Later, the occurrence of these mantle rocks was ex-
plained by exhumation of subcontinental mantle along low-angle detachment faults
(Lemoine et al., 1987; Froitzheim and Manatschal , 1996) or by exhumation along
a slow-spreading ridge (Lagabrielle and Cannat , 1990; Lagabrielle and Lemoine,
1997).

In the Alps, outcropping detachment faults were found to have exhumed upper
crustal rocks in segments of a former distal margin, and subcontinental mantle
rocks in segments of a former OCTs (Froitzheim and Eberli , 1990; Florineth and
Froitzheim, 1994; Manatschal and Nievergelt , 1997; Froitzheim and Rubatto, 1998).
Although these fragments of the former Tethyan margins are generally no more
than some 5 to 10 km across, knowledge of their architecture and characteristic
lithologies could be used to infer the geometry of exhumed detachment faults in the
Iberia Abyssal Plain (Froitzheim and Manatschal , 1996; Manatschal and Nievergelt ,
1997). These inferences were later confirmed by the drilling results of Leg 173 of
the Ocean Drilling Program (ODP) (Froitzheim and Rubatto, 1998; Manatschal and
Bernoulli , 1999).

Framework and objectives of this thesis

Recent models of continental rifting (Froitzheim and Manatschal , 1996; Manatschal
and Bernoulli , 1998, 1999; Whitmarsh et al., 2001) suggest two phases of exten-
sion. An early phase, referred to as lithospheric necking (Figure 1.3b), leads to
a thinned continental crust. During this early stage, extension is pure shear at a
lithospheric scale, however, it is accommodated in the upper crust by numerous high-
angle, upward-concave listric normal faults characterized by moderate displacement.
Later, the mode of deformation changes to simple shear leading to lithospheric de-
tachment faulting (Figure 1.3b). In contrast to the large number of faults and the
limited displacement along them during early rifting, a small number of low-angle
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detachment faults now accommodates very large offsets. Manatschal et al. (2001)
and Whitmarsh et al. (2001) suggested downward-concave detachment faults during
the latest stage of rifting, which exhume progressively deeper lithospheric mantle
(Figure 1.3b). Given their large offsets and small numbers, low-angle detachment
faults are of great importance for the structural interpretation of rifted margins.
They are an integral part of the continental extension and break-up process and
hence represent a key for the understanding of continental rifting.

Most of the evidence about low-angle detachments in present-day rifted margins
is based on seismic reflection data, where the occurrence of such faults is gener-
ally inferred indirectly from the presence of subhorizontal basement reflectors (e.g.
de Charpal et al., 1978; Montadert et al., 1979; Le Pichon and Sibuet , 1981; Lis-
ter et al., 1991; Reston et al., 1996). These reflectors, which occur beneath tilted
fault blocks in several passive margins, are deep intra-basement structures in the
proximal segments of rifted margins. Conversely, detachments in the more distal
settings of the OCT zone are thought to emerge at the seafloor and to continue as
exhumed, extinct fault zones or so-called top-basement detachments (Figure 1.3c).
Such exhumed, top-basement detachments have been postulated in the southern
Iberia Abyssal Plain offshore Portugal (Beslier et al., 1995; Krawczyk et al., 1996;
Whitmarsh et al., 2000; Manatschal et al., 2001). However, given the different in-
terpretations of these top-basement detachments and the limited consensus with
regard to the kinematic evolution of the OCT, the impression may arise that the
interpretations of the seismic profiles were driven by preconceived models of rift-
ing and detachment faulting, rather than by a rigorous step by step interpretation
of seismic features as possible geological structures. Even if this statement should
be somewhat exaggerated, discrepancies between various interpretations point to a
certain helplessness and uncertainty in interpreting seismic data from distal rifted
margins in the absence of extensive borehole information. Defining practical guide-
lines for seismic interpretation therefore represents a top priority problem in passive
margin research.

To address this problem, I have investigated the seismic structure and response
across rift-related ”top-basement” and shallow intra-basement detachment faults,
based on outcrop evidence from the former Tethyan margins as well as logging and
borehole data from the Iberian margin. I have constructed one- and two-dimensional
seismic models of selected transects of distal magma-poor rifted margins, simulated
corresponding full marine seismic surveys, and processed these synthetic seismic
data to CMP-stacked and time-migrated seismic profiles. On the basis of such
synthetic seismic data, diagnostic seismic features of exhumed detachment faults
and shallow crust-mantle intra-basement detachment faults can be identified. In
conjunction with the well understood geology of the former Tethyan margins, these
seismic features may thus serve as guidelines for the future interpretation of seismic
data from rifted margins.
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Figure 1.3: Conceptual lithosphere-scale model of the development of a rifted
magma-poor margin. (a) Initial situation with four-layer rheology and locally under-
plated gabbro. (b) Initially, the upper mantle necks beneath the gabbros, which al-
lows the asthenosphere to rise. Elsewhere, ductile flow of the lower crust determines
where rift basins form at the surface. Relatively little crustal thinning occurs above
the necked region of the mantle. (c) Rifting localizes at the margin of the relatively
weak unextended crust. The change of the fault geometry from downward-convex to
downward-concave results in the exhumation of increasingly deeper subcontinental
mantle. (d) The asthenosphere ascends close to the surface and mid-ocean-ridge
basalt melts intrude into the exhumed mantle. From Whitmarsh et al. (2001).
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seismic profile across Hobby High in the southern Iberia Abyssal Plain. Contours
represent two-way travel time to the seafloor. From Whitmarsh et al. (1998).

1.2 Geographic and tectonic overview

The west Iberian margin offshore Portugal and the ancient Tethyan margins in the
Alps belong to the best studied rifted margins worldwide. A wealth of data is
available in both areas and they are therefore well suited for comparative studies.
This thesis focuses on the southern Iberia Abyssal Plain and two segments of the
former Tethyan margins. The scope of this work is to develop realistic seismic models
of detachment faults in rifted margins and to constrain the interpretation of such
structures in seismic profiles.

The west Iberian margin and the Iberia Abyssal Plain

Previous research in the west Iberian margin focused on (i) the deep Galicia margin
(ODP Leg 103) and (ii) the southern Iberia Abyssal Plain (ODP Legs 149 and 173,
Figure 1.4a). For both segments of the margin a dense network of seismic reflection
profiles exists (e.g. Boillot et al., 1995; Whitmarsh et al., 1996; Reston et al., 1996;
Whitmarsh and Wallace, 2001).

The seismic velocity and density data from the Iberian margin, analyzed in
Chapter 2, mostly come from ODP sites in the southern Iberia Abyssal Plain (ODP
Sites 897-901 and 1065-1070) as well as from Site 637 (the peridotite ridge) off
Galicia Bank (Figure 1.4a). Within the OCT of the southern Iberia Abyssal Plain
transect, there is a particular basement high, known as Hobby High. Hobby High
has been studied by several workers (e.g. Krawczyk et al., 1996; Beslier et al., 1996;
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Figure 1.5: Tectonic maps showing the present-day Alpine framework of (a) the Err
and Platta nappes (modified after Froitzheim et al., 1994), and (b) the Tasna nappe
(modified after Trümpy , 1972), where the studied remnants of the former Tethyan
margins are preserved.

Cornen et al., 1996; Whitmarsh et al., 2000; Manatschal et al., 2001) and will be
the focus of Chapter 3. Hobby High was drilled three times (ODP Site 900, 1067,
and 1068 in Sawyer et al., 1994; Whitmarsh et al., 1998) and was seismically imaged
by the Lusigal 12 profile (Figure 1.4b). Finally, Chapter 4 focuses on an un-drilled
segment continentwards of Hobby High, which represents the tip of the continental
crust in the distal margin.

Remnants of former Tethyan margins

In the Alps, remnants of former Tethyan ocean basins and their margins occur in
various thrust sheets. These remnants locally preserve the primary rift-architecture
and the associated extensional faults including their relationships to pre-, syn- and
post-rift sediments (e.g. Fig. 5 in Manatschal and Bernoulli , 1999). I investi-
gated two fragments of former Tethyan margins: (i) the Tasna OCT (Florineth and
Froitzheim, 1994; Froitzheim and Rubatto, 1998), which is preserved in the Penninic
Tasna nappe and exposed in the western part of the Engadine window (Chapter 3);
and (ii) the Err detachment system (Froitzheim and Eberli , 1990; Manatschal and
Nievergelt , 1997) which is preserved in the Lower Austroalpine Err nappe in the
Oberhalbstein area (Chapter 3) (Figure 1.5).

The Jurassic-Cretaceous Tasna OCT (Florineth and Froitzheim, 1994) belonged
to either the northern or the southern margin of the Briançonnais (Figure 1.2). The
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Figure 1.6: View from Fuorcla Suvretta to the northeast onto the outcrops of the
Err detachment at Piz Jentasch, Piz Laviner, Piz d’Alp Val, and Piz Bial.

Middle Jurassic Err detachment system (Froitzheim and Eberli , 1990; Manatschal
and Nievergelt , 1997) was part of the most distal northeastern Adriatic margin (e.g.
Figure 1.2) and formed during the opening of the Liguria-Piemonte ocean. The Err
detachment can be traced over several nappes, but is best exposed in the middle
Err nappe (Figure 1.6).

1.3 The Alpine perspective of rifted margins

Nature and limitations of observations

Since present-day margins are below sea-level and their basement structures are
generally buried below a thick pile of sediments, they are not accessible to direct
geological observation. Most of our knowledge of present-day magma-poor rifted
margins is based on seismic reflection profiles as well as on seafloor samples and
deep-sea drilling data. The resolution of seismic data is, however, limited and their
geological interpretation bears substantial uncertainties due to the scarcity of bore-
holes. Borehole information is restricted to a few locations and to moderate depths
below the seafloor. In the west Iberian margin, only the very top of basement-highs
has been drilled.

In view of these limitations, the advantages of studying ancient rifted margins
exposed in mountain belts are obvious. Outcrops provide access to direct geo-
logical observation and to unrestricted sampling of rocks associated with the rift
structures, which allows analytical methods such as dating, microstructure inves-
tigations, or petrological analyses to be used. On the other hand, observations in
ancient margins may be hampered by gaps in the outcrops, by tectonic deformation,
or by metamorphic overprint during orogeny.



10 Introduction

1

1

10

10

100

1

10

11 10 10 100 1 10 100

ve
rt

ic
al

 s
ca

le

[k
m

]
[m

]
[c

m
]

[km][m][cm]

West Iberian margin:
deep-sea drilling evidence

remants of the Tethyan margins:
outcrop observations

West Iberian margin:
seismic surveys

Nature of observations

indirect

direct
e.g. geol. mapping

e.g. geophys. survey

horizontal scale
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margins contain a wide gap. Data from ancient margins exposed in mountain belts
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to kilometer-scale. There are, however, significant discrepancies between geophysical
measurements and direct geological observations. Evaluating the seismic response
of ancient margins is one approach to link the two observational databases from
ancient and present-day rifted margins and to allow for a direct comparison. After
Wilson et al.

Scales of observations

In addition to the different nature of observations from present-day and ancient
rifted margins, the scales of such observations are also quite different. A wide
observational gap exists between the scales resolved by seismic reflection data and
deep-sea drilling data (Figure 1.7). In contrast, data collected in mountain belts
cover all scales ranging from thin-sections to large-scale tectonic structures and are
therefore suitable for closing the observational gap between drilling and geophysical
observations in present-day margins (Figure 1.7).

1.4 Methods

In order to identify diagnostic seismic features of low-angle detachment faults in
rifted margins, the seismic responses of well constrained detachments in the ancient
Tethyan margins have been evaluated. Because our interest in such faults refers
to the evolutionary stage of a present-day margin, the pre-Alpine geometry and
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seismic structure had to be reconstructed before evaluating the seismic response.
This approach consists of five major steps:

• reconstruction of the pre-Alpine geometry of the ancient margin fragments;

• analysis of the petrophysical/seismic properties of the relevant lithological
units;

• construction of models of the seismic structure (p-wave velocity and density);

• computation of the seismic response, i.e. simulation of a seismic survey and
processing of the data;

• identification of diagnostic seismic features and comparison with corresponding
seismic data from the Iberia Abyssal Plain.

Palinspastic reconstruction

The rift-related structures and the stratigraphic record of the former Tethyan mar-
gins are largely undisturbed within certain Alpine thrust sheets. Under favorable
conditions, the pre-Alpine geometries can be reconstructed by kinematic inversion
of minor Alpine faults and folds in the profiles. The pre-Alpine thickness of the
sedimentary cover can be reconstructed by estimating pre-Alpine porosities for the
various lithologies. The timing of fracture healing in the damaged zones adjacent to
the detachment faults, which is crucial for the seismic response, is, however, more
difficult to estimate. The temporal evolution of diagenetic processes and fracture
healing processes strongly influences the seismic properties of the rocks. This infor-
mation can be deduced from geological observations and from indirect dating using
cross-cutting relationships.

Analysis of the seismic properties

Since it is our goal to model the post-rift, but pre-Alpine seismic response of an-
cient Tethyan margin segments, the modification of the seismic properties of the
relevant lithologies during Alpine overprint must be taken into account. Obviously
the Mesozonic syn- and post-rift sediments underwent significant burial diagenesis
due to tectonic overburden during their Alpine history, whereby their seismic prop-
erties were significantly modified. Similarly, cataclastically damaged serpentinites
healed during Alpine orogeny and hence their seismic properties were also modified.
Conversely, the seismic properties of crustal basement lithologies and pre-rift sedi-
ments (mainly low-porosity shallow water carbonates) can be shown to be largely
unaffected by Alpine overprint. For this reason, possible modifications of the seismic
properties of the analyzed samples due to Alpine overprint must be assessed for each
lithology. To account for effects of Alpine overprint, geological evidence such as the
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occurrence of clasts of healed fault rocks in syn-rift deposits as well as data from
corresponding lithologies in the Iberian margin are considered.

To assess the averages and large-scale trends of the seismic parameters of the
observed lithological units, petrophysical laboratory measurements were performed
on samples from the Tethyan margins and ODP borehole and log data from the
west Iberian margin were analyzed. However, the nature of small-scale variations
of the seismic parameters can not be constrained from petrophysical measurements
made in Alpine outcrops due to spatial aliasing. Therefore, only geophysical logs
and laboratory data from the ODP boreholes in equivalent lithologies at the west
Iberian margin were considered.

Models of the seismic structure

Conventional seismic models divide the underlying geology into geometrically dis-
tinct units, which are associated with a uniform seismic velocity and density (e.g.
Fagin, 1991). As illustrated by evidence from wireline logs, the physical parame-
ters are not constant but vary strongly and unpredictably throughout lithological
units. It can be shown that this small-scale heterogeneity has a dramatic effect
on the overall seismic response (Figure 1.8). Deterministic approaches to quantify
such a heterogeneity are clearly impractical, whereas stochastic approaches based
on fractal concepts have had considerable success (e.g. Kneib, 1995; Holliger , 1996;
Dolan et al., 1998; Leonardi and Kümpel , 1998; Goff and Holliger , 1999; Leonardi
and Kümpel , 1999).

Therefore, I have used a combined deterministic/stochastic approach to construct
the models of the Err and Tasna margin fragments (Chapters 3 and 4). Distinct
geological units, such as post-rift sediments, lower crustal rocks, and mantle rocks,
determine the large-scale geometry of the seismic model. The average seismic ve-
locities and densities as well as their gradients are also described deterministically
for each of these units. Conversely, the corresponding small-scale fluctuations of
the seismic material parameters are represented stochastically (Figure 1.9). The
underlying statistical properties of these small-scale fluctuations are estimated from
geophysical logs as well as from macroscopic geological parameters, such as the
anisotropy of the considered lithological units.

Seismic modeling

The overall purpose of seismic modeling is to evaluate the seismic response of a
geological structure. Comparison of the resulting synthetic seismic data with ob-
served seismic data usually aims at improving and constraining equivocal aspects of
interpretation. This allows to explain enigmatic features in observed seismic data
or to identify a particular geological structure by means of the characteristics of its
seismic signature (e.g. Fagin, 1991; Sheriff and Geldart , 1995).
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Figure 1.8: Comparison of a sonic log with the corresponding synthetic and observed
seismograms. The synthetic traces are obtained by convolving a source wavelet and
the reflection coefficient sequence corresponding a) to the full sonic log (solid line)
and b) to the large-scale component of the velocity structure (dashed line). Note
that the synthetic seismograms for the large-scale velocity structure fail to predict a
significant part of the reflections present in the observed seismic data. The example
is taken form ODP Site 1194, Marion Plateau, Northeast Australia (Isern et al.,
2001).

A variety of seismic modeling approaches exists and the suitability of a particu-
lar approach depends on the problem at hand. Broadly speaking, seismic modeling
methods can be subdivided into approximative and full-waveform solutions. Meth-
ods based on ray-tracing are prominent representatives of the first class, whereas
finite difference solutions of the acoustic or elastic wave equations are prominent
representatives of the second class.

Approximative methods are mainly aimed at simulating transmitted waves and
primary reflections from prominent interfaces. If the considered structures are of
the same scale or smaller than the dominant wavelength, approximative methods
therefore tend to produce erroneous results. They are ill-suited for modeling non-
specular effects such as diffractions, scattering, or headwaves. For this reason, they
are also unsuitable for simulating amplitude attributes. The main advantage of
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Figure 1.9: Concept of the seismic models used in this study: (a) Distinct geological
units are distinguished in a deterministic geometrical model. (b) The velocity and
density structure is described for each of these geological units and consists of a
deterministic trend or average V0 and stochastic small-scale fluctuations ∆V .

approximative methods is their computational efficiency. This advantage is, how-
ever, vanishing rapidly due to the ever increasing computational power. Most of
the energy present in seismic records is in fact non-specular, scattered energy (Wu
and Aki , 1988; Holliger , 1997). Approximate methods can therefore only explain a
small part of the recorded data and are essentially useless for analyzing the seismic
fingerprints of complex structures such as the detachment faults studied in Chapters
3 and 4. For such applications a full-waveform approach is needed.

Analysis of the seismic response

The CMP-stacked and time-migrated synthetic seismic profiles of the Err and Tasna
models were analyzed for the seismic fingerprints of the detachment faults. Charac-
teristic features of such fingerprints are amplitude attributes and diffraction patterns
associated with the reflection from the fault. In order to further assess the signature
of the reflections itself, 1D synthetic seismograms and traces extracted from the
profiles are investigated.

1.5 Outline of the thesis

This thesis consists of three main chapters (Chapter 2 - 4), which correspond to
research articles currently under review at international journals:

• Chapter 2: Seismic structure of the Iberian and Tethyan distal continental
margins based on geological and petrophysical data (to appear in Tectono-
physics);
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Figure 1.10: Flow chart illustrating the major research objectives, their relation
to each other, and the conceptual basis of the three research articles representing
Chapters 2, 3, and 4.

• Chapter 3: The seismic nature and response of ocean-continent transition
zones (OCT): A comparison of a fossil Tethyan and the present-day Iberian
OCT (submitted to Marine Geophysical Researches);

• Chapter 4: Tectonic nature and seismic response of ”top-basement detachment
faults” in magma-poor rifted margins (submitted to Tectonics).

Chapter 2 focuses predominantly on the collection and analysis of acoustic rock
properties as well as on the statistical characterization of the small-scale fluctuations.
One-dimensional synthetic seismograms are evaluated at key locations and compared
with seismic traces from geologically equivalent sites in the west Iberian margin.

Chapters 3 and 4 focus on two-dimensional seismic models of an OCT in the
Tasna thrust sheet and a distal margin segment in the Err nappe. Both studies
use the following approach: (i) the combination of large-scale deterministic and
high-resolution stochastic models of the seismic structure, and (ii) simulation of
a full marine seismic survey based on the solution of the acoustic wave equation.
In both studies characteristic seismic features can be associated with the specific
geological configurations and the resulting synthetic seismic profiles are compared
with corresponding seismic data from the west Iberian margin.
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Each chapter is self-contained with its own abstract, introduction, conclusion,
and appendices. Some overlap between the individual chapters, in particular in
the introductory sections and sections describing the geological framework or the
methods, is therefore inevitable. The cited references are compiled into one single
list at the end of the thesis. An overview of the entire PhD project, the main tasks
and their relationships is shown as a flow chart in Figure 1.10. A synopsis and an
outlook in Chapter 5 integrate the general results and discuss outstanding and newly
arisen questions and problems.

A data appendix is stored on CD-ROM and contains the results of laboratory
measurements on samples from the Tethyan margins, including sample locations
and reference numbers to the sample collection left with the Institute of Geology at
ETH Zurich. Moreover, the CD contains the ODP data compiled from Legs 103,
149, and 173, the computed seismic models and synthetic seismic profiles of the
Err and Tasna segments, a copy of the CMP-stacked and time-migrated Lusigal 12
profile (processed by C. M. Krawczyk), and the source codes of the Unix and Matlab
tools developed during this project. Finally, the CD contains a PDF version of this
thesis, separate EPS files of the figures, and a copy of the defense talk from Dec. 7,
2001.
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Chapter 2

Seismic structure of the Iberian
and Tethyan distal continental
margins based on geological and
petrophysical data

Andreas B. Hölker, Klaus Holliger, Gianreto Manatschal, and Flavio
Anselmetti

to appear in:

Tectonophysics
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2.1 Abstract

Low-angle detachment faults are key to our understanding of the tectonic evolution
of magma-poor rifted continental margins. In seismic images of present-day rifted
margins the identification and interpretation of such features is, however, notoriously
difficult and ambiguous. We address this problem by studying the structure and seis-
mic response of such faults through a synoptic interpretation of petrophysical data
and geological evidence from the distal segments of the present-day West-Iberian
and the ancient Tethyan margins. On the basis of the geologically well constrained
remnants of the Tethyan margins, which are spectacularly preserved and exposed
in the Alps of Eastern Switzerland, vertical profiles at four key geological settings
of a typical magma-poor rifted margin are constructed and their synthetic seismic
responses are compared to the observed seismic data from corresponding locations in
the present-day Iberian margin. The seismic structure of these profiles is considered
as the sum of deterministic large-scale and the stochastic small-scale components.
Both components are analyzed for all pertinent lithologies. The large-scale struc-
tures are derived from laboratory measurements on samples from both, the West-
Iberian and Tethyan margins, whereas the small-scale fluctuations are constrained
predominantly on the basis of well-log data from the Iberian margin. Different re-
alizations of the simulated stochastic small-scale velocity fluctuations illustrate the
potential variability of impedance contrasts and its impact on the seismic response
from lithological interfaces and fault structures. Our results indicate that the na-
ture of the seismic response from low-angle detachment faults is largely determined
through the fracture-healing behavior of the surrounding rocks. Geological evidence
from the exposed fragments of the Tethyan margins indicate that fracture-healing is
generally well developed in crustal lithologies, but largely absent in mantle litholo-
gies. It is for this reason that low-angle intra-crustal detachment faults tend to be
seismically undetectable. Conversely, crust-mantle detachments have a complex and
variable seismic response, depending on the nature of the damaged zone and on the
frequency content of the seismic data. These model-based inferences are consistent
with the available evidence from the present-day Iberian passive margin and thus
open new perspectives for the interpretation of the corresponding seismic images.

2.2 Introduction

For more than one decade magma-poor rifted continental margins have been ex-
tensively investigated for their architecture and tectonic evolution. The research
focused on both, present-day margins, like that west of Iberia (e.g. Boillot et al.,
1995; Reston et al., 1996; Whitmarsh et al., 2000), as well as preserved fragments of
ancient counterparts, like those of the former Mesozoic Tethys (e.g. Froitzheim and
Eberli , 1990; Bertotti et al., 1993; Froitzheim and Manatschal , 1996; Manatschal and
Nievergelt , 1997). Of particular interest are the architecture and tectonic evolution
of the distal segment of such margins, because they record the transitional period
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between rifting and seafloor spreading. In these areas, shallow low-angle detach-
ment faults separate different crustal units, exhume subcontinental mantle at the
ocean-continent transition (OCT), and accommodate extension during late stages
of rifting (Manatschal and Bernoulli , 1999). Such shallow detachment faults are
notoriously difficult to identify on seismic images of the present-day margins and
contrasting interpretations exist (e.g. Krawczyk et al., 1996; Whitmarsh et al., 2000;
Manatschal et al., 2001). In contrast, they are well preserved and geometrically well
defined structures exposed in the Alps (Florineth and Froitzheim, 1994; Manatschal
and Nievergelt , 1997).

The West-Iberian margin has been extensively imaged and studied through geo-
physical methods, mostly reflection seismic surveys (e.g. Mauffret and Montadert ,
1987; Krawczyk et al., 1996; Reston et al., 1996), and was the object of four ocean
drilling legs (Deep Sea Drilling Project Leg (DSDP) 47B; Ocean Drilling Program
(ODP) Legs 103, 149, and 173). Recently the deep seismic structure was investi-
gated on the basis of refraction seismic surveys (e.g. Chian et al., 1999; Dean et al.,
2000). Conversely, the architecture and tectonic evolution of former Tethyan mar-
gins have been reconstructed largely based on field observations (e.g. Froitzheim and
Eberli , 1990; Bertotti et al., 1993; Florineth and Froitzheim, 1994; Manatschal and
Nievergelt , 1997), but also on thermo-mechanical modeling (Bertotti et al., 1999).
Recently Manatschal and Bernoulli (1998, 1999) compared the West-Iberian and
Tethyan-Adriatic margins on the basis of stratigraphic, structural, petrological, and
geochronological data. Among other aspects, their efforts focused on the role of
the shallow detachment faults in mantle exhumation and the formation of an OCT.
However, no attempt was undertaken so far to synthesize the seismic structure of
the ancient and present-day margins.

In this study we pursue two aims: (i) to provide a comprehensive database de-
scribing the velocity and density structure of the pertinent lithologies in the distal
segment of the West-Iberian and two Tethyan margins; and (ii) to investigate the
seismic responses of shallow detachment faults on the basis of synthetic seismograms.
We first outline the geological setting of four key situations across a distal margin
and an OCT. For this purpose vertical tectono-stratigraphic profiles are constructed
for the Tethyan margins, representing the situation after rifting but before Alpine
orogeny. Their evolutionary stage corresponds to that of a mature margin such as
that encountered today west of Iberia. Next, the seismic velocity and density struc-
tures of these profiles are analyzed based on laboratory data and wire-line logs from
the Iberian margin and laboratory data from the Tethyan margins. Finally, 1D ve-
locity and density models are constructed and synthetic seismograms are computed
in order to evaluate the seismic response of the shallow detachment structures. In
doing so, we emphasize the role of small-scale velocity fluctuations and their effect
on the seismic response in both analysis of the velocity structures and subsequent
modeling. The resulting synthetic seismograms are finally discussed with reference
to survey data from the West-Iberian margin (Lusigal 12 profile, e.g. Krawczyk et al.,
1996).
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Figure 2.1: (a) Schematic tectonic map of SW Europe showing the locations of Err,
Tasna, Galicia margin and Iberia Abyssal Plain. (b) Paleogeographic map for the
Late Cretaceous. From Manatschal and Bernoulli (1999).

2.3 Geologic setting and lithological profiles

Four vertical tectono-stratigraphic profiles from particularly well preserved frag-
ments of the ancient Tethyan margins form the geological basis of this study. These
profiles are exposed in the Alps of eastern Switzerland: Profiles A and B are from
the Tasna OCT and Profiles C and D represent two situations in the Err detachment
system (Figures 2.1 and 2.2). For the geological situation we refer to Florineth and
Froitzheim (1994) for the Tasna OCT and to Manatschal and Nievergelt (1997) for
the Err detachment system. Both settings are preserved within Alpine thrust sheets.
These thrust sheets show only little internal deformation and the geometries of the
Mesozoic detachment systems can be restored with confidence. The profiles (Fig-
ure 2.3) are described and compared to three ocean drilling profiles from analogous
situations (ODP Sites 639, 1067 and 1068) in the Iberian margin (Figure 2.4).
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Figure 2.2: Synopsis of the West-Iberian and Tethyan margins: (a) Iberia Abyssal
Plain (Manatschal et al., 2001), (b) deep Galicia Margin (Boillot et al., 1988), (c) an
idealized cross-section across a magma-poor margin, showing the projected locations
of the studied profiles, (d) Tasna OCT (modified after Florineth and Froitzheim,
1994), and (e) Err detachment system (Manatschal and Bernoulli , 1999). HHD and
HD refer to the Hobby High Detachment and the proposed H-Detachment. UTD
and LTD refer to the Upper and Lower Tasna Detachment.

The Err detachment and the break-away at Piz Nair are remnants of a Jurassic
shallow crustal detachment system belonging to the distal margin of Adria (Froitz-
heim and Eberli , 1990; Froitzheim and Manatschal , 1996; Manatschal and Niever-
gelt , 1997). The Tasna thrust sheet includes a Jurassic-Cretaceous OCT of the
Briançonnais, a promontory between two segments of the Tethys. The analogous
sites along the West-Iberian margin are situated at Hobby High in the Iberia Abyssal
Plain (Whitmarsh et al., 1998) and the distal Galicia margin (Boillot et al., 1987b).
Froitzheim and Rubatto (1998) and Manatschal and Bernoulli (1999) have demon-
strated that the Alpine and Iberian situations share many similarities and show
characteristic features of a distal margin. A synopsis of the considered margins is
therefore shown in Figure 2.2. The principle locations of the considered profiles
and corresponding ODP Sites are shown in Figure 2.2c by means of an idealized
cross-section across the distal segment of a magma-poor margin. The Alpine pro-
files expose deeper crustal levels than those drilled in the West-Iberian margin and
they include settings not drilled in the Iberian margin, such as profiles across distal
syn-rift basins.
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In the following description two basic settings within the margin are distin-
guished: the OCT (Profiles A and B, Sites 1068 and 1067) and the distal margin
(Profiles C and D, Site 639).

2.3.1 Ocean-continent transitions: Profiles A, B; Sites 1068,
1067)

The Tasna OCT is so far the only known place in the Alps where the lateral transi-
tion from continental crust to exhumed serpentinized mantle lithosphere is exposed
and not disrupted by Alpine thrusting. The outcrop extends over a length of five
kilometers along a mountain ridge (Florineth and Froitzheim, 1994). The general
structure of the Tasna OCT shows a wedge of continental crust thinning oceanwards
(Figure 2.2d). It is bounded by two detachment faults, the Upper Tasna Detach-
ment (UTD) and the Lower Tasna Detachment (LTD) (Froitzheim and Rubatto,
1998). The LTD separates crustal rocks in the hanging wall from serpentinized
mantle rocks in the footwall and is cut by the UTD which forms the top of the
continental crust on the continentward side and the top of the serpentinized man-
tle on the oceanward side. The UTD is stratigraphically overlain by black shales.
These are post-rift sediments and seal the detachment faults. The overall situation
at Tasna compares well with Hobby High in the Iberia Abyssal Plain (Whitmarsh
et al., 2000). At Hobby High, continental basement rocks have been drilled at Sites
900 and 1067 and serpentinized mantle was recovered at Site 1068. These sites are
less than two kilometers apart from each other and covered by post-rift sediments.
Based on seismic profiles and ODP data, Manatschal et al. (2001) interpreted Hobby
High to represent a wedge of continental crust bounded by two detachment faults,
the H-Detachment (HD) separating the crustal rocks in the hanging wall from ser-
pentinized mantle rocks in the footwall, and the Hobby High Detachment (HHD)
forming the top of the continental crust and of the serpentinized mantle (Figure
2.2a). In contrast to the HHD, the HD has never been drilled and its existence is
postulated based on the interpretation of the seismic data, alone.

In addition to the striking similarities in architecture, the lithologies observed
in the Tethyan and Iberian OCTs are also quite similar. In both OCTs serpen-
tinized peridotite (M1 ) represents the exhumed subcontinental mantle (Froitzheim
and Rubatto, 1998; Hébert et al., 2001). In the Tasna OCT an increasing vein den-
sity towards the LTD within the serpentinized peridotite may record a pre-Alpine
increase in fracture density towards the fault. At Site 1068, recovery in the man-
tle rocks increases downwards away from the tectonized top, which may be related
to the downward decreasing fracture density (Whitmarsh et al., 1998, Figure 2, p.
167). At the top of the serpentinized peridotite (M1 ) strongly brecciated serpenti-
nite, commonly cemented by calcite (ophicalcites), occurs in the Iberian margin as
well as in Tasna. These ophicalcites (M2 ) occur as a discontinuous layer of varying
thickness and are associated with the detachment structures.

The Variscan continental crust in the Tasna OCT consists of a heterogenous and
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strongly tectonized assemblage of amphibolites, gabbros, tonalites, and migmatites
(C1 ). Locally, polymictic breccias (S1 ) with crystalline basement clasts occur along
the top of the basement. Some of these breccias are the product of in situ fragmen-
tation, others are of sedimentary origin. At Sites 900 and 1067 strongly tectonized
amphibolites, gabbros, anorthosites and tonalites were recovered (Figure 2.4). Their
genesis and exhumation history compares closely with that of the crustal rocks pre-
served in the Tasna OCT (L. Desmurs, U. Schaltegger, pers. comm.). Further
oceanwards, at Site 1068, sedimentary breccias overlie the serpentinized mantle.
Similar breccias overlying the mantle rocks are locally observed in the Tasna OCT
but are not included in Profile A.

Post-rift sediments unconformably overlie both, the present-day Iberian and the
former Tethyan OCTs. In the Tasna OCT, the oldest post-rift sediments consist of
a thin layer of shales. They are overlain by fine-grained calcareous turbidites (S4 )
which are interbedded with minor breccia layers. In Iberia, the post-rift sequence
is formed by claystones, calcareous silt- and sandstones (S4 ). The late post-rift
evolution is different in the two OCTs. While the Iberia Abyssal Plain remained in
a deep marine environment, the late post-rift sequence in the Tasna OCT records
also Alpine convergence. For this reason we did not investigate the late post-rift
sediments in Tasna and replaced them in our velocity and density models by the
late post-rift sedimentary sequence of the Iberia margin (P). Profiles A and B in
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Figure 2.3 and the profiles of Sites 1067 and 1068 in Figure 2.4 summarize the
continentward and oceanward side of the OCT respectively.

2.3.2 Distal margin: Profiles C, D; Site 639

The Err detachment and the break-away at Piz Nair are parts of a crustal-scale
detachment system, composed of several low-angle detachment faults (Manatschal
and Nievergelt , 1997). These faults developed during a late stage of rifting and show
a top-to-the-ocean sense of shear. They separate continent-derived blocks of variable
size from continental crust in the footwall and are commonly associated with tectonic
and tectono-sedimentary breccias. The overall structure has been compared with
shallow crustal reflections on seismic profiles from the Iberian margins (Manatschal
and Bernoulli , 1999). On a margin scale the detachment system in the Err and the
Iberian margins form break-aways in the continental crust.

We present two profiles from the Err detachment system (Figure 2.3). Profile C
summarizes the situation across a tilted block resting on the Err detachment and
Profile D at Piz Nair shows the detachment fault overlain by a sequence of syn-
rift sediments. The footwall of the Err detachment fault in Profile C is formed by
a green, granitic cataclasite (C3 ) which grades downwards into an homogeneous
granite (C2 ). The fault plane itself is marked by a black fault gouge (Froitzheim
and Eberli , 1990; Manatschal and Nievergelt , 1997). The thickness of the macro-
scopically damaged zone accompanying the detachment fault is in the order of 100
to 150 meters and the characteristic transition from granite to cataclasite to gouge
results from fluid- and reaction-assisted brittle deformation during faulting (Ma-
natschal , 1999). The tilted block forming the hanging wall in Profile C is formed
by an assemblage of poly-metamorphic schists and gneisses (C4 ), which are un-
conformably overlain by a sequence of Permo-Triassic to Liassic pre-rift sediments
(Naef , 1987). The pre-rift sediments can be subdivided, broadly, into continental
clastics (C5 ) which are overlain by shallow-water dolomites (C6 ) and minor evap-
orites. Syn-rift deposits unconformably overlie the pre-rift sediments and consist
of sandstones intercalated with breccia layers (S2 ). They grade upwards into a se-
quence of fine-grained calcareous turbiditic sandstones and siltstones interbedded
with layers of hemipelagic claystone (S4 ). The post-rift sediments consist of ra-
diolarian cherts which are overlain by pelagic limestones intercalated with shales.
As in the Tasna profiles, late post-rift sediments are replaced by the late post-rift
sedimentary sequence of the Iberian margin (P).

Profile D across the break-away at Piz Nair represents a particularly well ex-
posed syn-rift sequence consisting of (i) coarse grained breccias at the base (S2 ),
overlain by (ii) a sandstone dominated series with minor breccia layers (S3 ), and
(iii) a sequence of fine-grained calcareous turbiditic sandstones and siltstones in-
terbedded with layers of hemipelagic claystone (S4 ) which is overlain by a post-rift
sequence consisting of radiolarian cherts and hemipelagic to pelagic limestone and
shales (Finger , 1978). Although the Piz Nair syn- to post-rift sedimentary sequence
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has been deformed during Alpine convergence, its primary contact to the basement is
locally preserved and the overall structure of the break-away can be restored (Froitz-
heim and Manatschal , 1996). Thus Profile D shows a section across the detachment
fault with syn- and post-rift sediments sealing the fault zone. The basement rocks
consist of granites which show a strong cataclastic deformation towards the de-
tachment fault, very similar to the situation described from the footwall of the Err
detachment in Profile C.

The syn-rift deposits (S2 ) contain clasts of the pre-rift sediments (C5 and C6 )
and all basement lithologies including the cataclasites (C3 ) derived from the detach-
ment faults itself. This shows that the pre-rift sediments were well lithified when
rifting started. Evidence for syn-tectonic fracture healing in cataclasites, associated
with the Err detachment, are shown and discussed by Manatschal (1999, Figure 5h).

ODP Site 639 in the distal Galicia margin is considered to represent a situation
analogous to the upper part of Profile C. It is interpreted as the top of a tilted
block (Boillot et al., 1987b, p. 411). At this site, several drill holes (639 A-F)
penetrated a series of pre-rift sediments. Unfortunately, all the holes stopped near
the very top of the acoustic basement and sampled only the uppermost continental
basement which consists of volcanics including rhyodacites. On the seismic line
GP101 (Mauffret and Montadert , 1987) the tilted block is soled by a reflection
known as the S-reflector which was interpreted by Boillot et al. (1995) and Reston
et al. (1996) as a low-angle detachment fault. This reflection is imaged at 1.5 seconds
two-way-travel time below the top of the acoustic basement. Structures occurring
at this depth are not observable in the Err thrust sheet, which is less than 500 m
thick. The Err detachment is clearly a very shallow crustal structure as indicated
by the juxtaposition of basement rocks and pre-rift sediments as well as the local
exposure of the fault zone at the sea floor (Manatschal and Nievergelt , 1997).

2.4 Large-scale velocity and density structures and

velocity distributions

The aim of the following two sections is the characterization of seismic velocity and
bulk density structures of the pertinent lithological units in the Alpine and Iberian
sites. The velocity-depth structure V (z) of each unit is described as the sum of
a large-scale deterministic component V0(z) and small-scale stochastic fluctuations
∆V (z) (Holliger , 1996):

V (z) = V0(z) + ∆V (z) (2.1)

In this section we investigate the large-scale velocity trend V0(z) as well as the
magnitude and distribution of the fluctuations around this trend. A corresponding
model is used for the density structure ρ(z). Both, the large-scale trend and the
small-scale fluctuations, are considered to be distinct for each lithological unit.
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Table 2.1: Average velocities V̄ and densities ρ̄ in polymictic breccias, tectonized
lower crustal rocks (C1 ), and ophicalcite in the Iberian margin. σV and σρ are the
standard deviation of velocity and density, respectively. For velocities of units P,
S4, S3, S2 and M1 see the text and figures.

unit lithology V̄ = V0(z) σV ρ̄ = ρ0(z) σρ

[m/s] [m/s] [kg/m3] [kg/m3]
S1 polymictic breccias 4889 819 2630 170 (b)
C1 amphibolites, gabbros 5700 777 2780 160 (b)
- felsic volcanics 6310 - 2800 - (c)
M2 ophicalcite 4437 737 (a) 2540 140 (b)
(a) see Figure 2.6b
(b) based on discrete samples (laboratory measurements)
(c) measurements on only two samples available

2.4.1 Velocity and density data from the Iberia Abyssal
Plain and the Galicia Margin

Data from the Iberian sites are available from ODP Legs 103, 149 and 173 (Boillot
et al., 1987b; Sawyer et al., 1994; Whitmarsh et al., 1998) either as in situ measure-
ments in boreholes (wire-line logs) or as discrete measurements on samples which
were recovered from boreholes (laboratory measurements). In the following sub-
sections the results of the serpentinized peridotites, as well as syn- and post-rift
sediments are discussed in detail, because their seismic structure is more complex
than those of the other units. The results of these remaining units are summarized
in Table 2.1.

Serpentinized Peridotite (M1 )

Serpentinized peridotites (M1 ) were drilled at Site 637 off Galicia and at Sites 897,
899, 1068 and 1070 in the Iberia Abyssal Plain. Laboratory measurements and
sonic log data show a steep increase of sonic velocity with depth and strong velocity
fluctuations within the uppermost 100 m of the serpentinite. Drill-core observations
show that the uppermost M1 is cataclastically deformed forming a damaged zone in
the footwall of the detachment faults (see dz in Figure 2.4, Site 1068). The transition
from fractured to undeformed rocks explains the significant velocity increase within
the uppermost M1.

Velocity-depth gradients at a depth range of 500 to 3000 m, as derived from
wide-angle seismic data by Chian et al. (1999), are much flatter than in the damaged
zone and almost constant. In order to describe the average velocities at shallow and
deeper depth, the following model (modified after Wepfer and Christensen, 1991)
was used:

V0(z) = A ·
(

z

100

)a

+ B · (1 − e−bz) , (2.2)
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Figure 2.5: Large-scale velocity and density model for the serpentinite: (a) damaged
zone at shallow depth below a detachment fault, (b) entire model based on seismic
refraction data. Solid lines represent the velocity depth model, dashed lines the
standard deviation, and dashed-dot line bulk density. Crosses and the dotted line
denote sonic velocity data from Sites 637, 899 and 1068 and circles are velocity
constraints at greater depth taken from Chian et al. (1999). The corresponding
models and parameters are given in equations 2.2 and 2.3 as well as in Table 2.2.

where V0 is the seismic velocity, z is depth below the detachment fault and A, a, B
and b are adjustable parameters. Bulk densities in the serpentinized peridotite can
be described by an analogue relation. (Table 2.2 and Figure 2.5).

The probability distribution of velocity fluctuations in the damaged zone can
be well approximated by Gaussian distribution (Figure 2.6a) At Sites 637, 899, and
1068, standard deviation of velocity up to 500 m/s was observed within the damaged
zone. For a depth range of 2000 to 6000 m below the top of the serpentinites,
standard deviations of 200 m/s were estimated by Chian et al. (1999). A power law
relation

σV (z) = Az−a (2.3)

Table 2.2: Large-scale velocity and density model of serpentinized peridotite at Sites
637, 899 and 1068. The parameters A, a, B and b refer to equations 2.2 and 2.3.
Resulting units are m/s and kg/m3.

A a B b

V0 4208 0.1 327 0.1
σV 600 0.14
ρ0 2522 0.005 500 0.001
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Figure 2.6: Cumulative distribution and probability density function of velocity fluc-
tuations in (a) serpentinized peridotite and (b) ophicalcite. The solid lines represent
the actual data and the dashed lines the best-fitting Gaussian models: the cumu-
lative distribution function (short dashed line) and the corresponding probability
density function (long dashed line).

can be used to approximate standard deviation of velocity σV in the entire interval,
where z is depth below the detachment fault and A and a are adjustable parameters.

Syn-rift sediments (S2 and S3 )

Sandy turbidites and hemipelagic sediments interpreted as syn-rift deposits (Boillot
et al., 1988) and recovered at Sites 638 and 639 consist of two lithologies: unconsoli-
dated clay and cemented sandstone. According to shipboard measurements, the soft
sediments have a velocity-depth gradient (dV/dz) of 0.8 [m

s
·m−1] and V (0) = 1443

m/s (with z = 0 referring to the seafloor). The standard deviation σV of the soft-
sediments is 109 m/s in the interval from 300 to 550 m depth below seafloor. A
velocity-depth gradient in the cemented sandstones can not be determined in the
considered interval. Their mean velocity and standard deviation are V̄ = 3996 m/s
and σV = 580 m/s. Bulk density in the unconsolidated material is ρ̄ = 2140 and
σρ = 120 kg/m3, respectively ρ̄ = 2660 and σρ = 120 kg/m3 in the cemented sand-
stones. For comparison, velocities up to 4000 m/s were obtained from wide-angle
seismic data for the deepest parts of the basins (Chian et al., 1999).

Post-rift sediments (S4 and P)

Fine-grained calcareous turbidites (S4 ) grade upwards into chalk- and clay-dominated
sediment (P). While all P and the clayey sediments of S4 are unconsolidated, par-
tial lithification occurs at greater depth in the silty and sandy beds of S4. These
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lithified beds cause the high velocity peaks at depth below 640 m in Figure 2.7. The
probability distribution of velocity fluctuations in the totally unlithified material
is Gaussian (Figure 2.8a) whereas the overall distribution in the partially lithified
interval is better approximated by log-normal distribution (Figure 2.8b).

Sonic velocities in the sediments are 1500 m/s at the seafloor and are linearly
increasing with depth. A velocity gradient of 1 [m

s
· m−1] was obtained for both

units (S4 and P) at Site 900 (Hobby High) where 700 m of post-rift sediments
have been continously sampled. Measurements on samples from Sites 897, 898, 899,
1065, 1067, 1068, 1070 and a sonic log from Site 637 are consistent with this trend
as shown in Figure 2.7.

Variance of velocity fluctuations is increasing with depth in the unlithified sedi-
ment. This might be an effect of a varying degree of consolidation in the individual
beds, which rises with depth of burial. In order to quantify this effect, standard
deviation was calculated as function of depth and approximated by a linear trend
as illustrated in Figure 2.9.

The shifted log-normal distribution model of the deeper sediments (Figure 2.8b)
adequately fits velocity variations between +200 and +2600 m/s. Above and below
there are deviations from the model, which are considered to be sampling artifacts.
The parameters quantifying the distributions of small-scale velocity fluctuations are
compiled in Table 2.3.
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Figure 2.8: Cumulative distribution and probability density function of velocity
fluctuations in post-rift sediments: (a) unlithified sediment at depth shallower than
640 m below seafloor and (b) the partially lithified sediment at depth deeper than
640 m. The solid lines represent the actual data and the dashed lines the best-
fitting Gaussian models: the cumulative distribution function (short dashed line)
and the corresponding probability density function (long dashed line). The param-
eters quantifying both distributions are compiled in Table 2.3.

2.4.2 Velocity and density data from the Alpine sites: Err
and Tasna

Velocity and density data from the Alpine sites were obtained from measurements
on 225 rock samples which were collected as hand-specimens or mini-plugs. Because
of the Alpine topography it was not always possible to sample along vertical profiles
and sampling rather focused on adequately covering all lithological units and their
typical facies variations. Therefore the statistical analysis of velocity fluctuations
of these data is less rigorous compared to those from the Iberian sites. In order
to simulate burial conditions, compressional wave velocity measurements were per-
formed under increasing effective pressure conditions (Appendix 2.8). The resulting
velocity-pressure data are summarized for each lithological unit by the least-square
best-fit to the empirical model proposed by Wepfer and Christensen (1991):

V0(P ) = A ·
(

P

100

)a

+ B · (1 − e−b·P ) , (2.4)

where V0 is the average sonic velocity, P the effective pressure and A, a, B, b are
adjustable parameters (Table 2.4; Figure 2.10). Velocities, standard deviations of
velocity and the velocity-pressure gradients were calculated for effective pressures
of 1, 10 and 100 MPa from the model and the residual experimental data. These
data are given together with the bulk densities in Table 2.5. The bulk density was
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Table 2.3: Velocity and density models for sediments at ODP Sites 897, 898, 899,
900, 1065, 1067, 1068, 1070. µy and σy are mean and standard deviation of a
log-normal distribution, respectively.

depth < 640 m depth > 640 m

velocity V0(z) = 1 · z + 1500 [m/s]

velocity - normal log-normal

distribution σV (z) = 0.3 · z + 10 [m/s] σy = 1.276
µy = 6.534

shifted by -160 m/s

density ρbulk(z) = 1.4 · z + 1600 [kg/m3]

σρ = 144 [kg/m3]
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Figure 2.10: Velocity data of the basement and pre-rift units for the Alpine sites.
Crosses represent the experimental data and the solid line the best-fitting model
according to equation 2.4.

determined based on measurements of weight and connected porosity (Appendix
2.8).

2.4.3 Comparison of velocity and density data from the
Alpine and Iberian sites

Overall, velocities and densities of the corresponding lithological units in the Iberian
sites compare well with those from the Alpine sites. Significant differences due
to Alpine overprint occur in the syn-rift and post-rift sediments, which are still
unconsolidated in the Iberian margin, as well as in fracture dominated basement
lithologies.

Serpentinized peridotite (M1 ) in Iberia is characterized by a damaged zone be-
low the detachment faults (see dz in Figure 2.4, Site 1068), which results in a
low-velocity zone. An equivalent damaged zone was mapped in Tasna on the basis
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Table 2.4: Parameters corresponding to the model defined by equation 2.4 quanti-
fying velocity-pressure relations in lithological units in the Err and Tasna outcrops.

Unit Setting Lithology A a B b
S4b post-rift calcareous turbidites 5788 0.0005 667 0.0035
S4a late syn-rift calcareous turbidites 5793 0.0006 671 0.0036
S3 syn-rift sandstones 5031 0.0001 483 0.0679
S2 syn-rift breccias 5431 0.0175 485 0.0066
S1 syn-rift polymictic breccia 5309 0.0175 386 0.0136
C6 pre-rift dolomites 6392 0.0001 315 0.0194
C5 pre-rift sandstones 5337 0.0097 157 0.1
C4 upper crust schists & gneisses 5224 0.0001 908 0.0030
C3 upper crust cataclasites 5219 0.0001 546 0.0073
C2 upper crust granites 5764 0.0178 140 0.0176
C1 lower crust mainly amphibolite 5713 0.0193 283 0.0052
M2 tectonized mantle ophicalcites 5946 0.0036 427 0.0059
M1 exhumed mantle serpentinites 5654 0.0001 616 0.0011

Table 2.5: Average sonic velocities V̄ and bulk densities ρ̄ obtained from Alpine
samples. P refers to effective pressure in this table.

V̄ σV
dV
dP V̄ σV

dV
dP V̄ σV

dV
dP ρ̄ σρ

[m/s] (a) [m/s] (a) [m/s] (a) [kg/m3]
Unit at 1 MPa at 10 MPa at 100 MPa
S4b 5777 362 4.3 5804 330 2.5 5982 271 1.7 2680 20
S4a 5778 249 5.0 5808 338 2.7 5996 291 1.7 2720 50
S3 5060 177 30.0 5268 362 16.1 5513 467 0.04 2690 50
S2 5013 311 64.3 5247 173 11.7 5665 167 2.6 2740 50
S1 4902 614 65.5 5148 610 13.1 5596 555 2.3 2720 130
C6 6395 262 6.4 6446 251 5.0 6662 265 0.9 2810 50
C5 5119 497 47.9 5318 347 10.3 5494 323 0.5 2690 50
C4 5225 441 3.1 5250 97 2.7 5461 98 2.0 2700 30
C3 5220 404 4.3 5256 375 3.8 5503 373 1.9 2690 30
C2 5312 213 68.4 5554 199 11.4 5880 165 1.4 2680 30
C1 5229 446 71.8 5479 474 11.4 5827 449 2.0 2760 140
M2 5850 363 17.3 5921 234 4.4 6137 161 1.6 2710 30
M1 5652 547 1.1 5659 421 0.7 5716 409 0.6 2680 110

(a) dV/dP : [m
s · 1

MPa ]
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of healed fractures and serpentinite veins whose density increase towards the de-
tachment faults (see dz in Figure 2.3, Profiles A and B). M1 velocities in the Alpine
samples taken close to the detachment faults do not differ in mean velocity from
those taken at greater distance. Moreover, a steep velocity-pressure gradient at low
pressures, indicating a significant presence of micro-cracks, cannot be recognized in
the Alpine data (see M1 in Figure 2.10). Thus, it is evident that fracture healing in
serpentinized peridotite is an Alpine event and therefore sonic velocities measured
on the Alpine samples are higher than in those from the Iberian margin.

Ophicalcite (M2 ) occurs along both margins as discontinuous layers at the top
of serpentinite and underlying sediments and locally the continental allochthons.
These ophicalcite layers are frequently associated with detachment structures. Re-
placement and cementation by calcite appears to be the only significant healing-
process in brecciated serpentinite with respect to seismic velocities. Differences in
average velocities between the Iberian and Alpine ophicalcites (Tables 2.1 and 2.4)
are most likely the result of Alpine fracture healing.

Lower crustal rocks (C1 ) in the Iberian margin and in Tasna have a very similar
mean velocity (Tables 2.1 and 2.4). Comparing typical C1 velocities (V̄ = 5700 m/s
and σV = 777 m/s) with velocities in amphibolite from the lower crust of the Ivrea
zone (V̄ = 6200, σV = 300 m/s in Kern and Richter , 1981; Burke and Fountain,
1990), the higher mean and lower standard deviation of the former are noteworthy.
Such differences may underscore the high tectonization of lower crustal rocks in the
most distal parts of a margin during rifting, while such a pervasive tectonization
did not affect the lower crustal rocks in more proximal parts of a margin like in the
Ivrea zone.

Only a few samples of volcanic rocks representing the upper crustal basement
were recovered in the Galicia margin. Local occurrences of felsic volcanics are also
known in C4 in the Alpine sequences, but the dominant lithologies of continental
upper crustal basement in the Err are granites (C2 ), cataclastic granites (C3 ),
and an assemblage of gneisses and schists (C4 ). It is reasonable to directly use
the velocities and densities of these lithologies for the modeling, because it can be
assumed, that Alpine overprint did not seriously affect the acoustic properties of
these rocks. This assumption also applies to the cataclastic granites (C3 ), because
they were syn-tectonically healed (Froitzheim and Eberli , 1990).

Pre-rift sediments in the Galicia margin were not analyzed for two reasons: (i)
their lithologies can not be directly compared with those in the Err and (ii) only
scarce velocity data are available. Pre-rift sediments in the Tethyan margins must
have been well lithified before rifting, because they occur as angular clasts in syn-rift
deposits. In analogy to the cataclastic crustal rocks, their physical properties are
therefore assumed not to have dramatically changed by Alpine overprint.

Velocity and density data of the syn-rift polymictic breccias (S1 ) are identical
in the Iberian and Alpine sites (Tables 2.1 and 2.4). Syn-rift sediments in a setting
equivalent to S2 in the Err have not been drilled in the Iberian margins, because
only basement highs were targeted by the drilling campaigns. In the deepest parts
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Figure 2.11: Velocity-porosity relation in late syn-rift to post-rift sediments (units S4
and P). Circles represent the strongly compacted samples from the former Tethyan
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margin.

of the sedimentary basins seismic velocities up to 4000 m/s were interpreted from
wide-angle seismic data (Chian et al., 1999). These velocities are clearly lower than
those measured on S2 -samples from the Err. This indicates that a substantial part
of compaction and lithification may have happened during Alpine overprint.

In the younger syn-rift and early post-rift sediments (S3 and S4 ) differences in
compaction and lithification by Alpine overprint are evident. While porosities in
sediments of the present-day margin vary from 5 to 60% and velocities from 1500 to
5500 m/s, the same primary lithologies in the ancient margin have now porosities of
less than 5% and velocities ranging between 5200 and 6400 m/s. The good overall
correlation between porosity and velocity documented in Figure 2.11 suggests that
velocity models of these sediments can be estimated from compaction curves.
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2.5 Correlation structure of small-scale velocity

fluctuations

In the following we analyze the correlation structure of small-scale velocity fluctua-
tions of the pertinent lithologies. For this purpose equation 2.1 is modified to:

V (z) = V0(z) + σV (z) · s(z) , (2.5)

where V0(z) is the large-scale deterministic trend and where ∆V in equation 2.1 is
replaced by σV (z) · s(z). σV (z) is the standard deviation of the stochastic small-
scale fluctuations and s(z) are the normalized small-scale velocity fluctuations. Since
V0(z) and σV (z) have already been constrained for the various lithologies, we now
seek to characterize s(z). We shall assume that s(z) is a stationary random process,
since the depth-variant components, V0(z) and σV (z), have been removed (Appendix
2.9).

Because of the lack of sonic log data, also density and porosity logs are used
to constrain s(z). This approach is reasonable, because bulk density and porosity
are directly related and because sonic velocity depends strongly on porosity (Figure
2.11). Moreover, it is supported by the results of Dolan et al. (1998) and Leonardi
and Kümpel (1999), who analyzed the heterogeneity in the upper crust on the basis
of various logs including P-wave, S-wave, bulk density, and neutron porosity. Their
results indicate that statistical descriptions of heterogeneity obtained from different
log-types are surprisingly similar. For lithological units for which sufficient data are
not available, results from equivalent studies in the literature are used.

Depending on the spatial sampling density of the data (high resolution log data
versus lower resolution laboratory measurements) the analytical procedures differ.
The obtained statistical characteristics are tested through stochastic simulations of
sequences of small-scale fluctuations and qualitative comparison with corresponding
observed data.

2.5.1 Geophysical log data

Geophysical log data represent densely spaced (generally ∆z = 0.1524 m = 1/2
foot) in situ measurements of various petrophysical properties. Small-scale fluctua-
tions in log data can be statistically characterized by their autocovariance function.
Following Goff and Jordan (1988) and Holliger (1996), we used the von Kármán
(1948) parametric model which characterizes Gaussian distributed random fields
that are self-affine at scales smaller than the correlation length a. The von Kármán
autocovariance function is given by:

CV V (h) =
σ2

2ν−1 · Γ(ν)
·
(

h

a

)ν

· Kν

(
h

a

)
, (2.6)
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Figure 2.12: (a) Power spectrum of bulk density fluctuations in post-rift sediments at
ODP Site 1068. A preliminary value of ν is estimated from the roll-off rate (dashed
line) of the power-spectrum at intermediate wavenumbers. High wavenumbers have
not been analyzed because they are dominated by the logging tool response. (b)
Autocorrelation of the same log. An initial estimate of the correlation length a is
obtained from the first zero-crossing of the autocorrelation function. Using these
preliminary values of ν and a the best-fitting (in a least-squares sense) von Kármán
autocovariance function (equation 2.6) is found (dashed line).

where Γ is the gamma function, σ the standard deviation, and Kν the modified Bessel
function of order 0 ≤ ν ≤ 1. ν is related to the fractal dimension D (Mandelbrot ,
1982) through D = E + 1 − ν (Goff and Jordan, 1988) where the underlying E is
the underlying Euclidean dimension (i.e., E = 1 in case of log data). D and ν thus
describe the roughness and complexity of the small-scale velocity variations: D = 1,
ν = 1 corresponds to an optimally smooth fractal curve, whereas D = 2, ν = 0
corresponds to an optimally rough fractal curve that essentially fills the 2D plane.

A common method to estimate ν is to measure the roll-off rate of the power
spectrum, i.e. the Fourier transform of the autocovariance function (e.g. Bendat
and Piersol , 1986) of the data sequence. For von Kármán-type stochastic processes
we obtain (e.g. Holliger , 1996):

d log(P )

d log(k)
= −2ν − E (2.7)

for ka � 1. P (k) is the power spectrum and k is the wavenumber. This procedure
is demonstrated on the basis of a log from Site 1068 (Figure 2.12a). The correlation
length in equation 2.6 is initially estimated from the lag distance to the first zero-
crossing of the experimental autocorrelation function. Finally both parameters, ν
and a, are optimized by least-square fitting the von Kármán autocovariance function
to the experimental autocorrelation function of the data (Figure 2.12b, Table 2.6).
Estimates of the correlation length and their correlation with geological properties
depend to some extent on the length of the data sequence and hence the physical
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Table 2.6: Values of ν and a for different lithologies, as determined from a variety of
sonic, density, and porosity logs from the Iberia Abyssal Plain and Galicia margin.
The units given in column 6 correspond to the stratigraphic units as used in Boillot
et al. (1987b), Sawyer et al. (1994) and Whitmarsh et al. (1998). Numbers given in
parenthesis are estimates obtained from short log intervals.

Site Depth [m] ν a [m] Lithology lith. unit log-type
1065 106-302 0.24 3.1 chalk, clay II P density

107-284 0.27 2.8 chalk, clay II P porosity
348-515 0.19 5.0 (a) V.A S4 sonic
515-599 0.40 3.7 (b) V.B C6 sonic
515-614 0.21 4.0 (b) V.B C6 density

1068 142-442 0.23 7,5 chalk, clay (c) P density
561-765 0.13 8.7 (a) II S4 density

1069 105-765 0.18 14 (a) II S4 density
101-760 0.10 20 (a) II S4 porosity

637 212-230 (0.1) - serpentinite M1 sonic
899 394-425 0.34 (1) ophicalcite IV.A M2 sonic
638 100-183 0.46 3.1 chalk I P sonic
637 100-212 0.32 2.4 (a) I-III S4 density
639d 197-225 0.35 (1.1) limestone V C6 sonic

197-265 0.39 1.2 limestone V C6 density
(a) calcareous claystone, siltstone and sandstone
(b) dolomitic claystone, sandstone and conglomerate
(c) interval drilled, but not sampled; lithology inferred

interpretation of this parameter needs to be addressed with some caution (Goff and
Holliger , 1999).

2.5.2 Laboratory measurements

Data from discrete laboratory measurements do not provide the necessary resolution
to perform the above spatial correlation analysis. However some constraints with
regard to the correlation length can be obtained from the analysis of variograms
(e.g. Wackernagel , 1998). The squared differences of each combination of velocity
measurements γViVj

= (Vi − Vj)
2 were plotted against their distance in the bore-

hole h = |zi − zj|. Running averages of the variogram cloud were calculated and
investigated for correlation at small lag distance.

The variograms of velocity data from the lower crustal basement rocks (Figure
2.13) at Sites 900 and 1067 do not indicate any correlation structure with a corre-
lation length greater than approximately two meters. This is quite compatible with
the strong tectonization of these rocks. Since a value of ν cannot be obtained from
these data, we assume ν = 0.1, based on the evidence presented by Holliger (1996)
and Goff and Holliger (1999).



40 Seismic structure of the Iberian and Tethyan distal continental margins

0 5 10 15 20 25
lag distance [m]

0

2e+06

4e+06

6e+06

0 5 10 15 20 25 30 35 40 45
lag distance [m]

0

5e+05

1e+06

1.5e+06

2e+06
(b) Site 1067, tectonized lower crust (C1)(a) Site 900, tectonized lower crust

[(
m

/s
) 

]2
γ(

h)

Figure 2.13: Variograms of velocity laboratory measurements of the tectonized lower
crustal basement (C1 ) at (a) Site 900 and (b) Site 1067. The squared differences in
velocity are plotted against the distance of their sampling points (dots). Running
mean for 0.5 m window length of these differences is shown by the solid line. No
correlation at short lags can be identified. It is therefore concluded that the cor-
relation length is likely to be some 2 m, which is the minimum analyzed lag. The
dashed lines represent the variance of the data.
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Figure 2.14: Variogram cloud of velocity laboratory measurements in ophicalcite at
Site 899 (dots). Running mean (solid line) with a window length of 0.5 m indicates
a correlation at distance shorter than 8 to 12 m. The variance of the process is
represented by the dashed line.
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The variogram cloud of velocity data in ophicalcite at ODP Site 899 (Figure
2.14) shows a frequent occurrence of small velocity differences at small lags. The
running mean of the variogram cloud stays below variance of the process at lag
distances smaller than 10 m. Hence a correlation length of approximately 10 m is
assumed. This contradicts a = 1 m, which was obtained from a sonic log at the
same site (Table 2.6). However, the considered log-interval was shorter (31 m) than
the sequence of laboratory measurements (102 m) and is hence less reliable.

2.5.3 Data from literature

Because no log data are available from crustal basement lithologies (C2 to C4 ) at the
Iberian sites, the stochastic parameters of the small-scale sonic velocity fluctuations
in four boreholes penetrating Variscan upper crustal basement are adapted from
Holliger (1996). Holliger obtained relatively uniform ν-values varying between 0.1
and 0.14, correlation length of 60 to 160 m, and standard deviations about 5% for
granitic rocks.

2.5.4 Simulation of stochastic small-scale fluctuations

In order to validate the inferred values of ν and a, synthetic data sequences were
generated (Appendix 2.10). The character of the synthetic data sequences are com-
pared qualitatively with the small-scale fluctuations in the real log intervals. A
comparison of real density fluctuations at Site 1068 with two realizations of syn-
thetic data with identical second-order statistical properties is illustrated in Figure
2.15. In this particular example, two facies (Ia/Ib and II) were identified in the
observed data and then characterized by a different ν-value, correlation length and
standard deviation. Facies Ia: ν = 0.23, a = 7.5 m, σρ = 70 kg/m3; facies Ib: as Ia,
but σρ = 110 kg/m3; facies II: ν = 0.13, a = 8.7 m, σρ = 170 kg/m3. We find that
overall the character of the log data is indeed quite well reproduced by the synthetic
data.

The effects of varying ν and a are illustrated in Figure 2.16. Starting-points
for this test are two sequences which are characterized by ν = 0.15 and a = 10 m,
which we find to be typical for the distal turbidite deposits in the Iberian margin
(S4 ). The standard deviation σ in all examples is one. We find that varying ν
requires differences of about 0.05 to result in a qualitatively different character of
the data sequence. In contrast, differences in the correlation scale are more difficult
to discern. This is consistent with the ongoing debate about the nature and origin
of this parameter (Goff and Holliger , 1999). The synthetic test-logs are based on
different random data sequences. Repeating the experiment with a constant initial
seed for the random number generator does, however, lead to the same conclusions.
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Site 1068. The observed data (a) are compared with two realizations of synthetic
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corresponding log data, which is quantified by the ν-value.



Seismic structure of the Iberian and Tethyan distal continental margins 43

-3 0 3

100

200

300

400

500

[m
]

-303

100

200

300

400

500

[m
]

-3 0 3

-3 0 3

-3 0 3

small-scale fluctuations

-3 0 3

-3 0 3

-3 0 3

-3 0 3

-3 0 3

ν = 0.05 ν = 0.15ν = 0.12 ν = 0.17 ν = 0.25

a = 2m a = 8m a = 10m a = 15m a = 30m

a = 10m

ν = 0.15

Figure 2.16: Effects on the log-character when varying ν and a. The two central plots
are characterized by the same ν and a. All data sequences are based on different
random data sequences and are normally distributed with σ = 1.



44 Seismic structure of the Iberian and Tethyan distal continental margins

2.6 Seismic models

Based on the results from the previous sections, 1D velocity and density models of
lithological Profiles A through D (Figures 2.2 and 2.3) are constructed and their
seismic responses are evaluated. The primary objective is to explore the seismic
responses from the shallow basement detachment structures which are the key tec-
tonic features in the distal segment of magma-poor continental margins, and whose
identification and interpretation in seismic reflection images still represents a major
challenge.

2.6.1 Construction of the seismic models

Velocity models of each lithological profile (Figure 2.3) are constructed according to
the concept summarized in equation 2.1: first the large-scale deterministic velocity-
depth functions of the lithological units (Figure 2.3) are assembled; then stochastic
small-scale fluctuations are simulated for each lithological unit (Appendix 2.10);
finally the small-scale velocity fluctuations are added to the large-scale model, re-
sulting in one possible realization of the final velocity model. For comparison always
two realizations of velocity models for each lithological profile are shown in Figures
2.18 to 2.21. The two different realizations are denoted as r1 and r2 and differ in
only the random seed number used to generate the small-scale velocity fluctuations.
For the corresponding density models only the large-scale density trend is considered
because small-scale density fluctuations strongly correlate with small-scale velocity
fluctuations (Sheriff and Geldart , 1995, p. 116 ff) and hence do not fundamentally
contribute to the complexity of the model.

A combination of two models with different statistical properties is necessary to
realize the transition from cataclastic rocks to undeformed rocks in the uppermost
serpentinite (M1 ) and in the cataclastic granites (C3 ), which is illustrated in Figure
2.17.

The parameters of the velocity and density models are summarized in Tables 2.7
and 2.8. Whereas for Profiles A and B all parameters are obtained from the Iberian
sites, the parameters for Profile C and D are compiled jointly from the Alpine sites,
the Iberian sites and the pertinent literature (Holliger , 1996). In all models the
water has a depth of 4000 m, a sonic velocity of 1500 m/s, and a density of 1000
kg/cm3.

For each lithological profile the corresponding velocity and density models are
converted into 1D synthetic seismograms. This is achieved by calculating the reflec-
tion coefficients as a function of depth, conversion of depth to two-way travel time,
and convolution with zero-phase Ricker wavelets with peak frequencies of 15, 30,
and 45 Hz, respectively (Appendix 2.11). The bandwidth of these seismic wavelets
is about two to three octaves and thus comparable to that of most upper crustal
seismic reflection surveys
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Table 2.7: Parameters of the velocity and density models of Profiles A and B.

Unit Lithology V0 σV a ν ρ0

[m/s] [m/s] [m] [kg/m3]
P clay, ooze z + 1530 0.3z + 10 3.5 0.3 1.4z + 1600
S4 calc. siltstone z + 1530 (1) 10 0.18 1.4z + 1600
S1 breccia 4889 819 1 0.1 2630
C1 (2) 5700 750 2 0.1 2780
M2 ophicalcite 4437 737 6 0.3 2540
M1 (dz ) 2
M1

serpentinite (3) (3)
100

0.1 (3)

(1) log-normal distribution of ∆V with µy = 6.5 and σy = 0.8, which
was finally shifted by -160 m/s: V = V0 + ∆V − 160

(2) an assemblage of amphibolites, gabbros and tonalites
(3) see Figure 2.5, Table 2.2 and equations 2.2 and 2.3
dz cataclastically deformed serpentinite in the damaged zone

Table 2.8: Parameters of the velocity and density models of Profiles C and D.

Unit Lithology V0 σV a ν ρ0

[m/s] [m/s] [m] [kg/m3]
P clay, ooze z + 1530 (I) 0.3z + 10 (I) 3.5 (I) 0.3 (I) 1.4z + 1600 (I)
S4 calc.siltst. z + 1700 (Im) (1) 10 (I) 0.18 (I) 2000 (I)
S3b sandstone 3000 (Im) 300 (Im) 10 (e) 0.2 (e) 2660 (I)
S3a clay 1900 (I) 120 (I) 10 (e) 0.2 (e) 2140 (I)
S2 breccias 3500 (e) 400 (Am) 5 (e) 0.2 (e) 2500 (e)
C6 dolomite 6000 (Am) 260 (A) 4 (I) 0.4 (I) 2810 (A)
C5 sandstone 5452 (A) 330 (A) 5 (e) 0.2 (e) 2650 (A)
C4 gneiss 5345 (A) 300 (Am) 60 (L) 0.14 (L) 2710 (A)
C3 cataclasite 5385 (A) 374 (A) 2 (e) 0.1 (e) 2690 (A)
C2 granite 5780 (A) 180 (A) 80 (L) 0.12 (L) 2680 (A)
(A) based on data from Alpine sites
(Am) based on data from Alpine sites, modified
(I) based on data from Iberian sites
(Im) based on data from Iberian sites, modified
(L) from Holliger (1996)
(e) estimated
(1) log-normal distribution of ∆V with µy = 5.7 and σy = 0.6, which

was finally shifted by -300 m/s: V = V0 + ∆V − 300
z refers to depth below the sea-floor [m]
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Figure 2.17: Simulated velocity fluctuations for (a) cataclastically damaged serpen-
tinite, (b) undeformed serpentinite, and (c) transition (upper 100 m) from damaged
to undeformed serpentinite below a detachment fault. The transition was realized
using a weight function (s), where sa +sb = 1. The velocity fluctuations in the dam-
aged zone are the sum of those in (a) and (b) each multiplied with the corresponding
weight function: (c) = (sa) · (a) + (sb) · (b). In this particular demonstration the
data sequences in (a) and (b) differ only in their correlation length: a = 2 m in (a)
and a = 100 m in (b). Standard deviation and ν are identical in both sequences
(σV = 300 m/s; ν = 0.1).

2.6.2 Seismic models of two key locations in an OCT

Profile A: exhumed mantle detachment

In Profile A the UTD (Upper Tasna Detachment) exhumes mantle rocks. Accord-
ingly the fault plane represents the sediment-basement contact and is associated
with substantial jumps in velocity and density. The latter finds its expression in a
large reflection coefficient and a correspondingly prominent seismic reflection (Fig-
ure 2.18). However, the UTD is not a discrete seismic velocity interface, but rather
a transition resulting from the downwards decreasing fracture density of the upper-
most mantle rocks (M1 ). Hence, the strength of a reflection from the UTD depends
on the velocity gradient in this damaged zone and therefore on its laterally varying
thickness. In contrast, the variable nature of the thin ophicalcite layer (M2 ), as ap-
parent in the two realizations of the velocity model (Figure 2.18), does not appear
in the seismic response of the UTD. Since the ophicalcite is a discontinuous layer
of strongly varying thickness it might, however, result in diffracted waves in a 2D
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profile.

Two additional features in the synthetic seismograms are worth noting: (i) re-
flections in the sedimentary cover are relatively weak compared with the reflection
from the UTD ; (ii) small-scale velocity fluctuations in the sediments cause travel
time shifts up to 30 ms on the time-position of the UTD. The latter is an effect of
the log-normal distribution of small-scale velocity fluctuations in the S4 -sediments,
whose arithmetic mean is shifted with respect to the large-scale trend.

Profile B: exhumed continental detachment and continent-mantle detach-
ment

In Profile B the UTD and the LTD (Lower Tasna Detachment) enclose a wedge of
strongly tectonized lower crustal rocks (C1 ) which have a high mean velocity and a
strong velocity variability (Table 2.7, Figure 2.19).

A positive reflection is present from the UTD, which again represents the sediment-
basement contact. In contrast to the UTD in Profile A, the impedance contrast is
even stronger and is not expected to vary laterally because of the overall homoge-
neously healed fracture porosity in the lower crustal rocks (C1 ) forming the footwall.
The seismograms in Figure 2.19 show that actually the contrast between the post-
rift sediments (S4 ) and the thin layer of well lithified polymictic breccias (S1 ) causes
the reflection representing the UTD in the seismic data.

The LTD itself represents a prominent fast-to-slow velocity interface. Below the
LTD a gradual slow-to-fast transition represents the damaged zone in the uppermost
mantle rocks. An interesting feature of the corresponding seismic models is the
frequency dependence of their seismic response. The 15 Hz seismograms (Figure
2.19) image a positive reflection below the actual position of LTD, which represents
the transition from cataclastically deformed to undeformed serpentinite. Conversely,
the 30 Hz and 45 Hz seismograms image the LTD itself as a negative reflection.

2.6.3 Seismic models of two key locations in the distal mar-
gin

Profiles C: intra-crustal detachment

The large-scale structure of the Err detachment does not exhibit an impedance con-
trast, since syn-tectonic fracture healing causes the faulted rocks and the undeformed
granites to have similar average velocities (Figure 2.20). Also the change in the na-
ture of the small-scale velocity fluctuations occurring at the Err detachment does
not cause any clear seismic reflections (Figure 2.20). The most prominent feature
in Profile C is the set of the strong reflections resulting from the syn- and pre-rift
sedimentary interfaces.
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as det, those including stochastic small-scale velocity fluctuations are identified as
r1 and r2.
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Profiles D: exhumed break-away of a crustal detachment

The break-away of the detachment system at Piz Nair in Profile D (Figure 2.3)
exhumes cataclastically deformed upper crustal basement rocks (C3 ). The fault at
Piz Nair is onlapped by syn-rift breccias (S2 ) and thus is also a sediment-basement
contact. In the seismic velocity model it is represented by the lowermost slow-to-fast
transition. Since the velocity structure of the basement in the footwall is relatively
homogeneous, the synthetic seismograms do not show significant reflections (Figure
2.21).

The turbidite formations S3 and S4 in Profile D are both characterized by the
occurrence of unlithified and lithified strata. To take this into account, two different
concepts are applied: (i) S4 is characterized by mainly soft sediments, interbedded
with some lithified strata, whereby the degree of lithification varies. To include the
higher velocities of the lithified strata, log-normally distributed velocity fluctuations
are superimposed on the large-scale velocity trend of the soft sediments. (ii) S3 is
characterized by different interbedded lithologies with more gradual changes. The
interbedding of contrasting clay and sand layers is taken into account in the large-
scale velocity model (Figure 2.21) and small-scale velocity fluctuations differ in the
soft and lithified layers, as described in Table 2.8 (see facies S3a and S3b).

2.6.4 Comparison of the models with observed seismic data

A comparison of the seismic responses from models A and B (Figures 2.18 and 2.19)
with traces extracted from the seismic profile Lusigal 12 at Sites 1067 and 1068
(Krawczyk et al., 1996) shows remarkably similarities (Figures 2.2a, 2.4 and 2.22).

Particularly striking are the similarities between the Lusigal 12 traces from Site
1067 and the seismic response of model B. The HHD at 7.6 s is imaged by a strong
reflection overlain by weaker reflections from the sedimentary cover. A second re-
flection 200 ms below the HHD is of inverse polarity and hence indicative of a
fast-to-slow interface. In analogy to the LTD in model B, we thus interprete this
reflection as possibly representing the inferred HD.

The seismic response of the HHD at Site 1068 is more complex than that of
model A. We attribute this to the syn-tectonic breccias which do not occur in Profile
A (compare Figures 2.3 and 2.4). Decisive for our hypothesis of Site 1068 and
Profile B representing equivalent tectonic settings is the observation that there are
no significant reflections below the HHD.

2.7 Discussion and Conclusions

Low-angle detachment faults are key tectonic features in the distal segments of
magma-poor rifted continental margin and hence the seismic imaging of such fea-
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Figure 2.22: Traces extracted from the Lusigal 12 profile (time migrated section
processed by C.M. Krawczyk; courtesy of T. Reston, Geomar, Kiel) at Sites 1067
and 1068. The frequency content of the seismograms ranges from about 15 to 55
Hz and thus compares well with that of the 30 Hz synthetic seismograms of Profiles
A and B (Figures 2.18 and 2.19). It should, however, be noted that there are
significant differences in the source wavelets of the synthetic and observed data. In
particular, the source wavelets in the observed data are ”mixed-phase” and exhibit
a reverberatory character. At Site 1067 a reflection similar to that from the LTD in
Profile B can be observed below the HHD. We interprete this reflection as imaging
the proposed HD as shown in the lithological profile of Site 1067 (Figure 2.4). HHD
denotes the estimated two-way travel time to the Hobby High Detachment, HD the
two-way travel time to the H-Detachment, and sf the reflection from the sea-floor.
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tures in present-day passive margins has been a major focus of research. The iden-
tification and characterization of such detachment faults in the seismic data from
present-day rifted margins is, however, generally difficult and ambiguous. We have
attempted to alleviate this problem by studying various settings of shallow base-
ment level detachment faults in spectacularly exposed and well geologically con-
strained remnants of the ancient Tethyan magma-poor rifted continental margin.
The types of detachment faults examined include: exhumed mantle rocks, exhumed
lower crustal rocks, juxtaposed crustal and mantle rocks, and an intra-crustal de-
tachment separating schists and granites (Figures 2.2 and 2.3). Along these faults
variable velocity and density contrasts are observed, which we largely attribute to
the different fracture-healing behavior in crustal and mantle rocks.

In crustal rocks early syn-tectonic fracture healing results in a high average seis-
mic velocity and a relatively homogenous velocity structure. Therefore, intra-crustal
detachment faults, such as the one present in Profile C, appear to be seismically un-
detectable features. Detachment faults exhuming crustal rocks (see Profile D and
the UTD in Profile B) are characterized by prominent slow-to-fast transitions in
the velocity-depth function. In mantle rocks a significant fracture density asso-
ciated with the detachment faults remains unhealed after rifting and results in a
prominent low velocity zone. Such low velocity zones are crucial for the potential
of seismic methods to image the faults. In case of exhumed mantle detachments
(UTD in Profile A) and crust-mantle detachments (LTD in Profile B) the modeled
seismic response is variable and depends on the thickness of the damaged zone and
the frequency content of the seismic signal.

Accounting for small-scale velocity fluctuations has allowed us to construct 1D
seismic models and synthetic seismograms of unprecedented realism and has pro-
vided valuable insights into the complex nature of the seismic response of passive
continental margins. For example, in the case of the intra-crustal Err detachment it
is only the contrasting nature of the small-scale heterogeneities in the hanging wall
and footwall, which causes a discernible reflection.

This study has concentrated on selected profiles from pertinent sites in the
present-day Iberian and fossil Tethyan margins. A careful synoptic approach has
allowed to construct detailed 1D seismic models and provided valuable insight into
whether and how low-angle detachment faults might be discernible in seismic im-
ages of magma-poor continental margins. In a follow-up project we plan to extend
this approach to 2D to employ an advanced full-wave form modeling approach. Al-
though we do not expect this to change fundamentally our conclusions regarding the
seismic imaging of detachment faults, we expect to gain additional insight into the
seismic imaging process of such structures as well as into the influence of acquisition
and processing processing parameters on the final image. Moreover, this approach
will enable a one-to-one comparison of 2D seismic images from the present-day and
ancient rifted margins and thus will serve as a benchmark for comparative studies.



Seismic structure of the Iberian and Tethyan distal continental margins 55

2.8 Appendix A: Laboratory methods

The laboratory work for this study was carried out at the Petrophysics Laboratory
of the University of Miami, Florida, USA, and at the Rock Deformation Laboratory
at ETH, Zurich, Switzerland.

Compressional wave velocities, shear wave velocities, connected porosities, and
bulk densities were obtained from measurements on cylindrical miniplugs. These
miniplugs (minicores) are one inch (2.54 cm) in diameter and 3 to 5 cm long. Their
ends were ground parallel within ± 0.02 mm and the samples were dried overnight
at a temperature of 60o C.

Core dimensions, weight, and effective pore volume were measured on the dry
plug at room temperature. Pore volume measurements were performed using a
helium pycnometer. Bulk density ρbulk was calculated assuming a pore fluid density
ρfluid of 1000 kg/m3 in order to simulate a water-saturated stage:

ρbulk =
m + vpore · ρfluid

vplug

, (2.8)

where m is the mass of the dry plug and vpore and vplug are the plug volume and
the pore volume, respectively. After those measurements the dry sample was water-
saturated under under-pressure overnight.

Sonic velocities of a compressional wave and two perpendicularly polarized shear
waves were measured on the water saturated samples using the pulse transmission
technique (Birch, 1960). The dominant pulse frequency for these measurements
was 1 MHz. First, only the compressional wave velocity was measured on the plain
sample at room temperature and atmospheric pressure. In the following the sam-
ple was jacketed and placed into a pressure vessel. Compressional wave velocities
were measured at independently controlled pore-fluid pressure (internal stress) and
confining pressure (external stress) conditions. According to Coyner (1984) sonic
velocity dependence on pressure can be adequately described by effective or differ-
ential stress only, which is defined as the difference between external and internal
stress. Combinations of internal stress varying between 2 and 10 MPa and external
stress varying from 5 to 105 MPa were realized. All measurements were performed
while increasing the effective stress, resulting in velocity measurements as a function
of effective pressure. A detailed description of the experimental procedure is given
by Christensen (1985).

2.9 Appendix B: Stochastic analysis of the veloc-

ity and density data

Analysis of the correlation structure of small-scale velocity and density fluctuations
assumes the data to be stationary. To achieve this, a large-scale trend is removed
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from the data. The residual data are then tested for stationarity in variance, by
evaluating the standard deviation in a moving window (Figure 2.9). If standard
deviation is significantly varying with depth, a model relating standard deviation to
depth σV (z) is established and the small-scale fluctuations ∆V (z) are normalized as

s(z) =
∆V (z)

σV (z)
. (2.9)

Several lithological units are so thin that physically meaningful trends of velocity
or density with depth can not be identified. In such cases, the data are assumed
to be stationary and consequently a constant V̄ and σV are determined for each of
those units (Table 2.6).

2.10 Appendix C: Simulation of stochastic small-

scale fluctuations

The reverse of the analytical procedure as outlined in section 4 can be used to
generate synthetic data sequences which are characterized by a particular ν-value,
correlation length a and variance σ2. The power spectrum corresponding to the
autocorrelation model in equation 2.6 is given by (e.g. Holliger , 1996):

P (k) =
σ2 · (2√πa)E · Γ(ν + E/2)

Γ(ν) · (1 + k2a2)ν+E/2
, (2.10)

where k is the wavenumber, Γ is the gamma function, and E is the underlying
Euclidean dimension which is equal to 1 in our case. The spectrum was calculated
normalized to unit variance and is thus fully quantified by a and ν. To generate
a synthetic data sequence, the amplitude spectrum is calculated for the considered

ν-value and correlation length a as
√

P (k). This spectrum is then multiplied by a

random phase factor exp(iΦ) with Φ varying randomly and uniformly between −π
and π. The thus resulting one-sided Fourier spectrum is mirrored and concatenated
to yield an even spectrum. Taking the inverse Fourier transform yields one possible
realization of the desired stochastic process, which is finally scaled to the desired
standard deviation.

2.11 Appendix D: Calculation of the synthetic seis-

mograms

Synthetic seismograms are calculated assuming vertical incidence and primary re-
flections only. Ideally, the resulting synthetics thus correspond to a perfectly time
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migrated section. Reflection coefficient sequences as a function of depth are cal-
culated at the same sampling intervals as the corresponding velocity and density
models:

Ri =
Vi+1 · ρi+1 − Vi · ρi

Vi+1 · ρi+1 + Vi · ρi

, (2.11)

where Ri is the reflection coefficient between the depth sampling points i + 1 and i.
The two-way travel time ti of each Ri is calculated as:

ti =
i∑

j=1

2dz

Vj

, (2.12)

where dz is the sampling interval (0.1524 m = 1/2 foot) of the velocity model. The
reflection coefficients Ri at the travel times ti are then sampled as a time series with
a sampling interval dt = 2dz/Vmax. The resulting reflectivity series R(t) is convolved
with a zero-phase Ricker wavelet r(t):

s(t) = R(t) ∗ r(t) , (2.13)

where s(t) is the resulting synthetic seismic trace. Finally the seismogram is resam-
pled with dt = 2 ms. No gain control is applied and hence amplitudes reflect the
strength of the reflections coefficients only.



58 Seismic structure of the Iberian and Tethyan distal continental margins



Seismic modeling of detachment faults in OCTs 59

Chapter 3

The seismic nature and response
of ocean-continent transition zones
(OCT): A comparison of a fossil
Tethyan and the present-day
Iberian OCT

Andreas B. Hölker, Gianreto Manatschal, Klaus Holliger, and Daniel
Bernoulli

submitted in modified form to:

Marine Geophysical Researches



60 Seismic modeling of detachment faults in OCTs

3.1 Abstract

The tectonic interpretation of basement structures in seismic reflection profiles from
ocean-continent transitions (OCT) of nonvolcanic margins is notoriously difficult
due to the scarcity of borehole information. Low-angle intra-basement reflections
are frequently interpreted as detachment faults and locally the top of the basement
was drilled and found to represent exhumed detachments. However, the seismic
expression of such detachment faults is poorly understood. We compare synthetic
seismic data from the Tasna OCT, an exposed remnant of a Tethyan margin, with
seismic reflection data from Hobby High, a drilled basement high within the west
Iberian margin. Both sites are widely considered as being representative for OCT
zones. Their geological similarity and complementary nature of the data enable
us to develop detailed seismic models of the Tasna OCT. This provides insights
into the seismic imaging of OCT zones in general and of detachment systems in
particular and thus allows for a better understanding of their architecture and tec-
tonic evolution. On the basis of the Tasna OCT models we identified some key
characteristics of intra- and top-basement detachments: (i) variable amplitudes and
numerous diffractions at the top of exhumed subcontinental mantle, (ii) a continu-
ous and strong reflection imaging the top of exhumed lower crustal rocks, and (iii)
a weak and discontinuous reflection of inverse polarity representing a shallow intra-
basement crust-mantle detachment. The same features are consistently observed at
geologically equivalent positions in the seismic data from Hobby High and may thus
serve as guides in the interpretation of seismic data from un-drilled OCT zones.

3.2 Introduction

Low-angle detachment faults are characteristic structures of ocean-continent tran-
sition zones (OCT) in magma-poor, so-called nonvolcanic, rifted margins. Their
geological interpretation and seismic characterization are a major focus of research
(e.g. Le Pichon and Barbier , 1987; Lister et al., 1991; Krawczyk et al., 1996; Reston
et al., 1996; Froitzheim and Rubatto, 1998; Manatschal et al., 2001). At present,
Hobby High in the Iberia Abyssal Plain is the best studied site in a present-day
OCT (Figure 3.1). There a prominent low-angle intra-basement seismic reflection
is observed, however, its interpretation is difficult and varies in detail (e.g. Beslier
et al., 1995; Krawczyk et al., 1996; Whitmarsh et al., 2000; Manatschal et al., 2001).
The major problem for interpretation of this reflector is the lack of drill samples
from the corresponding structure. Conversely, the sediment-basement contact at
Hobby High was drilled and was found to represent an exhumed detachment fault
on both the oceanward and the continentward sides (Whitmarsh et al., 1998; Manat-
schal et al., 2001). The seismic signatures of this contact characteristically depend
on the footwall lithologies which are serpentinized peridotite on the oceanward side
and an assemblage of lower crustal rocks on the continentward side. The seismic
response from the top of these lithologies is sufficiently distinct to allow a corre-
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Figure 3.1: (a) Schematic tectonic map of SW Europe showing the locations of
the Tasna OCT and the Hobby High OCT. (b) Paleogeographic map for the Late
Cretaceous. (Adapted from Manatschal and Bernoulli (1999).)

sponding identification from the seismic data alone. Investigations of the seismic
structures associated with the sediment-basement and the intra-basement reflec-
tions and their calibration with geological data thus can substantially improve the
seismic interpretation and our understanding of OCT zones.

Previous work considering the seismic structure and geological interpretation of
the OCT zone of the Iberia Abyssal Plain broadly falls into two groups. The first
group comprises deep investigations of the seismic structure by means of seismic
refraction data (Chian et al., 1999; Dean et al., 2000). This type of studies con-
siders scales which are an order of magnitude larger than the large-scale features
of Hobby High. The second group of studies focuses on interpretation of seismic
reflection data (Beslier et al., 1995; Krawczyk et al., 1996; Whitmarsh et al., 2000;
Manatschal et al., 2001). Although recent interpretations are consistent with with
the newest drilling evidence, they remain necessarily un-verified with regard to the
intra-basement structure. In this context, a very promising approach is to com-
pare present-day margins with their exposed fossil equivalents. Such a comparative
study of geological kind was performed by Manatschal and Bernoulli (1999) for the
Deep Galicia Margin and Tethyan margin transects. In Chapter 2 this approach is
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extended to the seismic structure of the west Iberian margin and remnants of the
Tethyan margins. The major advantage of such comparisons is their complementary
nature since fossil, exposed margins allow detailed 2D to 3D tectonic reconstructions
and thus close the observational gap between drilling and seismic data of present-day
margins.

In this paper, we attempt to constrain the seismic structure of OCTs through
a comparative approach. The aim of this paper is twofold: (i) to compare the
pertinent aspects of the seismic responses of the Tasna OCT models to the observed
seismic data from Hobby High, and (ii) to discuss the potential implications for the
seismic structure of OCT zones in general. We address the problem by studying an
exposed former Tethyan OCT, the Tasna OCT (Florineth and Froitzheim, 1994),
which is well preserved and exposed at seismic scale in the Tasna thrust sheet in
the Alps of eastern Switzerland (Figure 3.1) and whose petrophysical structure has
been investigated (Chapter 2). The overall geometry as well as the rocks observed
in the Tasna OCT are quite similar to those known from Hobby High except for
generally flatter dips. In order to enable a direct comparison between the seismic
images of Hobby High and the exposed Tasna OCT, we provide a well constrained
geological reconstruction of the pre-Alpine Tasna OCT, and evaluate its seismic
response. The corresponding seismic models enable us to gain fundamental insights
into the overall seismic structure and expression of OCT zones. Small-scale model
fluctuations are simulated stochastically, whereby we consider numerous realizations
and finally analyze four end-member realizations. It turned out, that many shared
seismic features in the data of Hobby High and the seismic response of the Tasna
OCT result from these small-scale features of the seismic structure.

3.3 Geologic Setting

3.3.1 The Tasna OCT

The Tasna OCT is a remnant of a former Mesozoic Tethyan margin which is pre-
served in the Middle Penninic (Briançonnais) Tasna thrust sheet in the Alps of
eastern Switzerland (Figure 3.1a). It corresponds to an outcrop which extends over
a length of 5 km along a mountain ridge showing a lateral transition from conti-
nental crust to exhumed subcontinental mantle sealed by Early Cretaceous post-rift
sediments (Figure 3.2). The Tasna OCT is only weakly affected by later Alpine
deformation and Alpine metamorphism was below greenschist facies. For a detailed
description of the geological situation we refer to Florineth and Froitzheim (1994).

The general structure of the Tasna OCT consists of a wedge of lower continen-
tal crust thinning oceanwards (Figure 3.2). This wedge is bounded by two detach-
ment faults, the Upper Tasna Detachment (UTD) and the Lower Tasna Detachment
(LTD) (Froitzheim and Rubatto, 1998). The LTD separates the lower crustal rocks
in the hanging wall from subcontinental mantle rocks in the footwall. The LTD has
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Figure 3.2: Idealized cross-section showing the Tasna OCT before the onset of Alpine
convergence. The Lower Tasna Detachment (LTD) separates strongly tectonized
lower crustal rocks (hanging wall) from subcontinental mantle rocks forming the
footwall. The LTD is truncated by the Upper Tasna Detachment (UTD), which
exhumed both, the crustal and mantle rocks, to the seafloor. Tectono-sedimentary
breccias overlie the exhumed crustal rocks and locally also the exhumed mantle rocks.
The uppermost tens of meters of the mantle rocks show a high fault-related fracture
density, which is decreasing downwards. The mantle rocks formerly exposed on the
seafloor are associated with a thin layer of ophicalcite (calcite-cemented serpentinite
breccia). The entire setting is sealed by post-rift sediments consisting predominately
of calcareous siltstone and sandstone, some shales, and minor breccia layers.

been interpreted by Froitzheim and Rubatto (1998) to juxtapose the mantle rocks
against the lower crustal rocks during an early exhumation of the mantle. The
UTD separates the tectonized continental and mantle basement from the sedimen-
tary cover which stratigraphically overlie the exhumed footwall of the UTD. It has
been interpreted by Florineth and Froitzheim (1994) to cut the LTD and to have
led to the final exhumation of the lower crustal and mantle rocks on the seafloor.
The Early Cretaceous post-rift sediments overlying the UTD seal the LTD, clearly
indicating that the geometrical relationships between the two detachment faults are
older than Early Cretaceous in age and were neither produced nor modified during
later Alpine orogeny (Florineth and Froitzheim, 1994).

The sedimentary cover consists predominantly of calcareous siltstones and sand-
stones which were deposited from turbidity currents. Within the turbidite succession
a few layers of mass-flow breccias occur. The base of the sedimentary sequence is
formed by a layer of dark shales which rest on the tectonized crustal and mantle
rocks with a sedimentary contact.

The crustal basement rocks in the Tasna OCT represent Variscan continental
crust and consist of a heterogenous and strongly tectonized assemblage of amphibo-
lites, gabbros, tonalites, and migmatites, suggesting a mid to lower crustal origin.
Locally, tectono-sedimentary breccias with crystalline basement clasts occur along
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the top of this basement. Some of them are the product of in situ fragmentation,
others are of sedimentary origin.

The subcontinental mantle rocks are strongly serpentinized peridotites. Most of
the serpentinization [80-90% according to L. Desmurs, pers.comm. 2001 ] occurred
during and after final break-up, but before Alpine orogeny. Vein density within
the serpentinites increases towards the overlying detachment faults, suggesting that
these veins are genetically related to the detachment faults and formed within a
damage zone accompanying the major fault. Healing of the veins, as indicated by the
vein mineralogy, occurred predominantly during the later weak Alpine metamorphic
overprint (Früh-Green et al., 1990). The thickness of the damaged zone is varies from
a few meters to about 100 m. Along the top of the serpentinized peridotite, strongly
brecciated serpentinites, commonly cemented by calcite (ophicalcites) are observed.
These ophicalcites occur as a discontinuous layer of varying thickness and appear to
be genetically related to the formation of the detachment faults.

3.3.2 Hobby High

Hobby High is located in the Iberia Abyssal Plain OCT zone in the west Iberian
margin (Figure 3.1). It formed during Early Cretaceous break-up of the Atlantic
separating Newfoundland and Iberia.

Hobby High was extensively investigated geophysically through reflection and
refraction seismic, gravity, magnetic, and heat-flow surveys. Moreover, it was the
target of three deep-sea drilling sites (ODP Sites 900, 1067, and 1068), which are
located within two kilometers (Figure 3.3). In this paper we use the drilling data
(Sawyer et al., 1994; Whitmarsh et al., 1998) and the Lusigal 12 reflection seismic
profile (Beslier , 1996). The drilling penetrated the sedimentary cover and the very
top of the basement. The interpretation of deeper intra-basement structures is
therefore based on seismic data only.

At Site 900 the entire sedimentary sequence was recovered. Its total thickness is
748 m and the oldest dated sediments are late Paleocene. Lithologies in the upper
unit (0 to 182 m) are nannofossil ooze, nannofossil clay, clay, silt and fine-grained
sand. The sediments are hemipelagic to pelagic and mud-dominated turbidites. The
lower unit (182 to 748 m) consists predominantly of claystone. Minor lithologies are
siltstone and fine sandstone which become calcareous down-section. With regard to
the velocity structure, the partial lithification which occurs at depth greater than
640 m is essential, since it results in the interbedding of high- and low-velocity layers.
The upper sedimentary sequences at Sites 1067 and 1068 were washed. The lower
116 m of post-rift sediments at Site 1067 and 141 m at Site 1068 are calcareous
claystone, siltstone, and fine sandstone which where predominately deposited from
turbidity currents.

The sediment-basement contacts at Sites 900 and 1067 are quite abrupt in terms
of their velocity structure, and the basement is strongly tectonized. Drilling pene-
trated 60 m and 91 m, respectively, into basement and recovered an assemblage of
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Figure 3.3: Borehole profiles (ODP Sites 900, 1067, and 1068) at Hobby High.
The basement oceanward from Site 1068 consists of serpentinized mantle peridotite.
Because of their low sonic velocities and the poor core recovery they must have
a substantial fracture density. These serpentinized mantle rocks are overlain by
cataclastic breccias with clasts of lower crustal rocks. At Sites 900 and 1067, which
are located 680 m and 1420 m continentward of Site 1068, a basement formed
by lower crustal rocks (mainly amphibolite and tonalite gneiss) has been drilled.
These crustal rocks show a strong, rift-related low-temperature deformation and are
partly brecciated. However, their high sonic velocities and the overall good recovery
indicate that most fractures are healed. At all three sites, the top of the basement
is interpreted as the trace of the so called Hobby High Detachment (HHD) which
simultaneously exhumed the mantle and the lower crustal rocks during a late stage
of rifting. The un-drilled contact between crustal and mantle rocks is postulated to
be another low-angle detachment, the so-called HD referring to the H-reflector.

amphibolites, gabbros, anorthosites, and tonalites. These rocks are interpreted as
pre-rift lower crustal rocks. U/Pb ages on zircons show an age of 270±3 Ma which is
interpreted to indicate magmatic underplating in late to post-Variscan times. Later
this assemblage of lower crustal rocks underwent ductile deformation at 0.6 to 0.8
MPa. Cooling below 150oC was dated to 137 Ma by Ar/Ar ages on plagioclase sug-
gesting that uplift and exhumation to the seafloor occurred in Early Cretaceous time
(Manatschal et al., 2001). The cooling history of the basement, as well as structural
evidence suggest that the basement at Sites 900 and 1067 was capped by a younger
detachment fault, the Hobby High Detachment (HHD). HHD is interpreted on seis-
mic sections to break out 6 km to the east and plunges into basement 14 km to the
west of Hobby High (Manatschal et al., 2001). Thus, HHD represents a detachment
which was exposed at the seafloor and later sealed by post-rift sediments. This in-
terpretation is consistent with the observation that basement rocks in the footwall



66 Seismic modeling of detachment faults in OCTs

of the HHD were fractured, brecciated and subsequently cemented by epidote and
calcite. The portion of the breccias varies from 0 to 80% and decreases downwards
which is consistent with the downwards increasing recovery of drill cores.

Oceanwards, at Site 1068, the basement consists of strongly tectonized and ser-
pentinized peridotite. The top of this peridotite is a fault which corresponds to the
HHD. It is overlain by a tectono-sedimentary breccia which is grading upwards into
a purely sedimentary one. Its geochemistry indicates that the serpentinized peri-
dotite represents exhumed subcontinental mantle (Abe, 2001). The poor recovery
by drilling is interpreted to indicate a high density of unhealed fractures in these
rocks, which are related to the detachment fault.

The sediment-basement contacts of both, the lower crustal rocks at Site 900
and 1067 and the exhumed mantle at Site 1068, are interpreted as the trace of one
and the same detachment fault, the HHD, which exhumed the Hobby High on the
seafloor. The time-migrated Lusigal 12 profile shows that the crustal rocks at Hobby
High are soled by a reflection (H in Krawczyk et al. (1996) and M in Whitmarsh
et al. (2000)) which emerges at the top of the basement between Sites 900 and 1068
(Figure 3.10b) and either represents another detachment structure or the primary
crust-mantle boundary (Figure 3.3).

3.3.3 Comparison of Hobby High and the Tasna OCT

The overall geological and tectonic structure of the Tasna OCT correlates closely
with the one at Hobby High. Generally the dips in the Tasna OCT are flatter than at
Hobby High. Particularly striking are the similarities with regard to the basement
lithologies, their exhumation history, the similar post-rift sedimentary sequence,
and the deformation history along the detachment faults. In the following, we
construct a detailed seismic model of the Tasna OCT which is based on analyses in
Chapter 2. Based on the modeled seismic response, we then seek to identify seismic
features which are characteristic for the exhumed and intra-basement detachments,
and compare them with corresponding features in the seismic images of Hobby High.

3.4 Models of the seismic structure of the Tasna

OCT

3.4.1 Geometrical reconstruction

The geometrical relationships in the Tasna OCT were virtually not affected by
Alpine deformation (Florineth and Froitzheim, 1994). Hence, a geometrical model
of the Tasna OCT can be constructed directly from the geological field observations.
Our model contains six major lithological units: late post-rift sediments, early post-
rift sediments, tectono-sedimentary breccias, ophicalcite, lower crustal rocks, and
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Figure 3.4: P-wave velocity (a) and bulk density (b) models of the Tasna OCT.
The internal velocity and density structures of the lithological units were modeled
independently and were then assembled according to the geological model which
is indicated by the black solid lines. The velocity structure of each unit consists
of a deterministic large-scale and a stochastic small-scale component (eq. 3.1).
The two realizations (r1 and r3 ) shown in (a) differ in the stochastic small-scale
components and the thickness of the cataclastically damaged zone (dz, indicated by
the black dashed line) below the Lower Tasna Detachment (LTD). The thickness
of this damaged zone has also been modeled stochastically. s1 and s2 refer to the
post-rift sediments, sm indicates the exhumed subcontinental mantle, lc the lower
crustal rocks, and UTD the Upper Tasna Detachment.
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Table 3.1: Parameters of the velocity and density models. For the underlying anal-
yses we refer to Chapter 2.

Unit V0(x, z) ρ0(x, z) ∆V (a)
ax az σ(z)[m/s] [kg/m3]
[m] [m]

ν
[m/s]

Water 1500 1000 - - - -
Chalk & clay 10000 3.5 0.3 0.3z + 10
Calcareous turbidites

z + 1530 1.4z + 1600
3000 10 0.18 (b)

Tectono-sedim. breccias 4889 2630 50 2 0.1 600 (c)
Lower crustal rocks 5700 2780 20 10 0.15 500 (d)
Ophicalcite 4437 2540 10 6 0.3 600 (e)
Damaged serpentinite 3200 20 2 0.1 500
Undeformed serpentinite 0.4(z − zUTD(x)) + 5500

(f)
400 100 0.12 350

(g)

(a) Parameters characterizing ∆V (x, z): ax: horizontal correlation length;
az: vertical correlation length; ν: related to the fractal dimension D by D = 3 − ν
σ(z): Standard deviation

(b) Log-normal distribution of ∆V with µy = 5.7 and σy = 0.6, shifted by -300 m/s.
(c) Vmin = 1800 and Vmax = 7200 [m/s]
(d) Vmin = 3800 and Vmax = 7500 [m/s]
(e) Vmin = 2000 and Vmax = 7200 [m/s]

(f) ρ0(x, z) = 2522 ·
(

z−zUT D(x)
100

)0.005

+ 500 · (1 − exp(−0.001(z − zUTD(x)))) [kg/m3]
(g) See section 3.4.4 for the construction of a cataclastically damaged

zone in the uppermost serpentinite.
zUTD(x) Depth of the Upper Tasna Detachment [m]

exhumed mantle rocks. The small-scale fluctuations of the seismic velocity within
these units are separately modeled stochastically.

All formation/unit boundaries in the model refer to the base of the lowermost
post-rift sediment. This is a dark shale which we consider as an almost horizon-
tal reference marker, since it stratigraphically seals the entire OCT zone and does
not show onlap structures along the profile (Figure 3.2). Also the dip of the LTD
was constructed using this reference line and the continentward increasing thick-
ness of the lower crustal rocks measured in vertical profiles. The thickness of the
sedimentary units have been increased to compensate for compaction during Alpine
history. The estimated former porosities are 50% for the shales, 30% for the tur-
bidite deposits, and 40% for the hemipelagic sediments, which resembles the aver-
age porosities measured in the corresponding lithologies in the west Iberian margin
(Boillot et al., 1987b; Sawyer et al., 1994; Whitmarsh et al., 1998). The geometrical
reconstruction of the Tasna OCT is denoted by solid black lines in Figure 3.4.

3.4.2 Velocity and density models

Following Holliger and Levander (1994) we describe the velocity structure V (x, z) of
the lithological units as the superposition of their deterministic large-scale structure
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Figure 3.5: Velocity structure (V ) of serpentinized peridotite in the damaged zone
(dz ) below a detachment fault (D): A gradual transition (c) from the large-scale
(V0) and small-scale (∆V ) velocity structures of strongly damaged serpentinite (a)
to those of undeformed serpentinized peridotite (b) was emulated through an ex-
ponential weight function (equation 3.2). B indicates the base of the damaged or
transitional zone (dz ), hence the uppermost occurrence of undeformed rock. In this
particular 1D model the thickness of the damaged zone is 70 m.

V0(x, z) and their stochastic small-scale heterogeneity ∆V (x, z)

V (x, z) = V0(x, z) + ∆V (x, z) . (3.1)

Accounting for appropriate small-scale heterogeneity is known to increase the re-
alism of the models and their seismic response dramatically (Holliger , 1996, 1997).
Given a statistical model of heterogeneity in all lithological units, realistic velocity
models of arbitrary resolution can be generated. The seismic response from such
models does not only aim at reproducing deterministic features of the observed
seismic data, such as major reflection horizons, but also stochastic features, such
as lateral variations in reflection strength and/or continuity. A description of the
stochastic method is given in the Appendix. The heterogeneity of the density struc-
ture is not considered, i.e. ρ(x, z) = ρ0(x, z), because density fluctuations tend to
strongly correlate with velocity fluctuations (e.g. Sheriff and Geldart , 1995, p. 116
ff) and thus do not fundamentally enrich the seismic model.
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3.4.3 Velocity and density structure of the lithological units

Table 3.1 lists V (x, z), ∆V (x, z), and ρ(x, z) for the considered lithologic units.
V (x, z) and ρ(x, z) are given directly as functional relationships whereas ∆V (x, z)
is quantified statistically in terms of its horizontal and vertical correlation length
(ax and az) and the parameter ν (Appendix). Analyses of geophysical logs for and
petrophysical measurements of the large-scale structures and estimates of the small-
scale structures for all major lithological units were made and presented in Chapter
2. The horizontal components are estimated from geological observations. These
physical properties refer to a mature margin, that is after continental break-up but
before Alpine orogeny.

Crucial for the seismic structure of the detachment faults is the fracture healing
behavior of the associated fault rocks. In the lower crustal rocks, fast syn-tectonic
fracture healing led to a high average velocity. The small-scale fluctuations in these
tectonized lower crustal rocks appear to be mostly uncorrelated at scales relevant
for the modeled seismic signals (Chapter 2) and hence as having a relatively short
correlation length (Table 3.1). In less tectonized rocks the correlation lengths are
considered to be much larger (Holliger and Levander , 1994) or even infinite (Dolan
and Bean, 1997). In contrast to the lower crustal rocks, the exhumed subcontinental
mantle rocks preserved a significant crack porosity after rifting. These open fractures
result in a pronounced low-velocity zone associated with the fault. The velocity
structure across such a damaged zone in exhumed subcontinental mantle rocks is
discussed in the following subsection.

The large-scale velocity and density structures in the exhumed mantle rocks
depend mainly on the degree of serpentinization, which decreases with depth. This
dependence on distance from the seafloor leads to an increasing average velocity and
density and consequently to a decreasing contrast to the crustal rocks forming the
hanging wall along the dipping LTD (Figure 3.4b).

3.4.4 Cataclastically damaged zone in subcontinental man-
tle rocks

The velocity structures of undeformed serpentinized peridotite and of cataclastically
damaged serpentinite associated with the detachment faults differ significantly in
both, their large-scale and small-scale features. In order to model the damaged
zone below the fault representing a transitional zone between the strongly damaged
and the mostly undeformed rocks we use an empirical weight function based on the
velocity structures of exhumed serpentinized peridotites in the west Iberian margin
(Chapter 2). This weight function is of exponential kind and defines the degree of
deformation as a function of vertical distance from the fault plane:

w(h) = c · exp

(
−dh

m

)
, (3.2)
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where h is the vertical distance to the fault and m is the thickness of the damaged
zone. The factor c is related to the thickness (m) and allows to accommodate
a situation, in which the uppermost, strongly damaged material of the footwall
is missing (e.g. where the footwall of the detachment fault was exhumed to the
seafloor and the uppermost part was removed by erosion). This is achieved by
setting c = 1, if m is greater than the average thickness, and c = m/m̄, if m is
smaller than m̄, and thus limiting the portion of damaged material to c · 100%.
The parameter d determines the range of the model (Wackernagel , 1998). It is set
d = 3 defining the base of the damaged zone (quantified by m) as being composed
of 95% undeformed and 5% cataclastic rock. The weight function w(h), thus defines
the portion of fractured material and consequently w’(h) = 1 − w(h) defines the
portion of the undeformed material (Figure 3.5). In a 2D section the thickness of
the damaged zone, defined as the vertical distance from the fault to the mostly
undeformed rock, is varying laterally and hence described as m(x). In our models
the thickness varies randomly according to a 1D von Kármán model (Appendix).
Based on field evidence, m(x) is characterized by ν = 1, an average thickness (m̄) of
70 m, a standard deviation (σm) of 15 m, and a horizontal correlation length (am)
of 400 m.

3.4.5 Multiple realizations of the stochastic components

Stochastic modeling does not aim at reproducing particular details of the actual
small-scale velocity structures, but rather at emulating its ensemble characteristics
in a statistical sense. It is therefore reasonable to generate several stochastic realiza-
tions of the same velocity structure and to study those realizations in greater detail
which contain particularly extreme, pertinent, or otherwise interesting features.

We have generated numerous realizations of the velocity structures of the Tasna
OCT and we shall discuss four of them here. These four models will be referred to
as realizations 1 to 4 (r1 to r4 ). The 2D velocity models resulting from realizations
1 and 3 are shown in Figure 3.4a. Vertical traces extracted from the seismic model
are shown in Figure 3.6. These velocity profiles, which are equivalent to sonic logs,
illustrate the small-scale variability in 1D, especially the variability of the damaged
zone below the LTD.

3.5 Synthetic seismic sections of the Tasna OCT

3.5.1 Modeling and Processing

Synthetic seismic sections of the Tasna OCT were computed for the four model
realizations of the velocity and the density structure (Figure 3.4). Realistic CMP-
stacked and time-migrated sections were generated by computing individual shot-
gathers by means of full waveform modeling and subsequent standard reflection
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Figure 3.6: Velocity-depth profiles extracted at x=7472 m from the four realizations
of the velocity model (r1 to r4) and density-depth profile (ρ). The sonic log equiva-
lents illustrate the small-scale velocity fluctuations and in particular the variability
of the velocity structure in the cataclastically damaged zone (dz ) below the LTD.
Each of the four realizations must be considered as a possible velocity structure of the
Tasna OCT. UTD and LTD refer to the Upper and Lower Tasna Detachments and
SF indicates the seafloor. ”tsb” indicate tectono-sedimentary breccias, ”lw.sed.”
are the lower post-rift sediments (mainly calcareous fine-grained turbidites), and
”up.sed” are the upper post-rift sediments (clay and ooze).
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Table 3.2: Design of the simulated Tasna and real Lusigal 12 surveys.

Tasna Tasna Hobby HighParameter
simulation stack Lusigal 12

Water depth 1100 m 1100 m2 5030 m
Src. depth 20 m
Rec. depth 0 m
Peak freq. 35 Hz 35 Hz 24 & 45 Hz
Max. freq. 70 Hz 70 Hz 64 Hz
Src signal Ricker Ricker mixed phase3

Src. interval 48 m 48 m 50 m
Rec. interval 24 m 24 m 25 m
CMP interval 12 m 12 m 12.5 m
Max. offset 1872 m 600 m 2700 m
Incidence1 0.6-40o 0.6-15o 1.7-15o

Max. coverage 20 7 24
1 Angles of incidence with respect to the seafloor
2 4 seconds travel time finally added
3 see seafloor reflection in Figure 3.11

seismic processing. This approach considers all, scattered and multiple waves, the
spherical attenuation of the data as well as processing effects. The design of the
simulated surveys emulates that of the Lusigal 12 survey (Table 3.2). The only
major exception is the water depth, which is only about 1/5 of the real depth, in
order to save computing time and to keep grid dispersion under control. This results
in a significantly increased angular spectrum of incidence in the synthetic seismic
data compared to the Lusigal 12 data or in turn in a reduced offset and subsurface
coverage at an angular spectrum corresponding to Lusigal 12 (Table 3.2).

Shot record modeling is performed using a finite difference solution to the acous-
tic wave equation implemented in Seismic Unix (sufdmod2 in Cohen and Stockwell ,
2000). The source was a Ricker wavelet with a center frequency of 35 Hz. For the
maximum relevant signal frequency of 70 Hz and minimum velocity of 1500 m/s, a
grid spacing of two meters is required to satisfy stability conditions of the numerical
solution (Alford et al., 1974). In order to save computing time, the shots were com-
puted only in segments of the seismic model accommodating the simulated streamer
length plus a buffer zone of 240 m on both sides which attenuates the impact of edge
reflections. Absorbing boundary conditions were applied on all sides of the model.
A total number of 156 shots with a single side receiver array pointing continentwards
were modeled.

The resulting synthetic marine seismic surveys were then processed as outlined
in Table 3.3. Scaling was first performed on every trace using a programmed gain
function q(t) which was derived from the fall-off of the amplitudes. For final scaling
of the stacked and time-migrated sections we used automatic gain control (AGC),



74 Seismic modeling of detachment faults in OCTs

Table 3.3: Processing sequence for the synthetic seismic sections across the Tasna
OCT (Figure 3.7)

1. Assignment of the geometry data
2. Bandpass filter, 4-8-50-70 Hz
3. Scaling with q(t) = t1.8 exp(−0.7t)
4. Sort to CMP gathers
5. Velocity analysis on 3 CMP gathers; Computation of Vrms from the input

velocity model
6. Normal moveout correction 1

7. Near offset CMP stack 2

8. Phase-shift time migration 3

9. Bandpass filter, 4-8-50-70 Hz
10. AGC4, window length 1 s
1 Finally using computed Vrms
2 Full and far offset stacks are discussed in Figure 3.9
3 (sugazmig in Cohen and Stockwell , 2000) using an average interval velocity -

time function derived from the input velocity models
4 Normalization with respect to the entire data set, in order to preserve lateral

amplitude variations

whereby normalization was performed with respect to the entire dataset aiming at
preservation of lateral amplitude variations. Stacking velocities were first obtained
by semblance velocity analysis on the first, middle, and last CMP-gather with full
coverage (stacks in Figure 3.9) and finally computed from the input velocity model
(Figure 3.7). To compensate the travel-time deficit resulting from the reduced water
depth in the models, 4 s were added to the trace-annotations for display.

In addition to CMP-stacks and their time migrations, primary reflectivity sec-
tions have been computed, because they demonstrate more clearly the lateral am-
plitude variations and the polarity of the particular reflections. They emulate the
perfectly migrated seismic sections and are generated by convolving time-to-depth
converted vertical reflectivity series (derived from the velocity and density struc-
tures) with a Ricker wavelet of 35 Hz center frequency. No gain control was applied,
so that amplitudes in the primary reflectivity section reproduce the actual strength
of the reflection coefficients.

The 2D observations are discussed on the basis of the seismic models from real-
ization 1 (Figure 3.7). Detailed features differing between the various realizations
are discussed on the basis of selected traces (Figure 3.8).

3.5.2 General observations

The major lithological units (late pelagic post-rift sediments, early turbiditic post-
rift sediments, lower crustal rocks, and exhumed mantle rocks) can be clearly dis-
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Figure 3.7: Synthetic seismic profiles of the Tasna OCT: (a) primary reflectivity
section, (b) CMP stack, (c) time-migrated version of the CMP stack. Note the
different strength of the reflections from the UTD on the continent- and oceanward
side (a and b) as well as the diffractions on the oceanward side of the UTD (d). The
seismic signature of the basement units and the LTD (f) are somewhat affected by
peg-leg multiples. See the text for a detailed discussion and the annotations.
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tinguished in the idealized primary reflectivity model (Figure 3.7a) on the basis of
their seismic facies or signature. Concerning the sedimentary cover this also holds
for the CMP-stacked and the time-migrated sections (Figure 3.7b and c), whereas
the image of the basement structure is affected by other than the primary reflections.

3.5.3 Seismic expression of the UTD

The nature of the reflection representing the UTD differs depending on the lithology
exhumed by the UTD. The UTD is imaged as a strong and continuous reflection
on the continentward side where it exhumes crustal rocks (label b in Figure 3.7a).
In contrast, on the oceanward side where mantle rocks were exhumed, the UTD is
imaged by a clear but variable reflection (label a in Figure 3.7a). The variation
of amplitude on the oceanward side results from the variation in thickness of the
damaged zone below the detachment. If the damaged zone is thin, a strong velocity
contrast occurs between sedimentary cover and mantle rocks. Conversely if the
damaged zone is thick, the transition is more gradual and less reflective. Due to
AGC scaling, this difference in the character of the amplitudes is less obvious in
the CMP-stacked and the time-migrated sections (Figure 3.7b and c). The stacked
section shows numerous diffractions characteristically occurring at the UTD on the
oceanward side (label d in Figure 3.7b). These diffractions are indicative of the
varying thickness of the cataclastically damaged zone and the discontinuous nature
of the ophicalcite layer and other breccias. They are absent on the continentward
side (label e in Figure 3.7b) where early fracture healing in the crustal rocks and
fast lithification of overlying crystalline breccias results in a smooth surface. Due
to this early fracture healing, the lower crustal rocks represent a high velocity unit
with a relatively homogenous structure with respect to the seismic wavelength. This
results in a continuous and strong velocity contrast between the crustal basement
and the overlying sediments, which in turn causes a strong and continuous reflection
in all three seismic sections.

3.5.4 Seismic expression of the LTD and the basement

The LTD itself is a fast-to-slow interface (lower crustal rocks on strongly damaged
serpentinite) associated with a slow-to-fast transition below (transition of damaged
to undeformed serpentinite) (Chapter 2). Provided that the resolution of the seismic
data is sufficiently high, the LTD is thus imaged as a negative reflection of laterally
varying strength due to variations of the thickness of the damaged zone below the
detachment (label c in Figure 3.7a). If the damaged zone is thin with respect
to the seismic wavelength, the LTD becomes seismically transparent, because the
serpentinized peridotites of the exhumed mantle do not significantly differ in their
average sonic velocity from the amphibolites and gabbros of the lower crust. This
is illustrated in Figure 3.8 where traces have been extracted from four different
realizations of the seismic models at the same position (x=7448 to 7496 m). The
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LTD-reflection as well as the seismic signatures of the basement units are affected by
peg-leg multiples which are present in the CMP stack (label f in Figure 3.7b). An
overprint of the LTD-reflection by peg-leg multiples occurs at great offsets (Figure
3.9), but not in the near offset sections (Figures 3.7a and b) whose angular spectrum
corresponds to that of the Lusigal 12 image from Hobby High.

3.6 Comparison of the Tasna models with the Hobby

High seismic images

Although the Tasna OCT is a sub-horizontal structure sealed by sediments and
Hobby High forms a basement high onlapped by sediments, their seismic images
share many similarities. In the following, we compare pertinent aspects of the seismic
signatures of Hobby High and the Tasna OCT. The seismic images of Hobby High
(CMP stack and time migration) are taken from the Lusigal 12 profile (Beslier ,
1996) and were processed by C.M. Krawczyk (courtesy of Geomar, Kiel).

3.6.1 Sediment-basement contact: UTD and HHD

Diffractions which we found to be typical for the top of exhumed mantle rocks in
the Tasna models, are also characteristic at the top of the acoustic basement on
the oceanward side of Hobby High (label d in Figure 3.7b and d′ in Figure 3.10a).
The westward end of the Lusigal 12 profile imaging a more oceanward segment than
Hobby High, which represents exhumed subcontinental mantle (ODP Site 1070 in
Whitmarsh et al., 1998) was described by Beslier et al. (1995) in a similar manner as
diffracting basement overlain by post-rift sediments. Conversely, the continentward
side of Hobby High appears to be a less diffracting surface which also is in accordance
with the Tasna OCT model (labels e and e′ in Figures 3.7b and 3.10a). Moreover,
the characteristics of the HHD-reflection resemble those of the modeled UTD. On
the continentward side in the time migrated image (label h′ in Figure 3.10b) the
HHD is a continuous reflection with little variation in amplitude, which agrees well
with the corresponding image of the UTD (label h in Figure 3.7c). On the other
hand, the HHD is imaged by a set of quite complex and discontinuous reflections
on the oceanward side (label g′ in Figure 3.10b), which has no correspondence in
the Tasna seismic models (label g in Figure 3.7c). We interpret this difference to
be due to (i) breccias which occur at Site 1068 (Figure 3.3) and which we assume
to increase in thickness at the west flank of Hobby High and (ii) a possible minor
allochthon (arrow in Figure 3.10b). In contrast, such breccias are very thin and
occur only locally on the oceanward side in the Tasna model.
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Figure 3.8: (a) Synthetic seismograms for the four different realizations of the veloc-
ity model (r1 to r4 ) at x=7448 to 7496 m and corresponding to the velocity-depth
profiles shown in Figure 3.6. (b) Thickness of the cataclastically damaged zone be-
low the LTD at the corresponding positions. r3 illustrates that the seismic response
of the LTD depends critically on the thickness of the damaged zone. If the damaged
zone becomes too small compared to the dominant wavelength of the seismic signal,
the LTD becomes seismically transparent. The reason for this is that there is no
major difference in the average velocity between the amphibolites and gabbros of
the hanging wall and the undeformed serpentinized peridotites in the footwall of
the LTD. UTD and LTD refer to the Upper and Lower Tasna Detachments and SF
indicates the seafloor. The seismograms are based on convolution of depth-to-time
converted reflection coefficient series with a 35 Hz (center frequency) Ricker wavelet.
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Figure 3.9: (a-c) Details from the CMP-stacked synthetic profile from r1 of the
Tasna OCT. Contrary to the stacks in Figure 3.7 NMO correction in these stacks
was performed using stacking velocities obtained by analysis. The full and far offset
stacks (b and c) are seriously contaminated by peg-leg multiples which are difficult
to identify in stacking velocity analysis, because of their short period and the ab-
sence of significant underlying primary reflections. The peg-legs are generated in
the lowermost sediment layers where strong velocity contrasts occur due to partial
lithification. They become particular strong at great offsets (d) due to great angles
of incidence and overprint primary arrivals from intra-basement structures, such as
the LTD (b and c). The angles of incidence with respect of the UTD are approx-
imately 0.5-11o in the near offset stack (a), 0.5-32o in the full offset stack (b), and
22-32o in the far offset stack (c). The angular spectrum of the near offset stack (a)
corresponds to that of Lusigal 12 (Table 3.2).

3.6.2 Crust-mantle contact: LTD and the H -Reflector

Although, the seismic expression of the LTD and H are somewhat obscured by
multiples and diffractions in the CMP stacks, they do share common characteristics
(labels f and f ′ in Figures 3.7b and 3.10a). The primary reflectivity section, the
migrated stack of the Tasna model, and the time migrated image of Hobby High
show the crust-mantle detachment as a weak reflection of inverse polarity (label
c in Figure 3.7a; labels i and i′ in Figures 3.7c and 3.10b). In order to facilitate
the comparison of the particular reflections we have convolved five velocity-depth
profiles extracted from the Tasna model (r1 ) at 7448 to 7496 m with a mixed-phase
wavelet estimated from the Lusigal 12 data and compare them in Figure 3.11 with
corresponding time migrated traces of Lusigal 12 at Site 1067. Based on its similarity
with the modeled LTD-reflection, we interprete the H -reflection as originating from
a crust-mantle detachment, which is tentatively denoted as HD in Figure 3.3.
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Figure 3.10: (a) CMP stack and (b) time migration of the Hobby High segment of
the Lusigal 12 profile (processed by C.M. Krawczyk, courtesy of Geomar, Kiel). The
reflection marked as HHD (Hobby High Detachment) is interpreted as a detachment
fault exhuming mantle rocks on the oceanward side and lower crustal rocks on the
continentward side (equivalent to the UTD in Figure 3.7). This interpretation is
supported by drilling and work by Manatschal et al. (2001). The reflection marked
as H is interpreted as a detachment juxtaposing lower crustal and mantle rocks,
equivalent to the LTD in Tasna. For the other labels see the detailed discussion in
the text.
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Figure 3.11: Comparison of the reflections UTD vs HHD and LTD vs H. (a) Reflec-
tion coefficient sequences at x=7448 to 7496 m of the Tasna model (r1 ) convolved
with the mixed-phase wavelet extracted from the Lusigal 12 data (see also r1 in
Figure 3.8a). (b) Traces extracted from the time migrated version of Lusigal 12 at
the position of Site 1067. The similar nature of the reflections from the detachments
(UTD vs HHD and LTD vs H ) is quite evident.
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3.7 Conclusions

We have modeled the seismic structure of the fossil Tasna OCT, evaluated its seismic
response, and compared it with the present-day Hobby High OCT. Our compara-
tive approach demonstrates, how the interpretation of seismic reflection data from
present-day OCT zones can be improved using complementary evidence from fossil
OCT fragments. Based on realistic seismic models of the Tasna OCT we identified
the pertinent characteristics of seismic reflections from the exhumed subcontinental
mantle rocks, exhumed lower crustal rocks and crust-mantle detachments in OCT
zones. These characteristics are: (i) variable amplitudes and diffractions at the top
of exhumed subcontinental mantle; (ii) a continuous and strong reflection from the
top of exhumed lower crustal rocks; and (iii) weak and discontinuous reflections of
inverse polarity from shallow crust-mantle detachments. Very similar seismic sig-
natures at corresponding locations are observed at Hobby High and are sufficiently
consistent and pronounced to draw conclusions on the nature of the footwall of the
detachment faults, i.e. to distinguish between continental crust and exhumed man-
tle. Since the applicability of this kind of interpretation is moreover validated for the
HHD by scientific drilling, our characterization of the seismic signatures from the
HHD may serve as a guideline for interpretation of other OCT zones in magma-poor
rifted margin. On the other hand, the conformity of the seismic signatures of the
H-reflector, whose corresponding structure has not been drilled, and the modeled
LTD strongly supports the interpretation of the H-reflector as a LTD-like crust-
mantle detachment. Although our models of the Tasna OCT compare extremely
well with the seismic response of Hobby High we can not exclude some uncertain-
ties which predominantly concentrate on the simulation of the small-scale features,
especially the simulation of the thickness variation of and the velocity structure
across the damaged zones associated with the detachment faults. However, we do
not expect this to fundamentally change the characterized seismic signatures of the
H and LTD detachments. Hence we consider also the seismic expression of the LTD
as qualitative guide for interpretation of its equivalents in present-day OCT zones.

3.8 Appendix: Stochastic modeling of the small-

scale intra-formation features

We model the small-scale velocity heterogeneities in each formation as stationary
zero-mean, Gaussian random fields whose 2nd order statistical properties are speci-
fied by von Kármán-type autocovariance functions

C(hx, hz) =
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z


 , (3.3)

where hx and hz are the horizontal and vertical lag distances, ax and az are the
horizontal and vertical correlation lengths, σ is the standard deviation, Γ is the
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tabulated gamma function and Kν is the modified Bessel function of the second
kind of order 0 ≤ ν ≤ 1. This family of autocovariance functions (eq. 3.3) describes
stochastic processes that are fractal at scales smaller and white at scales bigger than
the correlation lengths, with the fractal dimension given as (Goff and Jordan, 1988;
Turcotte, 1992):

D = E + 1 − ν , (3.4)

where E is the underlying Euclidean dimension. Note that in other publications,
the ν-value is frequently referred to as the Hurst number.

The corresponding power spectrum is given by

P (kx, kz) =
σ2 · (2√πaxaz)

E · Γ(ν + E
2
)

Γ(ν) · (1 + k2
xa

2
x + k2

za
2
z)

ν+E/2
, (3.5)

where kx and kz are the horizontal and vertical wavenumbers. The terms (2
√

πaxaz)
E,

Γ(ν + E
2
), and Γ(ν) are constant for a given stochastic process and hence can be

neglected for modeling purposes. Equation 3.5 thus can be simplified to

P̃ (kx, kz) =
1

(1 + k2
xa

2
x + k2

za
2
z)

ν+E/2
. (3.6)

A 2D synthetic random field is than generated by multiplying the amplitude spec-

trum
√

P̃ (kx, kz) of the desired process with a random phase factor exp(iΦ), where
Φ is an uniformly distributed random number between −π and π. Taking the in-
verse Fourier transform and scaling to the desired standard deviation then yields a
realization of the considered random process.
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4.1 Abstract

”Top-basement detachment faults (TBDF)”, represent exhumed segments of down-
ward-concave detachments accommodating tens of kilometers of offset. TBDFs are
key structures of magma-poor rifted margins, but are difficult to identify in seismic
profiles, because they coincide with top-basement reflections. We have constructed
realistic seismic models of an Alpine example, which was used to simulate full marine
seismic surveys and to identify the seismic fingerprint of TBDFs in CMP-stacked and
time-migrated sections. Minor extensional allochthons, which locally cap TBDFs,
give rise to pronounced diffractions, which are in stark contrast to continuous re-
flections from uncapped segments of TBDFs. In time-migrated synthetic sections
we find a continuous and constant amplitude reflection alternating with a laterally
discontinuous reflection of variable amplitude. These diagnostics were also identified
in the Lusigal 12 seismic profile imaging the Hobby High detachment, a TBDF in
the Iberia Abyssal Plain. Using these diagnostics, small extensional allochthons and
high-angle faults cutting the Hobby High detachment were observed in Lusigal 12
and the entire sedimentary cover can be shown to be post-rift.

4.2 Introduction

”Top-basement detachment faults” are parts of low-angle detachment systems. They
represent the no longer active segments of downward-concave detachment faults
which exhumed continental basement or mantle rocks at the seafloor. Their for-
mer hanging walls typically form extensional allochthons stranded along the trace
of the fault. Examples of such faults have been extensively studied in the exposed
ocean continent transition (OCT) zones of the ancient Tethyan margins in the Alps
(Froitzheim and Eberli , 1990; Florineth and Froitzheim, 1994; Froitzheim and Ma-
natschal , 1996; Manatschal and Nievergelt , 1997; Froitzheim and Rubatto, 1998).
Top-basement detachment faults have also been drilled in the west Iberian margin
(Whitmarsh et al., 1998; Manatschal et al., 2001) as well as in the Woodlark basin
(Papua New Guinea) (Taylor et al., 1999).

The discovery of top-basement detachment faults has changed dramatically our
views regarding the architecture and tectonic evolution of OCT zones in magma-
poor margins. In particular, estimates of total strain (e.g. β-factors) and strain
rates, which are the basis of most isostasy and magma production models for rifted
margins, may have to be revised significantly and a corresponding reinterpretation
of seismic profiles across OCT zones is indicated.

Recent interpretations of detachment structures in the Iberia Abyssal Plain which
are based on reflection seismic and drill hole data suggest that rifting immediately
preceding seafloor spreading is characterized by detachment faulting propagating
oceanwards (Manatschal et al., 2001). Manatschal et al. (2001) demonstrated how
the mode of deformation changed from initially listric downward-convex faulting
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Figure 4.1: Schematic illustration of the kinematic concept of downward-concave
detachment faults resulting in top-basement structures which are locally capped
by extensional allochthons. Such detachments faults are thought to form during
advanced rifting, when the continental crust is already thinned to about 10 km, and
to lead to exhumation of subcontinental mantle.

accommodating a low amount of extension to downward-concave faulting accom-
modating high amounts of extension. For Iberia the downward-concave faults have
been interpreted indirectly, using geometric arguments (Manatschal et al., 2001), but
faults of similar geometry have also been predicted by numerical modeling (Lavier
et al., 1999). In fact, downward-concave faults can explain the exhumation of lower
crustal and subcontinental mantle rocks (Whitmarsh et al., 2001) characterized by
a low topographic relief, the occurrence of tectono-sedimentary breccias overlying
the exhumed basement surface for square kilometers (Desmurs et al., 2001), and the
presence of extensional allochthons of continental origin (Figure 4.1). Although this
process is geometrically well documented on the Lusigal 12 seismic profile across the
Iberia Abyssal Plain (Beslier , 1996), the identification of top-basement detachments
relays on the results of deep-sea drilling (Manatschal et al., 2001). Seismic reflec-
tions from top-basement detachment faults are notoriously difficult to distinguish
from common, i.e. non-tectonic, sediment-basement contacts. Understanding the
nature of the seismic expression of top-basement detachment systems in detail is
therefore crucial in order to distinguish them from non-tectonic sediment-basement
reflections.



88 Top-basement detachment faults

Exposed remnants of ancient Tethyan margins in the Alps of eastern Switzerland
provide detailed 2D to 3D insights into the architecture, kinematics, and tectonic
evolution of low-angle detachment structures. Studies regarding detachment faulting
in the Tethyan margins predominantly focused on their architecture and evolution
(e.g. Froitzheim and Eberli , 1990; Froitzheim and Manatschal , 1996; Manatschal
and Nievergelt , 1997; Froitzheim and Rubatto, 1998) and comparison with present-
day margins (e.g. Manatschal and Bernoulli , 1999). Recently, the seismic response
of a top-basement detachment fault at the transition from exhumed lower crust to
exhumed subcontinental mantle at the most distal segment of a margin was evaluated
(Chapter 3).

In this paper, we reevaluate the architecture and kinematic evolution of the rift-
related Err detachment and simulate its seismic response. The Err detachment is an
outstanding example of a top-basement detachment, which is locally capped by ex-
tensional allochthons and elsewhere directly overlain by syn- and post-rift sediments
(Froitzheim and Eberli , 1990). It is spectacularly exposed in the Err nappe in the
Alps of eastern Switzerland (Figures 4.2, 4.3b, and 4.4), and has been interpreted as
part of a low-angle detachment fault system cutting from the upper crust into the
mantle and leading to the exhumation of subcontinental mantle within the Platta-
Err OCT (Manatschal and Nievergelt , 1997). We seek to combine the geological,
tectonic, and seismic characteristics of this top-basement structure along a 14 km
long upper crustal segment. In doing so, we first describe the Err detachment and
discuss the kinematic concept of top-basement detachment faults. We then present
a high resolution seismic velocity and density model of the Err detachment and its
surroundings and evaluate the seismic response through full waveform simulation
of a typical marine seismic reflection survey. The resulting synthetic CMP-stacked
and time-migrated sections allow us to characterize the pertinent seismic features
of the Err detachment system. We shall demonstrate that although the dimensions
of the tectonic features associated with top-basement detachments are too small
to be resolved deterministically in the seismic images, they can be identified based
on their characteristic seismic signatures. Finally, we review the Lusigal 12 profile
across the Iberia Abyssal Plain for similar seismic patterns and apply our results
from the Err models to reinterprete an inferred top-basement detachment (Hobby
High detachment in Manatschal et al., 2001) in the Iberia Abyssal Plain.

4.3 Geological Setting

4.3.1 Overall situation

Remnants of a Middle Jurassic rift-related detachment system, which resulted in the
opening of the Liguria-Piemonte ocean, are exposed in the Platta and Err nappes
in the Alps of Eastern Switzerland. The Platta and Err nappes preserve an an-
cient OCT, the Platta-Err OCT, situated in the transition between the northeastern
Liguria-Piemonte ocean and the Adriatic margin (AM in Figure 4.2) (Manatschal
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Iberia Abyssal Plain (IAB) and the Err detachment system (Err). Paleogeographic
maps for (b) the Late Cretaceous and (c) the Late Jurassic showing the tectonic
framework of the corresponding Iberian margin (IM) and the Adriatic margin (AM).
Modified after Manatschal and Bernoulli (1999).
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of southeastern Switzerland). (b) Present-day cross section across the area of Piz
d’Err - Piz Bial. The prominent Err detachment truncates extensional allochthons
and high-angle normal faults separating these allochthons. An incisement structure
is preserved at Piz Jenatsch where a higher and older detachment fault, the Jenatsch
detachment, is cut by the younger and lower Err detachment. The allochthon east
of Piz Lavinér, labeled (a), is that shown in Figure 4.4. Modified after Manatschal
and Nievergelt (1997).
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and Nievergelt , 1997). During Late Cretaceous convergence, this OCT has been
telescoped and sampled within a west-vergent thrust stack. Subsequent late oro-
genic extension and Eocene continent-continent collision between the Adriatic and
the European plates were strongly localized and affected only parts of the previ-
ously formed nappe stack (Froitzheim et al., 1994). The localized nature of Alpine
deformation and the weak metamorphic overprint, which never exceeded lowermost
greenschist facies in the northern Err and Platta nappes (Ferreiro Mählmann, 2001),
explains the excellent preservation of rift-related structures within these nappes.

The architecture of the Platta-Err OCT is controlled by a system of low-angle de-
tachment faults (Manatschal and Nievergelt , 1997). These faults are shallow crustal
structures with a top-to-the-ocean sense of shear. They form break-aways in the
continental crust to the east and exhume mantle rocks to the west. Along the detach-
ment faults, tectono-sedimentary breccias and continent-derived blocks of variable
size, called extensional allochthons, overlie exhumed continental and mantle rocks,
and are sealed by post-rift sediments. The best preserved and most spectacular part
of the detachment system is the Err detachment, which is exposed in the area of Piz
d’Err - Piz Bial in the Err nappe (Figures 4.3 and 4.4).

4.3.2 The Err detachment

The Err detachment was described by Froitzheim and Eberli (1990) and Manatschal
and Nievergelt (1997). Its footwall consists of massive granite and is exposed over
18 km parallel to the east-west transport direction. In the area of Piz d’Err-Piz
Bial (Figure 4.3), the former hanging wall structure is exposed over about 6 km and
preserves pre-Alpine contacts to the footwall. The hanging wall consists of tilted
fault blocks of Variscan basement rocks and Triassic pre-rift sediments. Both, the
basement and the pre-rift sediments, are systematically cut by the Err detachment
and form extensional allochthons (Figures 4.3 and 4.4). The individual fault blocks
are separated by high-angle faults and are of variable size ranging vertically from 50
to 250 m and horizontally from 100 to 1500 m. An incisement structure is preserved
at Piz Jenatsch where a higher and older detachment fault is cut by the younger
and lower Err detachment (Figure 4.3b).

Based on geological mapping, a displacement of more than 10 km has been
determined for the Err detachment (Manatschal and Nievergelt , 1997). Dynamic
recrystallization of quartz did not occur along the fault, suggesting that the fault
formed under metamorphic conditions below greenschist facies (< 300oC) (Manat-
schal , 1999). The fault rocks associated with the detachment fault are 40 to 160 m
thick green cataclasites, which grade downward into massive, undeformed Variscan
granite. The occurrence of green cataclasites as clasts in syn-rift sediments indicates
a rapid syn-tectonic healing of these fault rocks. The fault plane of the Err detach-
ment is a sharp and a well-defined horizon marked by a characteristic black fault
gouge, which accommodated most of the displacement (Manatschal , 1999). Shear
sense criteria from fault rocks indicate a top-to-the-ocean sense of shear. These ob-
servations confirm that the Err detachment fault is a late, shallow crustal structure.
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Figure 4.4: The low-angle Err detachment fault juxtaposing Variscan continental
basement (granite) in the footwall against Variscan gneiss and Triassic pre-rift sedi-
ments (mostly dolomite) in the hanging wall. The footwall consists of a 150 m thick
cataclastic zone, grading downwards into Variscan granite. View from the South
onto Peak 3059 east of Piz Lavinér (corresponding to label a in Figure 4.3).

Continentwards it formed a break-away in the continental crust and penetrated
oceanwards into deeper crustal levels and probably into the subcontinental mantle
(Manatschal and Nievergelt , 1997). The relationships of the Err detachment with the
syn-rift sediments are preserved outside the considered transect in the northwestern
part of the Piz d’Err - Piz Bial area (Figure 4.3a) and in several other locations in
the Err nappe (Manatschal and Nievergelt , 1997). There syn-rift sediments strati-
graphically overlie basement, pre-rift sediments, and also the Err detachment (e.g.
north of Piz d’Err in Figure 4.3a). Exhumation of the Err detachment to the seafloor
is corroborated by the occurrence of clasts of the green cataclasites and of indurated
black fault gouges in syn-rift breccias (Froitzheim and Eberli , 1990; Manatschal and
Nievergelt , 1997).

The small angles (< 20o) observed between the syn-rift sediments and the de-
tachment surface confirm that the Err detachment was a subhorizontal structure,
of which no longer active segments were exhumed to the seafloor and formed a so-
called top-basement detachment. Locally, where the Err detachment is capped by
minor remnants of the former hanging-wall, so-called extensional allochthons, it was
considered to represent a shallow intra-basement detachment by previous studies
(Froitzheim and Eberli , 1990; Manatschal and Nievergelt , 1997).

The post-rift sediments locally overlie pre-rift sediments of extensional allochthons
or directly the exhumed detachment fault. In the area north of Piz d’Err, the syn-
rift breccias are directly overlain by hemipelagic shales and pelagic or turbiditic
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limestones (Early Cretaceous Palombini Formation), whereas further to the north
the same breccias are overlain by middle to late Jurassic radiolarites which pass
upwards into the Palombini Formation. The lower part of the Palombini Formation
includes submarine mass-flow deposits yielding clasts derived from the pre- and syn-
rift sediments and also from the basement. This suggest that the submarine relief,
created by the extensional allochthons persisted over tens of million years and was
only buried during Early Cretaceous.

4.3.3 Kinematic model

Based on geometric reconstructions and kinematic data, Manatschal and Nievergelt
(1997) proposed that a progressive warping of the initially listric detachment faults
and the inactivation of older break-aways lead to a migration of detachment faulting
towards the future ocean. This kinematic model was strongly influenced by models
developed for the metamorphic core complexes of the southwestern United States
(c.f. Lister and Davis , 1989). New data from the Platta-Err OCT and new kinematic
models for mantle exhumation developed in the Iberia Abyssal Plain show that the
original model has to be revised. Recently Manatschal et al. (2001) proposed a model
for the evolution of detachment faults during the latest stages of rifting. This model
is based on the kinematic inversion of interpreted depth-migrated seismic profiles and
drill hole data from ODP Legs 149 and 173. Manatschal et al. (2001) demonstrated
that following initial thinning of the crust to less than 10 km, new faults propagated
towards the future ocean. Associated with this late faulting is a change in the
mode of deformation from initially downward-convex to finally downward-concave
listric faulting leading to a kinematic situation in which the footwall was pulled
out from underneath a relatively stable hanging wall and was exposed over tens of
kilometers at the seafloor (Figure 4.1). This model is similar to the rolling hinge
model (Buck , 1988) and is also consistent with numerical models (Lavier et al.,
1999). It explains how faults can accommodate large offsets, which lead to the
exhumation of crustal and mantle rocks to the seafloor within an OCT without
producing a major submarine relief. In this model, the extensional allochthons are
interpreted as remnants of a former hanging wall block which became disconnected
and were transported as passive blocks on the footwall, a situation like on a conveyor
belt.

4.4 Seismic models of the Err detachment

4.4.1 Reconstruction of the architecture of the Err detach-
ment

In order to compare the seismic response of the Err detachment with that from
top-basement detachment faults from present-day margins (e.g. HHD in Manat-
schal et al., 2001) and to generalize the results for top-basement detachment faults
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Figure 4.5: Geological reconstruction of the Err detachment for a post-rift stage
before the onset of Alpine convergence. The Err detachment fault exhumed its foot-
wall over large distances to the seafloor. The uppermost footwall is cataclastically
deformed (dz = damaged zone). Locally the detachment is capped by extensional
allochthons. With regard to the seismic response of the detachment we distinguish
between the capped and exhumed segments. Vertical exaggeration: 2x.

elsewhere, we have to reconstruct the pre-Alpine situation of the Err detachment.
Our reconstruction is entirely based on evidence from geological mapping.

The Err detachment and its footwall

The Err detachment is an overall horizontal structure along the central part of the
reconstructed profile (x = 2000 to 10000 m in Figure 4.5). Depth variations shown
in the reconstruction correspond to present-day variations in altitude.

The footwall of the Err detachment consists of green cataclasite grading down-
wards into undeformed granite. The thickness of this damaged zone is defined as the
vertical distance from the fault plane to the uppermost undeformed granite. We sim-
ulated the lateral thickness variations (100± 20 m) of this damaged zone by means
of a stochastic data sequence characterized by a Gaussian probability distribution
and exponential covariance function. The structure of the basement forming the
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deeper footwall (> 300 m below the detachment) is simplified in the reconstruction.
We believe that the basement was affected by deeper detachment structures which
were reactivated by Alpine thrust faults, but which we are not able to reconstruct.
For this reason, we consider the reconstruction of the basement in Figure 4.5 to be
adequate down to approximately 6000 m.

Extensional allochthons

In contrast to the footwall, the extensional allochthons forming the hanging wall
have been partly eroded. However, mapping and projection into the section allows
for a reliable reconstruction of the lithological composition and of the high-angle
faults separating the extensional allochthons. We have reconstructed the hanging
wall geometries along three transects which were then put together (Figure 4.3)
and which form the central segment of the reconstruction (x = 2000 to 10000 m
in Figure 4.5). The high-angle faults (Figure 4.5) are either observed in the field
or introduced in order to maintain the observed style of deformation and formation
thicknesses observed in adjacent preserved blocks.

Due to erosion, the pre-Alpine thickness of the allochthons cannot be recon-
structed. Only the minimum and maximum thicknesses are known from the present-
day situation and the regional stratigraphy. We assume that little syn-rift erosion
has taken place. This is justified by the fact that the hanging wall was never ex-
posed above sealevel and by the relatively small volume of syn-rift clastic sediments.
Erosion occurred only at the top of the extensional allochthons and along fault
scarps. Hence, the shown 2D geometry of the syn-rift unconformity is somewhat
speculative. However, a larger or smaller thickness within the given limits would
not fundamentally change the seismic expression of the allochthons.

Syn-rift sediments

Syn-rift sediments (Middle Jurassic Saluver Group) occur only locally along the
transect. They overlie the allochthons and their depositional geometry suggests that
their deposition partly pre-dates the Err detachment. However, the occurrence of
clasts of green cataclasites and black gouge typically associated with the Err detach-
ment within higher levels of the syn-rift sediments clearly indicate that the youngest
parts of the syn-rift sediments have been deposited while the Err detachment was
active.

Post-rift sediments

The post-rift succession of the Err nappe consists of a pelagic to hemipelagic se-
quence of radiolarian cherts, limestones and shales which locally onlap onto the
allochthons forming the hanging wall. For our models we simplified the sedimentary
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Table 4.1: Parameters of the velocity and density models. For the underlying anal-
yses of the velocity-depth and density-depth trends and the velocity fluctuations we
refer to Chapter 2.

Lithological unit Velocity Density Velocity fluctuations 1

ax az σV[m/s] [kg/m3]
[m] [m]

ν
[m/s]

Sed. cover upper post-rift 2 z + 1530 1.4z + 1600 10000 2 0.3 0.3z + 10
lower post-rift 2 z + 1700 1.4z + 1600 3000 5 0.18 see 7

syn-rift 3500 2500 100 3 0.2 400
Allochthons Agnelli Fm. 3 4 6010 2700 - - - -
(pre-rift) Kössen Fm. 3 4 6388 2720 - - - -

Hauptdolomite 3 5 6706 2840 - - - -
Raibl Grp. 3 5 6347 2720 - - - -
Buffalora Grp. 3 5 6453 2750 - - - -
Fuorn Fm. 3 6 5387 2670 - - - -
Chazfora Fm. 3 6 5364 2650 - - - -

(basement) Gneiss & Schist 5345 2710 160 40 0.14 300
Footwall Cataclasite 5385 2680 40 2 0.1 374

Granite 5780 2680 600 400 0.13 180
1 Described statistically using the von Kármán model (e.g. Holliger , 1996) and

quantified by a horizontal correlation length ax, a vertical correlation length
az, a parameter ν related to the fractal dimension of the process, and ρV the
standard deviation of velocity

2 Post-rift lithologies in the Err domain are radiolarite, pelagic limestone and
shales. For modeling we use the properties of a totally unconsolidated upper
unit and a partially consolidated lower sedimentary unit.

3 See Furrer et al. (1985) for the geology of that formations
4 Predominantly limestones
5 Triassic dolomites
6 Permian to Triassic sandstones
7 Log-normal distribution of ∆V with µy = 5.7 and σy = 0.6, shifted by -300

m/s.
z in this table generally refers to depth below the seafloor, specified in meters
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cover assuming a lower partially lithified formation and an upper entirely unconsoli-
dated formation. The total thickness of the post-rift succession in the reconstruction
is broadly twice the present-day thickness assuming an original porosity of about 40
to 60%.

Extrapolation

We have extended the reconstruction of the Err detachment 2 km oceanwards and
4 km continentwards from the central part of the reconstruction. On the oceanward
side, the Err detachment was exhumed. Its rise at x < 2000 m is supported by
the onlap of the sedimentary cover which can be observed in the field. Conversely,
the reconstruction of the Err detachment on the continentward side is somewhat
speculative, but is consistent with all available evidence.

4.4.2 Model of the seismic structure

To quantify the seismic structure (Figure 4.6), we construct 2-dimensional p-wave
velocity V (x, z) and bulk density ρ(x, z) models. The models consist of three compo-
nents representing different spatial scales: (i) the geological and geometrical model
(Figure 4.5), (ii) the large-scale velocity-depth and density-depth trends of each
lithological unit, and (iii) the small-scale velocity fluctuations of each lithological
unit. The first two components are described deterministically and are based on
field observations and laboratory measurements. In contrast, the small-scale ve-
locity fluctuations are represented stochastically (e.g. Frankel and Clayton, 1986;
Holliger et al., 1993; Holliger and Levander , 1994). For this purpose, we use the
von Kármán (1948) parametric model which describes band-limited fractals. A de-
tailed description of the stochastic method as well as a discussion of its significance
is given in Chapter 3.

Table 4.1 lists the velocity-depth and density-depth trends and the statistical
characterizations of velocity fluctuations of each lithological unit. This summary is
based on analyses presented in Chapter 2. The velocity and density structures of
each lithological unit were modeled separately and were finally assembled according
to the geometrical model. In doing so, we generally neglect density fluctuations, since
they are considered to be strongly correlated with velocity fluctuations. Moreover,
we neglected velocity fluctuations in the pre-rift sediments, because the thickness of
this units corresponds only to about 1/25 - 1/3 of the dominant seismic wavelength.
Special attention was paid to the simulation of the more complex velocity structure
of the footwall of the Err detachment, where a transition from cataclasites at the top
to undeformed granite 40 to 160 m below must be realized. We modeled the velocity
structure of both, the cataclasite and the granite, separately and superimposed them
according to an exponential weight function, which defines the relative proportions
as a function of distance from the detachment fault (Chapter 3).
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Figure 4.6: Seismic structure of the Err detachment system in terms of its acoustic
impedance. Green circles denote interfaces crucial for the subsequent interpreta-
tion of the corresponding seismic response: (a) the exhumed detachment forming
a contact of sediment to tectonized basement, (b and b’ ) the detachment overlain
by allochthons, (c) the contact of unconsolidated post-rift sediments with the non-
tectonic top of an allochthon, and (c’ ) the contact of moderately lithified early
syn-rift sediments with the non-tectonic top of an allochthon. The vertical profiles
(A to C) refer to the later discussion of the seismic response. Vertical exaggeration:
2x.

4.4.3 Seismic modeling and processing

Synthetic CMP-stacked and time-migrated seismic sections were generated by com-
puting individual shot-gathers and subsequent standard reflection seismic process-
ing. The seismic modeling was based on a finite difference solution of the 2D acoustic
wave equation (sufdmod2 in Cohen and Stockwell , 2000). This approach considers
all scattered and multiple acoustic waves, cylindrical spreading, as well as acquisi-
tional and processing effects.

The source signal is a Ricker wavelet with a peak frequency of 35 Hz. The
spatial discretisation interval was 2 m, which yields at least 10 grid points per
minimum wavelength. Each shot-gather is simulated in a segment of the seismic
model comprising the streamer length plus a buffer zone of 240 m on both sides.
Together with absorbing boundary conditions, the buffer zones attenuate the impact
of artificial edge reflections. A total number of 272 shots with a single side 77
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Table 4.2: Design of the simulated Err and the real Lusigal 12 surveys.

Parameter Err Lusigal 12 1

Water depth 2020 m 2 5030 m
Source depth 20 m
Receiver depth 0 m
Dominant frequency 35 Hz 24 & 45 Hz
Maximum frequency 70 Hz 64 Hz
Source signal Ricker mixed phase
Shot point interval 48 m 50 m
Receiver interval 24 m 25 m
CMP interval 12 m 12.5 m

Maximum offset 1872 m 4 2700 m

Incidence spectrum 3 0.3-25o 4 1.7-15o

Maximum coverage 20 4 24

1 Beslier (1996)
2 Water depth when modeling the shot gathers. In all Figures, 3000 m

respectively 4 s travel time were added to the annotations to represent a
realistic water depth of the Err system.

3 Angles of incidence with respect to the seafloor
4 In order to match the angular spectrum of the Lusigal 12 profile, the

maximum offset in the Err data was limited to 1200 m resulting in a
incidence spectrum of 0.3-16o in the profiles shown in Figure 4.7. In
doing so, the subsurface coverage was reduced to 12.

channel receiver array pointing oceanwards were modeled. The resulting synthetic
shot-records were processed as outlined in Table 4.3 resulting in the sections shown
in Figure 4.7. The design of the simulated survey emulates that of common marine
seismic reflection surveys (Table 4.2), except for the water depth which we decreased
to 2000 m in order to keep grid dispersion (e.g. Kelly et al., 1976) under control and
to save computing time. To match the spectrum of incidence angles of Lusigal 12,
we therefore accepted a somewhat lower subsurface coverage in the simulated Err
survey (Table 4.2).

4.4.4 Seismic response

We first discuss the seismic structure and response of the footwall of the Err de-
tachment and then the structure and response of the interfaces which are crucial
for the geological interpretation. These interfaces are the exhumed and the capped
segments of the Err detachment (Figure 4.5) as well as the top of the extensional
allochthons capping the detachment. Figure 4.6 shows the seismic structure of the
Err detachment in terms of the acoustic impedance, i.e. V (x, z) · ρ(x, z), Figure 4.7
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Table 4.3: Processing sequence for the simulated Err survey

1. Assignment of the geometry data
2. Bandpass filter, 4-8-50-70 Hz
3. Sort to CMP gathers
4. Velocity analysis on 8 CMP gathers
5. Normal moveout correction
6. near offset 12 fold CMP stack

7. Gazdag phase-shift time migration 1

8. Bandpass filter, 4-8-50-70 Hz

9. AGC 2, window length 2 s
1 Interval velocity depth function for migration was computed from the

input velocity model by taking horizontal averages.
2 AGC using Gaussian taper and normalization with respect to the entire

stack, in order to preserve lateral amplitude variations

shows the corresponding seismic response, and in Figure 4.8 we look at the details
of the crucial interfaces (labeled a to c) by means of selected 1D profiles.

The footwall of the Err detachment

The shallow footwall of the Err detachment consists of a cataclasite, i.e. a damaged
zone, grading downwards into granite. Although the small-scale velocity fluctuations
of the cataclasite and the undeformed granite show different characteristics, the
seismic structure at scales of a dominant wavelength is quite homogenous due to
fast syn-tectonic fracture healing in the fault rocks (Chapter 2). As opposed to
detachment faults cutting through exhumed mantle rocks (Chapter 3), there is no
low-velocity zone associated with the damaged zone below the Err detachment and
hence there is no seismic response from this homogeneous footwall.

The exhumed Err detachment

Where the Err detachment was exhumed to the seafloor (label a in Figures 4.6, 4.7,
and 4.8) and where it is overlain by syn- or post-rift sediments, it generally represents
a slow-to-fast interface and hence is imaged by a prominent, continuous reflection of
positive polarity. Because of the homogeneous velocity structure of the footwall, the
only variations in amplitude are due to differences in lithification of the overlying
sediments. The amplitude of the reflection is stronger where unconsolidated post-
rift sediments directly cover the fault (x < 2000 m in Figures 4.6 and 4.7) and
it is weaker where lithified syn-rift sediments are intercalated (x = 2000 to 2700
m). Given the homogeneous velocity structure of the footwall, there are no seismic
attributes associated with this sediment-basement reflection, which would allow to
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Figure 4.7: Synthetic seismic profiles of the Err detachment for the geological model
shown in Figure 4.5 and the corresponding seismic structure shown in Figure 4.6:
(a) CMP-stacked and (b) time-migrated sections. The exhumed Err detachment
is characteristically imaged by a very continuous reflection of constant amplitude
(label a). In contrast, the capped detachment (label b) is seismically transparent.
However, it can be interpreted based on the characteristic seismic response of the
associated extensional allochthons. The tops of these allochthons give rise of indi-
vidual strong diffractions in the stacked section and are imaged by strong, broken
up reflections of variable amplitude in the migrated section (label c).
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Figure 4.8: Seismic structure and response of crucial interfaces. The profiles and
interface-labels correspond to those in Figures 4.6 and 4.7. The velocity and density
structures are given as functions of depth, whereas the impedance profile is converted
to two-way-travel time (TWT). The syntheic seismograms marked as ”pri. reflec-
tivity” are based on reflection coefficient sequences convolved with a Ricker wavelet
with a center frequency of 35 Hz. The seismograms denoted as ”full waveform”
are extracted at corresponding locations from the time-migrated section shown in
Figure 4.7b. See text for a discussion of the particular interfaces.
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distinguish this top-basement detachment from a non-tectonic sediment-basement
contact.

The capped Err detachment

Where extensional allochthons overlie the Err detachment (label b in Figures 4.6 and
4.8) two configurations of the seismic interface occur. Where the cataclastic footwall
is juxtaposed against a hanging wall of calcareous or dolomitic pre-rift sediments
we observe a moderate fast-to-slow interface and hence a weak reflection of inverse
polarity (label b in Figures 4.6 and 4.8). Where the footwall is juxtaposed against
schists and gneiss in the hanging wall there is either no velocity contrast or only
a very minor slow-to-fast contrast and hence no discernible seismic response (label
b’ ). The 2D seismic profiles indicate that, despite its prominent structural nature,
the capped Err detachment (x = 3000 to 9000 m) is seismically transparent (Figure
4.4 and label b in Figure 4.7).

The top of the extensional allochthons

The upper parts of the extensional allochthons consist of dolomite and limestone,
which are well lithified and have high velocities and densities. Therefore, they form
very strong impedance contrasts with respect to the overlying syn- or post-rift sed-
iments and give rise to strong reflections. The actual strength of the reflection
varies depending on whether unconsolidated post-rift sediments (label c) or some-
what lithified syn-rift sediments (label c’ ) overlie the allochthons. The crucial part
of their seismic response are, however, the prominent diffractions in the CMP-stack
(x = 3000 to 9000 m in Figure 4.7a). They originate from the displaced top of the
allochthons where high-angle faults are emerging. The corresponding response in the
time-migrated section is a laterally discontinous and broken up sediment-basement
reflection (Figure 4.7b). The seismic fingerprint of the relatively small (0 to 2 domi-
nant wavelengths) extensional allochthons is the thus strongest seismic evidence for
the existence of a top-basement detachment fault.

4.5 The Lusigal 12 profile across the Iberia Abyssal

Plain

The Iberia Abyssal Plain offshore Portugal (Figure 4.2) is one of the best studied
OCT zones in magma-poor margins (Whitmarsh et al., 2000). A dense network of
seismic reflection profiles has been recorded. In the following, we review a segment of
the Lusigal 12 seismic profile (shot-points 3970 to 4250 in Beslier , 1996; Whitmarsh
and Wallace, 2001; Manatschal et al., 2001) continentwards of Hobby High (ODP
Sites 1067 and 1068 in Whitmarsh et al., 1998), whose seismic signature is similar
to that of the synthetic seismic profiles across the Err detachment.
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4.5.1 Observations continentwards of Hobby High

Within a 3 km segment continentwards of Hobby High, the Hobby High detachment
(Figure 4.9) is exhumed and hence represents the sediment-basement contact. It
is imaged as a continuous reflection (label a in Figure 4.9). Further to the east
(x = 7 to 10 km and x = 11 to 13 km in Figure 4.9) the sediment-basement
contact is imaged by a strong, broken up, and laterally discontinuous reflector,
which is characterized by several strong diffractions in the CMP-stack (label c in
Figure 4.9). The amplitudes of the response from this displaced sediment-basement
reflector (label c) are significantly stronger than those from the continuous sediment-
basement reflector oceanward (label a). There is no seismic response from below the
broken up reflector (label c). This seismic signature strongly resembles that observed
in the synthetic seismic data from the Err detachment (Figure 4.7). Continentwards
of Hobby High, at x = 10 to 11 km (label d in Figure 4.9), a seismic signature of the
top of the basement is observed which does not occur in the Err models. The top of
the basement is neither imaged by a continuous nor by a broken up reflection, but
appears to be somewhat transparent.

4.5.2 Reinterpretation of the Lusigal 12 profile east of Hobby
High

The seismic fingerprint of the sediment-basement contact continentwards of Hobby
High (Figure 4.9), which Manatschal et al. (2001) interpreted as a top-basement
detachment, is largely identical to that of the Err detachment (Figure 4.7). In
the following, we shall reinterpret this segment of Lusigal 12 based on the inferred
architecture of the Err detachment.

This approach allows us to identify small extensional allochthons (label c in
Figure 4.10) and to identify the exhumed and the capped segments of the Hobby
High detachment (=HHD, labels a and b in Figure 4.10). The segment labeled d in
Figure 4.9, which does not fit into the pattern of exhumed and capped detachments,
is interpreted as a post-detachment graben structure (label d in Figure 4.10). We
therefore postulate the existence of high-angle normal faults cutting across the latest
low-angle detachment fault. Such a post-detachment normal fault has indeed been
proposed by Whitmarsh et al. (2000) at the continentward flank of Hobby High
(label e in Figure 4.10). The onlap of the sedimentary cover onto these late high-
angle faults implies that all sediments are post-detachment as suggested by Wilson
et al.. Manatschal et al. (2001) interpreted the structure at location d (Figures
4.9 and 4.10) as the rotated break-away of the HHD, which is inconsistent with
our interpretation of the extensional allochthons. If the HHD had a break-away at
location d (Figures 4.9 and 4.10), extensional allochthons would rest exactly on that
break-away segment, which is quite unlikely. We therefore argue that the break-away
is likely to be located somewhere more towards the continent.
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Figure 4.9: Detail of the Lusigal 12 seismic profile (processed by C.M. Krawczyk,
courtesy of Geomar, Kiel) across the Iberia Abyssal Plain showing a 14 km tran-
sect east of Hobby High (Shot-points 3970 to 4250 in Beslier , 1996; Whitmarsh and
Wallace, 2001): (a) CMP stack and (b) time migrated section. The reflection inter-
preted as the Hobby High detachment (HHD) in Manatschal et al. (2001) has seismic
features strikingly similar to the modeled seismic expression of the Err detachment
(Figure 4.7). The segment labeled a shows a very continuous reflection of relatively
constant amplitude. Two other segments labeled c show striking diffractions in the
CMP stack and corresponding shifted and strong reflections of variable amplitude
which have a characteristically transparent footwall (label b). The segment labeled
d has no equivalent in the Err models.
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Figure 4.10: Refinement of the interpretation of the Hobby High detachment east
of Hobby High. Based on their seismic characteristics, we identify extensional al-
lochthons (label c) and after this the exhumed and the capped segments of the
detachment can be recognized (labels a and b). The segment labeled d can be in-
terpreted as a post-detachment graben structure. Such a post-breakup extensional
structure is in line with the high-angle normal fault on the east-flank of Hobby High
(label e) which was suggested by Whitmarsh et al. (2000).

4.6 Discussion and Conclusions

We have reviewed the kinematic framework and investigated the seismic expres-
sion of top-basement detachment faults at a crustal level in magma-poor margins
based on outcrop evidence from the ancient Tethyan margins. We have applied
these insights to reinterpret a crucial segment of Lusigal 12 imaging the most distal
continental margin in the Iberia Abyssal Plain.

4.6.1 Crustal top-basement detachments and their seismic
expression

Given the analogies of the top-basement detachments in the Tethyan and Iberian
margins, such detachment faults can be considered as integral features of magma-
poor margins. Given the amount of extension accomodated by these detachments,
they are of great tectonic significance, but difficult to identify on seismic profiles,
since they cannot readily be discerned from the undisturbed top of the acoustic
basement. Our results do, however, indicate that the seismic expression of locally
occurring extensional allochthons is rather unique and hence suitable to serve as
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guide for the interpretation of top-basement detachments. Extensional allochthons,
which cap segments of the exposed Err detachment, are generally too small to be
imaged deterministically. They do, however, give rise to pronounced individual
diffractions in synthetic CMP-stacked data, which do not occur in the neighboring,
exhumed segments of the Err detachment. Time-migrated synthetic seismic pro-
files show the capped segments as a broken up top-basement reflection of variable
strength, which alternates with a continuous, constant amplitude top-basement re-
flection from the top of the un-capped, exhumed detachment. A careful review of the
Lusigal 12 seismic profile across the Iberia Abyssal Plain reveals very similar seismic
patterns continentwards of Hobby High (ODP Sites 900, 1067, and 1068). Using
these diagnostic features as a guide for a reassessment of the corresponding Lusigal
12 segment leads to the interpretation of the HHD as a top-basement detachment
structure.

4.6.2 Implications for the interpretation of the Lusigal 12
profile

The identification of extensional allochthons and the interpretation of post-detachment
high-angle normal faults have major implications for our geological understanding
of the distal margin in the Iberia Abyssal Plain.

• The existence of extensional allochthons 8 km to the east of Hobby High
confirms the overall interpretation of HHD as a top-basement detachment
fault, but contradicts the interpretation of a break-away occurring at this
location (Manatschal et al., 2001). A break-away of HHD must therefore be
located closer to the continent, which implies an even larger offset along this
fault and hence a thicker pre-HHD crust than proposed by Manatschal et al.
(2001)

• The onlap of the oldest sediments onto the post-detachment high-angle faults
and the sealing of these faults by younger sedimentary sequences (Figure 4.10)
implies that the sediments are post-rift in age. This supports the idea proposed
by Wilson et al. that ”true” syn-rift sediments are rare in the distal margin,
which may be explained either by very low sedimentation rates or by a very fast
extension rates accommodated by the downward-concave detachment faults.

• The post-detachment high-angle normal faults indicate an extensional process
in the margin after break-up. Given the sealing of these faults by the oldest
sediments, such an extension can not be much younger than break-up. On
the basis of the presented data, it remains unclear, whether this behavior is a
local phenomenon, or whether it is of a systematic and general nature. That
is, either the high-angle faults are of local origin resulting from an up-warping
of Hobby High, or they reflect a general post-rift extensional phase within the
entire distal margin.
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Chapter 5

Synopsis and Outlook

5.1 Synopsis

The goal of this thesis was to constrain the seismic structure and response of low-
angle detachment faults in ocean-continent transition (OCT) zones in order to im-
prove the geological interpretation of the Iberia Abyssal Plain in particular, and of
magma-poor rifted margins in general. Achieving this goal required major technical
efforts, such as the simulation of realistic seismic velocity structures and the appli-
cation of full waveform modeling to the simulation of marine seismic surveys. In the
following, the major results of this research effort are summarized and some newly
arisen problems are discussed.

5.1.1 The seismic response of detachment faults: Applica-
tion to marine seismic profiles

Based on the synthetic seismic profiles across the exposed ancient Tasna OCT (Chap-
ter 3) and the Err detachment system (Chapter 4), the seismic fingerprints of detach-
ment faults in a distal margin and an OCT zone could be identified and described.
It was shown that the seismic response of detachment faults in different geological
settings, such as exhumed mantle versus exhumed crust or capped versus uncapped
segments of exhumed detachments, is characterized by quite different seismic sig-
natures. These seismic signatures can therefore be used as diagnostic tool for the
interpretation of seismic data from present-day passive margins, where little or no
direct geological evidence is available.

The response from exhumed mantle is characterized by numerous, weak diffrac-
tions and a reflection of laterally variable strength (Figure 5.1a). In contrast, ex-
humed crustal rocks do not give rise to diffractions, but are imaged by strong,
continuous reflections (Figure 5.1b and d). Minor extensional allochthons locally
capping an otherwise exhumed detachment produce strong, individual diffractions
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and the corresponding top-basement reflection has a characteristic ”broken-up” na-
ture (Figure 5.1c). These diagnostic features inferred from synthetic seismic data can
indeed be found in real seismic profiles from corresponding geological settings. The
results are summarized into a catalogue (Figure 5.1), which may serve as a guide for
future interpretations of seismic reflection profiles across present-day magma-poor
rifted margins.

5.1.2 The reinterpretation of the Hobby High detachment

The insights gained from the synthetic seismic response of the Err detachment al-
lowed for a detailed reinterpretation of the proximal segment of the Hobby High
detachment (Chapter 4). This reinterpretation was inspired by earlier work, in par-
ticular Manatschal et al. (2001). Based on their interpretation of the Hobby High
detachment, the Err detachment has been reinterpreted as a top-basement structure.
In particular, the hanging wall in the area of Piz d’Err and Piz Bial (Figure 4.5) was
recognized to represent a few local extensional allochthons overlying an otherwise
exhumed detachment surface. Previously, the Err detachment had been considered
to be a shallow intra-basement structure. The results of seismic modeling of the Err
detachment asked for a more detailed interpretation of the Hobby High detachment.
In doing so, post-detachment high-angle normal faults have been inferred, which
in turn drew our attention back to potential analogues in the Err area (see Figure
5.2 and Section 5.2.2). This underscores the significance of the Alps as a natural
laboratory for rifted margins research.

The reinterpretation of the Hobby High detachment presented in this thesis is
also consistent with two novel concepts recently published by Wilson et al. and
Whitmarsh et al. (2000). Using several lines of evidence, Wilson et al. suggested a
general lack or scarcity of syn-rift sediments in the Iberia Abyssal Plain OCT and
concluded that either rifting was very fast or the sedimentation rate was very low.
This idea is based on the observation that no typical syn-rift depositional geometries,
e.g. thickening of sediment packages towards the fault and/or strata onlapping the
hanging wall, can be found.

Whitmarsh et al. (2000) identified a landwards dipping high-angle normal fault,
which they interpreted to represent a feature related to late extension. Although
the conclusions and the overall tectonic model of Whitmarsh et al. (2000) are fun-
damentally different from those presented in this thesis, the principal observation
concerning the distribution and timing of these faults are the same in both studies.
Given the differing approaches, this convergence in the interpretation of the post-
detachment faults and the distribution of ”syn-rift” sediments is quite encouraging.

5.1.3 Petrophysical database

The stochastic simulation of small-scale intra-formation heterogeneities of the seis-
mic velocity and density structure is an efficient tool for the construction of realistic
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Figure 5.1: Geological settings, seismic models, and seismic responses of low-angle
detachment faults in distal rifted margins and OCT zones: (a) subcontinental mantle
exhumed along the Upper Tasna detachment (UTD); (b) lower crust exhumed along
the UTD, and intra-basement detachment (LTD) juxtaposing lower crust and sub-
continental mantle; (c) small extensional allochthons capping granitic upper crust
which was exhumed by the Err detachment; (d) upper crust exhumed along the Err
detachment and onlapped by sediments. For a discussion of the characteristics of
the seismic responses in general and of the structure of fault-related damage zones
in particular see Chapters 3 and 4.
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seismic models. Moreover, it turned out that certain aspects of the seismic response
from top-basement and shallow intra-basement detachment faults are dominated by
the effects of small-scale variations of the seismic structure across the fault zones.

The quantification of the statistical properties of small-scale fluctuations require
densely sampled data sequences from the considered lithological units. The best
source of such data are sonic and density logs. The data derived from the field
campaigns (Err and Tasna nappes) and subsequent laboratory analyses do not ful-
fill these requirements, because: (i) the spatial relations of the field samples are
difficult to ensure in Alpine terrain; and (ii) the practically possible sampling den-
sity is insufficient for analysis of the correlation structure. These data do, however,
provide reliable constraints on the large-scale velocity and density structures within
the pertinent lithological units, and thus were used for constructing the determin-
istic component of the models. The laboratory data also give an overview on the
probability distributions of velocity and density fluctuations. Another source of
data used in this thesis are laboratory measurements of seismic properties on ODP
borehole samples. Sampling along these boreholes is irregular but relatively dense,
i.e. in 10 to 500 cm intervals. Variogram analyses of these laboratory data allow
the identification of certain correlation characteristics.

5.1.4 Technical developments

Technical advances have been made in the construction of complex crustal-scale
seismic models and in the simulation of full marine seismic surveys. In the course of
this work, several computer programs for data analysis, stochastic data generation,
seismic modeling, and subsequent data processing have been written, optimized, or
adapted for the use in an Unix shell environment.

The freely available Seismic Unix package (Cohen and Stockwell , 2000) provides
a complete set of processing and several modeling tools as well as a a stand-alone
programming environment for signal processing and analysis. Based on a finite
difference solution of the acoustic wave equation and other tools in Seismic Unix,
shell scripts were developed to simulate realistic marine seismic surveys. A Matlab
script generating bandlimited fractal Gaussian random fields was translated into an
optimized C code in order to allow for efficient simulations of large random fields
(some 106 grid nodes). The source codes including brief descriptions of the computer
programs can be found in the Appendix on CD-ROM.
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5.2 Outlook

Based on the results of this thesis and in view of the ongoing interest in rifted
margins and ocean-continent transition (OCT) zones in general, and in associated
low-angle fault zones in particular, I have attempted to identify a few key topics for
future research.

5.2.1 Seismic characterization of cataclastic fault zones

The sealing and fracture healing behavior of the cataclastic zones associated with
the detachment faults studied in this thesis has been found to be crucial for the
nature of the seismic responses from these faults. Fracture healing depends on
many parameters: on the damaged lithology, time, composition of circulating fluids,
as well as on the overall physical conditions such as temperature and pressure.
Given the range of possible combinations of these parameters, the seismic structure
of cataclastic fault zones is poorly understood and a variety of seismic responses
from cataclastic fault zones must be expected.

A rigorous study of seismic imaging aspects of cataclastic fault zones, would have
important implications beyond the realm of rifted margins. If certain aspects of the
seismic response of cataclastic fault zones could be linked to their petrological prop-
erties, for example the degree of sealing, lithification, fracturing, or water saturation,
this would have important applications in engineering and exploration geoscience,
e.g. in tunnel engineering, seismic exploration of potential waste deposition sites
(e.g. Albert et al., 1999), or reservoir characterization.

The cataclastic fault zones studied in this project are fossil structures located in
particular geological settings in continental margins. Moreover, due to the lack of
geophysical log data across such faults in the Iberian or Tethyan margins, analyses
are predominantly based on indirect geological evidence and petrophysical labora-
tory data. A more rigorous approach to constrain the seismic nature and response of
cataclastic fault zones in a variety of geological settings thus represents an important
problem waiting to be addressed.

5.2.2 Identification of post-detachment/post-rift structures

Post-detachment extensional faults have been observed in the Iberia Abyssal Plain
(Chapter 4). It does, however, remain an open question, whether these faults are
a general feature in OCT zones of rifted margins or whether they merely repre-
sent a local phenomenon. In the former case, they should be present throughout
rifted margins and they would be of significant importance as documents of post-rift
extension.

Post-rift normal faulting in rifted margins and in the adjacent oceanic crust has
indeed been observed at several locations in different margins:
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Figure 5.2: A possible post-detachment high-angle normal at Piz Chembles. (a)
Detail from the geological map of the Piz d’Err - Piz Bial area (Figure 4.3a). (b) View
from the south to Piz Lavinér and along the mountain ridge of Piz Chembles where
the Err detachment is exposed (see also Figure 1.6). (c) To the east of Piz Chembles
the trace of the Err detachment appears to be deflected and disappears below scree
deposits. At Piz Chembles it continues horizontally about a hundred meters higher.
In analogy to the inferred post-detachment normal faults continentwards of Hobby
High (Figure 4.10), the displacement of the Err detachment at Piz Chembles is
interpreted as a potential post-detachment normal fault.

• Based on a seismic reflection profile, Salisbury and Keen (1993) reported listric
normal faults in the oceanic crust offshore Nova Scotia.

• Recently, pillow lavas at Chenaillet (Western Alps) were shown to fill local
fault troughs in exhumed mantle rocks, which were formed by post-detachment
normal faulting (pers. comm. Manatschal and Chalot-Prat, 2001). Chenaillet
is interpreted as representing a very distal segment of an OCT zone of the
former Liguria-Piemonte ocean.

• At Piz Chembles (Err nappe, Figure 4.3) the Err detachment is cut by a fault.
This fault was mapped by Manatschal and Nievergelt (1997) but has not been
discussed so far. In analogy to the inferred post-detachment faults in the distal
Iberian margin, this fault could represent a post-detachment normal fault in
the distal Adriatic margin (Figure 5.2).

In order to evaluate the importance of post-rift extensional structures in distal
rifted margins, it seems adequate to better define the outcrop characteristics and
seismic fingerprints of such faults. This in turn would allow to identify and interpret
such structures in seismic profiles from present-day margins.

5.2.3 Refinement of seismic models across distal rifted mar-
gins

Based on the Err and Tasna seismic models and the corresponding synthetic seismic
profiles, some diagnostic seismic fingerprints of key tectonic structures in distal rifted
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margins and their transitions to oceanic crust have been identified. However, many
questions with regard to both, the small-scale and large-scale seismic interpretation,
remain open. Advanced seismic modeling studies do, however, have the potential
to substantially improve our understanding of the structure and seismic response of
rifted margins.

Characterization of basement highs

Some pertinent seismic features, whose interpretation is vague and not sufficiently
constrained by modeling results, were recognized in the vicinity of Hobby High: (i)
a triangular-shaped reflection from above the Hobby High detachment is interpreted
as a potential extensional allochthon stranded on exhumed mantle (arrow in Figure
3.10b); (ii) the complex and multicyclic seismic response from the top of exhumed
mantle rocks oceanward of Hobby High (label g′ in Figure 3.10b), which possibly
represents the seismic response of both, the Hobby High detachment and lithified
syn-rift deposits; and (iii) the post-detachment high-angle faults inferred in Chapter
4 and Figure 4.10.

Given the significance of Hobby High as the best studied transect of a present-
day OCT zone, it could be worthwhile to construct a detailed seismic model of
a Hobby-High-type segment of exhumed lower crust and mantle. On the basis of
such a model, the seismic response of syn-rift breccias and damaged zones from
different settings and of extensional allochthons could be tested and uncertainties
in the interpretation of OCT zones could be further reduced.

Modeling of potential syn-rift scenarios

If present at all, syn-rift deposits are scarce in the distal Iberian margin (e.g. Wilson
et al.) and have not been described to be of great significance in other distal margins.
A few hundred meters of syn-rift sediments were described by Finger (1978) in the
distal Tethyan-Adriatic margin of the Err nappe, but were found to be of rather
local significance. The large-scale architecture of syn-rift deposits across the distal
continental margin and the relation of the syn-rift deposits to detachment faulting
still contains uncertainties.

Based on stratigraphic modeling of different syn-rift sediment facies, e.g. in situ
fault breccias versus clastic deposits of different sedimentation rates, possible syn-
rift scenarios could be simulated. Such scenarios could be directly tested by field
observation in exposed fragments of rifted margins and/or their seismic response
obtained by seismic modeling could be compared to that observed in seismic profiles
from present-day margins.
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Figure 5.3: In contrast to the reponse from the Hobby High detachment (HHD)
and the H detachment (HD), which are both sharp reflections, the C reflection is
less pronounced and a multicyclic feature. The structure imaged by the C reflection
is interpreted by Manatschal et al. (2001) as a ductile fault zone, whereas HHD
and HD are brittle low-angle faults. (a) Time-migrated, AGC-scaled segment of the
Lusigal 12 profile showing the east-flank of Hobby High (Whitmarsh et al., 1998).
(b) Geological interpretation of (a). (c) Non-normalized traces extracted from (a)
showing the response from the HHD, the C-reflector, and the HD.

Characterization of the C reflection

Apart from the sharp and prominent intra-basement reflections like H and L, which
are interpreted as brittle low-angle detachment faults, active during advanced rifting
and break-up, another type of reflection was observed in the Iberia Abyssal Plain
(e.g. Whitmarsh et al., 2000; Manatschal et al., 2001). This so-called C reflection is
less coherent and less sharp than the H and L reflections, and has a more complex,
multicyclic nature (Figure 5.3). Manatschal et al. (2001) interpreted the C reflection
as an intra-crustal ductile fault zone, which thinned the continental crust down to
about 10 km during early rifting (c.f. Figure 1.3b) and which juxtaposed upper
against lower crustal rocks.

The seismic structure and response of ductile or mylonitic fault zones have been
investigated by Fountain et al. (1984), Hurich et al. (1985), Christensen and Szyman-
ski (1988), and Szymanski and Christensen (1993). Fountain et al. (1984) modeled
the seismic reflectivity of a mylonite zone whose seismic structure is characterized
by anastomosing low-velocity layers. The juxtaposed rocks are considered to have
similar seismic properties and hence only the mylonite layers themselves are consid-
ered to produce a certain seismic response. The modeled reflectivity of the mylonite
zone shares some characteristics with the C reflection, in particular its multicyclic
nature. Indeed, a potential ductile fault zone giving rise to the C reflection, could
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also correspond to a petrological interface juxtaposing lower against upper crust.

Potential equivalents for such a structure are exposed in the Alps. In the Ivrea
zone in the Southern Alps, the Pogallo fault separates the Ivrea lower crustal body
from the Serie dei Laghi (Handy and Zingg , 1991). In the Malenco area, the Margna
fault separates lower crustal rocks preserving a Permian fossil crust-mantle bound-
ary from upper crustal rocks stratigraphically overlain by Permian and Triassic
sediments (Müntener and Hermann, 2001). The seismic response of such structures
could be evaluated in a fashion analogous to that applied to the detachment faults
in the Err and Tasna thrust sheets. Comparison with the C reflector could then
allow for an extension of the seismic signature template shown in Figure 5.1.
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Appendix

The entire data appendix is stored on the enclosed CD-ROM. It contains the labo-
ratory data and a register of the samples from the Err and Tasna nappes, the final
seismic models of the Err and Tasna detachments, the compiled ODP borehole and
log data as well as the Lusigal 12 profile from the west Iberian margin. Furthermore
the source codes of computer programs written during this project, EPS files of all
figures, and the thesis itself (PDF) are stored on this CD.

CD-ROM structure

The enclosed CD-ROM is structured into directories as listed below.

/alps labdata/ Laboratory measurements performed on samples from the Err,
Tasna, and Platta nappes.

V0 data/ Compressional wave velocity measurements performed without
confining or pore-fluid pressure; density and prorosity measurements.

VP data/ Compressional wave and partially shear wave velocity measure-
ments performed under various confining and pore-fluid pressure condi-
tions.

/err models/ Seismic model and synthetic seismic profiles across the Err detach-
ment system.

/tasna models/ Seismic models and synthetic seismic profiles across the Tasna
ocean-continent transition.

/iberia/

borehole data/ Compressional wave velocity, density, and porosity measure-
ments compiled from the Initial Reports of ODP Legs 103, 149, and 173.

log data/ Log data from ODP Legs 103, 149, and 173 as available from
http://www.ldeo.columbia.edu/

/lusigal12/ CMP-stacked and time-migrated Lusigal 12 profile as processed
by C. M. Krawczyk.
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/thesis/

thesis.pdf PDF of the thesis.

figures/ Figures of the thesis in EPS format.

defense/ Material presented in the thesis defense talk on Dec. 7, 2001.

/software/ Contains the newly developed and the modified tools used for this
project. Because some of the code requires the CWP libraries (Cohen and
Stockwell , 2000) to compile, the current Seismic Unix Sources are also included.

All ASCII text files, e.g. .txt, .dat, .c, .cc, and .m, use Unix/MacOS linefeed
convention. Other file types are postscript PDF .pdf, SEGY .sgy, and gnu zipped
tar archives .tgz. Files marked by the extension .gz are compressed with the gzip
tool.
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